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SUMMARY IN ENGLISH  
Water treatment techniques constitute a primarily relevant technical sub-
ject when sustainability is advocated; due to the stringent emergency of 
the topic, dedicated operational choices are required in order to ensure 
maximum efficiency. This thesis focuses on the possibility of reducing 
the incoming nitrogen load of mainstream municipal wastewater through 
naturally occurring biological processes, namely partial nitrification and 
ANAMMOX. Available scientific articles on the topic almost exclusively 
focus on the treatment of wastewater at high temperatures and nitrogen 
loads, as in the case of sidestream effluents; on the contrary, the intent of 
this research was to investigate treatment options for mainstream fluxes, 
notably characterized by lower temperatures, alkalinity reserves, and N 
strength. The whole work started with a thorough literature review: the 
studied process was inserted in a more general framework regarding 
state-of-the-art nitrogen removal techniques. Later on, the attention 
shifted to the experiment, identifying key functional parameters, defining 
them and assigning them optimal value ranges. More specifically, the 
study encompasses the performance of a lab-scale batch reactor, fed with 
an artificially prepared solution; this was modeled on the typical compo-
sition of municipal mainstream water fluxes, as reported in dedicated lit-
erature publications (Mosquera-Corral et al, 2005). Modifications on its 
content were brought sporadically, and with the sole purpose of accom-
modating the evolution in the reactor conditions. The operational choic-
es that were taken included the maintenance of low DO values, ensuring 
appropriate out-selection of nitrite oxidizers (NOB), and the employ-
ment of AOB-enriched granular bacterial culture, both for the partial ni-
trification and for the anaerobic oxidation step. Results showed satisfac-
tory N removal rates, while little quantities of nitrates were observed in 
the system; though turning out successful, the employment of granular 
biomass caused some issues for the biomass retention. Constant moni-
toring of relevant physical and chemical values was carried out, and pro-
vided a solid basis for further analysis. In fact, obtained results were 
studied and compared to presently available data on analogue processes 
for the treatment of different kinds of wastewater. Similarities and diver-
gences were highlighted, and employed as a basis for the formulation of 
suggestions and possible improvements, both on the analytic and the op-
erational side of the project. Particular attention was put to the possibil-
ity of saving organic carbon during the removal of nitrogen for further 
reuse in energy-developing processes, such as anaerobic digestion. Simi-
lar solutions are particularly tempting, as they could represent a first step 
in the direction of energetically auto-sufficient water treatment processes 
(Gao et al, 2014; Jetten et al, 1997).  
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SUMMARY IN SWEDISH 
Tekniker för vattenrening är ett viktigt ämne i alla hänseenden där 
hållbarhet åberopas och tas i akt. Eftersom detta ämne är känsligt, 
är det viktigt att arbeta under stor noggrannhet för att uppnå max-
imal effektivitet. Denna avhandling fokuserar på möjligheten att 
använda naturliga biologiska processer för att minska mängden ni-
trogen i mainstream kommunalt avloppsvatten. Mer specifikt 
behandlar den partiell nitrifiering och ANAMMOX-tekniker. I 
nuläget behandlar aktuella vetenskapliga artiklar främst ämnet ge-
nom att fokusera på avloppsvattenflöden med höga temperaturer 
samt höga nitrogenvärden, som är tipiska för sidestream flöden. 
Intentionen av denna avhandling var att undersöka reningstekniker 
för mainstream flöden, vilka har lägre temperaturer, lägre alkaliska 
värden samt lägre N-styrka. Projektet startade med en omfattande 
litteraturgenomgång för att placera in arbetet i ett mer komplett 
ramverk. Vidare flyttades fokus till experimentet, för att identifiera 
de viktigaste parametrarna och definiera optimala värden. Studien 
fokuserar på en labbskala reaktor försedd med en artificiellt 
förberedd lösning utformad i likhet med kommunalt mainstream 
flussmedel, så som processen beskrivs i den vetenskapliga skriften 
av Mosquera-Corral et al (2005). Valen som togs baserades på up-
prätthållandet av låga DO-värden, vilket medförde ett effektivt 
uteslutning av NOB och aktivitet för granulära bakterier i båda 
stegen.  Resultaten visade på kraftig sänkning av N-värden, och 
små mängder nitrater observerades i systemet. Den granulära bio-
massans aktivitet var mestadels lyckad, men bidrog till vissa prob-
lem kring kvarhållande av biomassan. Konstant övervakning av de 
mest relevanta fysiska och kemiska värdena bidrog både till en bas 
för vidare analys samt till en möjlighet att jämföra data från 
liknande processer. Likheter och skillnader belystes och användes 
för att formulera förslag till möjliga förbättringar i frågan. Slutligen 
behandlades möjligheten om att spara in på organiskt kol vid ni-
trogen-rensande processer, i perspektivet av energieffektiva pro-
cesser. Liknande processer är speciellt intessanta, då de kan vara 
det första steget i en utveckling mot självförsörjande vattenrening-
sprocesser (Gao et al, 2014; Jetten et al, 1997). 
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ABSTRACT 
Nitrogen removal from wastewater has been exstensively addressed by scientific litera-
ture in recent years; one of the most widely implemented technologies consists of the 
combination of partial nitritation and anaerobic ammonium oxidation (ANAMMOX). 
Compared to traditional nitrification and denitrification techniques such solution elim-
inates the requirement for an external carbon source and allows for a reduced produc-
tion of excess sludge; furthermore, it brings down the costs associated to aeration by 
60-90% and the emissions of CO2 by 90%. Similar techniques can turn out to be par-
ticularly interesting when stringent environmental regulations have to be met. 
At present, most of the dedicated research dwells on wastewater at high temperatures, 
high nitrogen loads and low organic content, as it is typical of sidestream effluents; 
this project, instead, is focused on mainstream wastewater, characterized by lower 
temperatures and nitrogen content, but higher COD values.  
At the center of the thesis is the application of a one-stage reactor treating synthetic 
mainstream municipal wastewater. The chosen approach consisted in maintaining low 
DO values, allowing for both for the establishment of a proper reaction environment 
and for the out-selection of nitrite oxidizers; granular biomass was employed for the 
experiment, aiming at effective biomass retention. 
The HRT value was gradually decreased, with a minimum at 6 hours. Resulting nitro-
gen removal rates proved to be satisfactory, with a maximum TN removal efficiency 
of 54%. Retention of biomass was also positively enhanced throughout the experi-
ment, and yielded a final SRT value of 15.6 days. 
The whole process was then inserted into a more complete framework, accounting for 
possible energetic optimizations of similar treatment plants. Employing COD frac-
tionation as a primary step paves the way for anaerobic digestion side processes, 
which can produce methane and ultimately provide energy for the main nitrogen re-
moval step. Therefore, envisioning energy-sufficient water treatment processes seems 
a more and more feasible and realistic possibility. 

Keywords: ANAMMOX; Deammonification; Dissolved oxygen control; Granu-
lar biomass; Mainstream municipal wastewater treatment; Partial nitrification 

 
1. INTRODUCTION 

The present chapter offers an introductory overview of the relationship 
between the worldwide need for drinkable water and its content in nitro-
gen. The main polluting effects of nitrogenous ions are discussed and in-
serted in the more specific framework of mainstream municipal 
wastewater treatment, highlighting the relevant challenges that this thesis 
intends to face. 

1.1. A global demand for water quality 
The developing increase in global population is intimately intertwined 
with a steady growth of the demand for supporting services, including 
drinking water. On the side, industrial processes and productive sectors, 
ensuring satisfactory life standards for richer countries, also grow in 
number and extend on a bigger and bigger portion of the urban network, 
ultimately contributing to a steady increment in water demand. As a con-
sequence, considerable and augmenting pressure is put on the environ-
ment, and, on a greater scale, on ecosystems. In order for any further de-
velopment to be considered sustainable, the call for efficient, 
economically viable wastewater treatments is stringent. This necessity 
becomes evident when taking into account the consistent increase in 
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population growth, which is likely not to decrease in at least the next 30 
years, (Fig. 1). Alongside population growth, another fact has to be born 
in mind, and is fresh water availability. In spite of the fact that 70% of 
the Earth's surface is made up of water, only a small percentage of it is 
available for human consumption, roughly amounting to 2.5%. Also, 
70% of this fresh water is trapped into glaciers and thus not possibly 
employable; the rest of it lies in groundwater reservoirs or is stored as 
soil moisture. In the end, only the 1% of the global amount of water 
turns out to be available for direct human abstraction and consumption, 
and is the fraction found in lakes, rivers, reservoirs and underground 
cavities that are shallow enough to be tapped at convenient prices. More 
interestingly, this considerably reduced fraction is the only one undergo-
ing natural recharge and thus resulting to be available on a sustainable 
basis (University of Michigan, 2006). Also, the amount of drinking water 
consumed daily, though varying greatly from country to country and de-
pending on the regional socioeconomic conditions, clearly points in the 
direction of an unsustainable development and a flawed water demand 
and supply system. For instance, the average personal daily water con-
sumption in the United States is slightly greater than 550 l/d; this value 
gradually decreases and is assessed at almost 500 l/d for Australia, and 
400 l/d for Italy. The variability of such an important parameter is no-
ticeably wide, as it is clear by considering water consumption levels in 
least developed countries, mainly in the African or South-Eastern Asian 
territories; as an example, personal water consumption in China is lower 
than 100 l/d, and drops down to a few dozen liters in the case of central 
and sub-aharian African countries, like Rwanda, Mozambique or Uganda 
(United Nations Development Program, 2006). Furthermore, other par-
allel mechanisms, such as diffused pollution and contamination, 

Fig . 1. Worldwide population growth and future estimations 
(US Census Bureau, 2015; UN, 2010). 
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Fig . 2. Worldwide water scarcity map (WWAP, 2012). 
 
negatively affect water availability and pose a serious issue when sustain-
ability is among the factors that have to be taken into account.  
A common way to deal with the contemporary issue of insufficient fresh 
water supply is to express it in terms of water scarcity. The United Na-
tions define it as "the point at which the aggregate impact of all users 
impinges on the supply or quality of water under prevailing institutional 
arrangements to the extent that the demand by all sectors, including the 
environment, cannot be satisfied fully" (WWAP, 2012). The definition it-
self of the term implies a high degree of relativity; in fact, scarcity can 
occur both at the level of supply and demand, imply inefficient provision 
patterns, but also inadequate social habits; further variability can be trig-
gered by inhospitable weather conditions, such as severe aridity. As for 
the present day, it has been estimated that 700 million people, spread in 
43 countries, live in water scarcity conditions and it is believed that by 
2025 such number will be more than doubled, reaching 1.8 billion of in-
dividuals (Fig. 2). A relevant distinction has to be made between physical 
and economic water scarcity: while the former term describes the inade-
quacy of a specific ecosystem to provide sufficient water for its function-
ing and self-maintenance, the latter points out the lack of economic 
means for the development of infrastructure and tools for water abstrac-
tion and distribution. The framework that has been designed so far is 
undoubtedly afflicted by heavy unbalances, both at the environmental 
and social levels; therefore, the need for technological advances and 
qualified interventions is clear; moreover, the possibility of developing 
quasi energy-sufficient solutions for water treatment (Jetten et al, 1997; 
Verstraete et al, 2009; Gao et al, 2014) seems to be a viable path for the 
establishment of a more equal worldwide water network, as such tech-
nologies could be easily exported from western, scientifically advanced 
countries and implemented in poorer countries; a favorable point to this 
is also represented by their general economical affordability. Hence, the 
integration of water treatment techniques with other pathways for energy 
recovery is turning out to be a key criterion in the development of new 
facilities and treatment plants. Of course, the implementation of similar 
technologies requires a deep understanding of the pollution mechanisms 
that interest water bodies; knowing what the most frequent contaminants 
are, and being aware of the most common transformations they undergo 
in the ecosystem is a clear prerequisite of functional water treatment 
planning. It is at this stage that environmental engineering comes into 
play, taking up the role of identifying the most critical environmental is-
sues, quantifying them and designing solutions for optimized treatments. 
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1.2. Nitrogen in the ecosystem 
Nitrogen is the most abundant element found in the atmosphere, with a 
volume fraction of about 76%, which roughly corresponds to its molar 
fraction, too. Its natural state is the diatomic form, N2, corresponding to 
a colorless, tasteless gas, which is also known to be inert. Besides being a 
component of some of the most relevant biochemical molecules, such as 
DNA, proteins and vitamins, it is a fundamental block of some vastly 
widespread inorganic compounds, like ammonia NH4+ and nitric acid 
HNO3.  More specifically, the former plays a fundamental part in the 
natural chain of reactions involving this element; the role of such bio-
chemical cycle is to manipulate nitrogen and transform it from its inert 
atmospheric form into biologically available compounds. 
A combination of six biochemical reactions constitutes what is regarded 
as a whole closed-ring system (Fig. 3) and normally labeled as Nitrogen 
cycle. 
• Nitrogen fixation This step allows for the conversion of inert, inorganic 
diatomic gas N2 to an organic, or fixed form. Such process is normally 
carried out by means of microbiological mechanisms; different typolo-
gies of bacteria naturally take up the role of fixing inorganic nitrogen, 
and thus are called nitrogen-fixing microorganisms. Examples of such 
bacteria include Rhizobia, Azotobacteria, Cyanobacteria. Other possibilities 
for nitrogen fixation are represented by high-energy natural events, such 
as forest fires, or man-made reactions; examples of the latter are the use 
of explosives or the combustion of fossil fuels, releasing nitrites and ni-
trates (NOx). 
• Nitrification Aerobic conditions are necessary for nitrifying bacteria in 
order to convert ammonia to nitrites (NO2-) and then to nitrates (NO3-); 
this is a necessary step, as these oxidized forms represent the only way 
for plants and trees to take up nitrogen in their systems. Among nitrify-
ing bacteria the most relevant are Nitrosomonas and Nitrobacteria. 
• Assimilation The transfer of nitrogen-rich compounds, like nitrites, ni-
trates, ammonia and ammonium ions, from the soil matrix to the meta-
bolic system of trees and plants is necessary for the creation of amino ac-
ids, the monomers that ultimately make up proteins. These molecules are 
in fact characterized by the presence of a -NH2 group linked to their 
main carbon atom. 
• Ammonification (mineralization) Organic forms of nitrogen are converted 
to ammonia-nitrogen. The microorganisms operating such transfor-
mation are also indicated as decomposers, as their task is to break down 
proteins and organic matter found in the soil and turn fixed nitrogen into 
ammonia, which is more frequently identified in the ionic form of am-
monium. The typical substrates employed in this step are dead plants, 
organic matter of animal derivation, and fecal matter. The main bacterial 
types devoted to such function are Bacillus and Clostridium; also, different 
kinds of fungi are known to be involved in the same process. 
• Denitrification Nitrates are converted back to dinitrogen gas. On the 
side, nitrous oxide gas is also produced, but in less noticeable amounts. 
Still, this is a relevant phenomenon, as N2O is known as a strong green-
house gas. This step runs under anaerobic conditions, and represents a 
natural way of providing a buffer system for excessive nitrogen fixation. 
A potential example of involved microorganism is Thiobacillus Denitrifi-
cans. 

 4 



                            Deammonification reactor treating mainstream municipal wastewater 

 

• Dissimilatory nitrate re-
duction to ammonia This 
is a form of anaerobic 
process that employs 
nitrate, rather than oxy-
gen, as an electron ac-
ceptor, and eventually 
produces NH4+ ions. 
Unlike nitrification, this 
process does not re-
move nitrogen from the 
environment; instead, it 
remains available for 
primary producers. 
Escherichia Coli is an ex-
ample of microorgan-
ism that acts as dissimi-
latory nitrate reducer. Such a traditional scheme for nitrogen transfor-
mation does not include the possibility of anaerobic ammonium oxida-
tion; instead, it only includes an aerobic oxidation process. Recent ad-
vances in scientific environmental research opened new possibilities in 
terms of control of the nitrogen cycle (Kuenen, 2008). More specifically, 
a natural pathway for the anaerobic oxidation of ammonium was discov-
ered. The process offers a shortcut in the cycle and is at the core of the 
experiment covered in this thesis opened new possibilities in terms of 
control of the nitrogen cycle.  

1.3. Nitrogen as a pollutant 
Human activities and productive cycles are the principal source of exces-
sive nitrogen accumulation in the environment; this is particularly true 
whenever sewage discharges and fertilizers from agricultural fields are 
dumped into areas characterized by low retention times, such as estuar-
ies, coastal zones, or swamps. The presence of nitrogen in water bodies 
represents a serious concern, both for water quality and more general 
ecosystem services; among other dangers are losses in the ecological, aes-
thetic, recreational and thus commercial value of the area. Moreover, the 
typology of the interested catchments, along with the geomorphology 
and hydraulic setup of the area, can play a big part in determining the 
likeliness of a diffused pollution event, which could eventually lead to an 
uncontrolled transport of contaminants. When it comes to dealing with 
wastewater, nitrogen can be found in three main different forms, all po-
tentially disruptive for the overall chemical quality of the fluid whenever 
exceeding guideline values and suggested quality standards. 
• Ammonium (NH4+) This ion is mainly responsible of overabundant 
growth of aquatic flora and significant decrease of the overall available 
dissolved oxygen. Furthermore, it represents a toxicity concern whenever 
it is transformed to NH3. 
• Nitrite (NO2-) Significant related concerns are represented by excessive 
growth of aquatic plants, DO depletion, toxicity on both animals and 
humans, with possible insurgence of Methemoglobinemia-related effects. 
• Nitrate (NO3-) The main possible risks related to the presence of nitrate 
ions are roughly the same as those caused by nitrite, with the exception 
that DO depletion is not observed in this case. 
An overview of the expected content in N for some frequent typologies 
of wastewater is offered by Jin et al (2012) (Table 1). 

Fig . 3. Nitrogen cycle highlighting the 
ANAMMOX shortcut. 

 5 



           Marco Salmistraro            TRITA-LWR Degree Project 15:24 

 

Table 1. Nitrogen content for different wastewater typologies 
(Jin et al, 2012). 

Industry N content [mg/l] 
Coke-oven wastewater 330-5100 
Digester liquor (swine wastewater) 3000-5000 
Fertilizer 

 
200-940 

Landfill leachate 1400-2800 
Livestock (cattle or swine) 500-2300 
Oil refinery 23-865 

 

The main risks linked to water quality depletion are listed and discussed. 

• DO depletion The amount of dissolved oxygen in a water system is natu-
rally consumed by two oxidizing reactions, indicated as nitritation and ni-
tratation. The respective reactions, as cited in section 2.3.1, show oxygen 
as a reactant, and thus result in a reduction of the DO value. Moreover, 
the three indicated ions all represent nitrogen forms that are available as 
nutrients for aquatic lifeforms. After the death of aquatic plants like al-
gae, for example, the degradation of the left organic matter requires oxy-
gen for bacterial catabolism. Also, some residual parts of the decom-
posed plants might not be completely degradable and then accumulate 
within the water body. 
• Eutrophication A definition of this term is provided by Lavagnolo (2010), 
who gathers all natural water fertilization processes under the same phe-
nomenon, describing it as the complex of mechanisms that leads to the 
accumulation of nutrients in a water body. Generally speaking, the stress 
is put on the presence of inorganic nitrogen compounds, like nitrates and 
phosphates. A wider definition of eutrophication is possible, and in-
cludes the direct effects of nutrient overabundance, such as excessive 
aquatic vegetation growth, and seasonal algal blooms. Many examples of 
aquatic environments facing eutrophication are available: areas like Lake 
Malären, in Stockholm, are noticeably interested by similar phenomena, 
and negative environmental effects have been recorded ever since the 
19th century (Renberg et al, 2001). Nitrogen is a necessary nutrient for a 
balanced aquatic life and healthy sustain of the ecosystem. However it 
becomes a pollutant whenever it is beyond the turnover or assimilation 
capacity of the system, as it typically happens with water bodies featuring 
low flush rates (lakes, lagoons, estuaries, swamps). The influence of hu-
man activities can be decisive for a variation in the rate at which these 
phenomena occur. Eutrophication entails a series of negative conse-
quences on the water body, such as a decreased intensity of light reach-
ing deeper levels. This is directly linked to a change in color and odor 
due to the death and degradation of aquatic plants. Decomposing bacte-
ria act in aerobic conditions and exploit DO reserves for their action on 
organic matter. Whenever anoxic or quasi-anoxic conditions are estab-
lished in the lower levels of a lake (hypoliminion), like it normally hap-
pens towards the end of winter and summer, before seasonal changes, 
reduction of sulphates to hydrogen sulphide HS- constitutes a risk: in 
fact, such ion has considerable toxic effects on aquatic life, especially 
when oxidized to H2S. Also, Cyanobacteria can form toxins starting from 
the ionic form, resulting in serious danger for human beings; besides, 
they act as nitrogen-fixers, increasing the amount of ammonia in the eco-
system. 
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Evaluation of the nutrient content in a water body can be managed by 
means of the N/P ratio: values below 7 indicate that nitrogen acts as a 
limiting factor, whereas values above 30 mean suggest that phosphorus 
control the process. At intermediate ratios both elements are viewed as 
limiting factors (Lavagnolo, 2010). Such observations are based on Lie-
big's law, stating that cellular development is directly proportional to the 
lowest concentration nutrient, regardless of other quantities. The same 
author suggests that the optimal atomic ratio for algal growth be 
C:N:P=106:6:1. As Carbon is normally provided by the atmosphere, and 
in minor part by bacterial respiration and carbonate alkalinity, it rarely 
represents a limiting factor; instead, N and P are usually identified as the 
compounds in charge of controlling vegetation growth. 
• Toxicity Fishes are especially sensitive to inorganic nitrogenous ions. 
Ammonium ions, for example, are one of the preferred sources of nitro-
gen for most aquatic organisms, but depending on the systemic pH val-
ues they can be converted to ammonia, which can result in toxic effects 
at concentrations as low as 0.025 mg/l. The reaction in control of the 
phenomenon is the following. 

 

pH values above 8 or 9 indicate a consistent that the reaction is proceed-
ing towards the unionized ammonia; other factors that can determine a 
shift in the same direction are high temperature and low salinity (this is 
the case with freshwater bodies, like mountain lakes). 
• Methemoglobinemia Harmful toxic effects of nitrate exposure are caused 
by conversion to nitrite, and a prime example of these is Methemoglo-
binemia (Self et al, 2013). Such condition is particularly troublesome in in-
fants under the age of six months; in fact, their gastric acids are not as 
strong as those found in adults, causing a proliferation of bacteria con-
verting nitrates to nitrites. These compounds are absorbed in the blood 
and have the effect of converting hemoglobin to methemoglobin, whose 
oxygen transportation capacity is remarkably low. As a consequence, the 
oxygen supply required by vital tissues and organs, such as the brain, is 
not satisfied; this results in irreversible damage and even death. Moreo-
ver, methemoglobin conversion to hemoglobin can’t occur in infants' 
blood. Typical symptoms of such disease include a sudden turn of skin 
color towards bluish nuances, especially in the regions close to the eyes 
and mouth. Other than that, dizziness, breathing difficulties and head-
aches should also be regarded as possible signals of excessive nitrite in-
take. Consumption of such compounds takes place naturally, and might 
be enhanced by diets including raw or cooked vegetables. Anyway, ni-
trates are absorbed almost immediately by the human body and later ex-
pelled as urine. 

1.4. Mainstream municipal nitrogen removal 
Whenever it comes to the treatment of wastewater it is of fundamental 
importance to identify the main features of the incoming flux, as to op-
timize the dedicated treatment. As it is clear, the chemical composition 
of the wastewater is highly dependent on the industry typology that gen-
erated it; for example, the outlet of a tannery facility will most likely 
show elevated levels of heavy metals, like Chromium (Cr) and Manga-
nese (Mn), whereas effluents from fertilization processes will most cer-
tainly contain high quantities of Phosphorus. The term municipal is best 
defined by contrasting it to its opposite, which is industrial; it refers to all 
those sludge waters produced in non-industrial processes, and includes 
domestic sewage. An attempt of providing guideline values for the com-
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position of municipal wastewater has been made by Henze et al (2008) 
(Table 2). With regards to the interested fluxes in a treatment plant, a 
major distinction is drawn between the terms mainstream and sidestream 
fluxes; more specifically, the former include wastewater incoming from 
the main inlet, and flowing through the whole plant, thus being ejected 
after proper treatment; the latter defines those fluxes that are derived 
from the main channel and are either regarded as excess wastewater or 
recirculated (as an example, for bioaugmentation techniques). In recent 
years nitrogen removal has been one of the main focus points of envi-
ronment-related research; among the prevalent tasks is to define suitable 
Deammonification routes for mainstream effluents; at present, the main 
related challenges are the following. 
• Low temperatures of the incoming flux, also linked to the effective impos-
sibility of providing external heat, as the flow is normally too fast. This 
factor also leads to slow bacterial reproduction. 
• High COD/N ratios, which eventually favor nitrifying bacteria and leave 
ANAMMOX biomass prone to outcompetition. 
• Low alkalinity reserves, which make the obtainment of a proper pH bal-
ance rather difficult. 
• Operational difficulty of out-selecting NOB. 
• Difficulty in retaining the ANAMMOX biomass. 

2. AIMS OF THE THESIS 
This whole thesis gravitates around a series of studies that were carried 
out at the department of Enginyeria Química, Universitat de Barcelona. 
The main goal of the research was to set up, monitor and manage a lab-
scale one-reactor system for partial nitritation and anammox processes. 
A special focus was put on the treatment of artificially simulated munici-
pal mainstream effluents, and an investigation of meaningful differences 
with similar technologies for mainstream wastewater treatment was con-
ducted. 
More generally, the thesis work also included other ancillary aims, pre-
sented hereafter. 
• Carry out a literature review of the presently available and most advanced 
techniques in the field of nitrogen removal from wastewater. 

Table 2. Composition of municipal wastewater at different 
strenghts (Henze et al, 2008). 

Parameter 
High 
[mg/l] 

Medium 
[mg/l] 

Low 
[mg/l] 

Total COD 1200 750 500 
Soluble COD 480 300 200 
Suspended COD 720 450 300 
BOD 

 
560 350 230 

VFA (as CH3CO2
-) 80 30 10 

Total N 
 

100 60 30 

NH4
+-N 

 
75 45 20 

TSS 
 

600 400 250 
VSS   480 320 200 
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• Approach plant management operations and reach a satisfactory understand-
ing of the optimal conditions for bacterial growth and nitrogen removal 
in a laboratory-scale one-stage reactor for partial nitritation and 
ANNAMOX processes. 
• Investigate possible correlations between different chemical or physical pa-
rameters 
• Monitor the process and evaluate its performance through physical and chemi-
cal analyses. This also included constant calibration and cleaning of the 
employed measuring instruments. 
It must be noted that the research work was carried out under a series of 
limiting factors, which clearly reduced the scope of the obtained results: 
first of all, the employed reactor was only a lab-scale simulation of big-
ger, more developed industrial plants for nitrogen removal. Also, the 
feeding solution was prepared in the laboratory, and thus did not ac-
commodate any of the variability factors that are typical of real municipal 
wastewater, like chemical composition or solid content. Nonetheless, the 
internal and external validity of the experiment were greatly taken into 
account, especially when defining measuring and analytic methodologies, 
which are at the core of the whole work. 

3. NITROGEN REMOVAL IN WTTPS 
This chapter aims at providing a thorough account of the presently avail-
able techniques for wastewater treatment, with a focus on nitrogen re-
moval. Attention is paid to emerging and promising techniques, while a 
comparison of the advantages and drawbacks is offered. Available op-
tions include biological, physical and chemical methods, although the 
former are normally preferable, due to their lower operational costs, 
technical complexity and overall use of chemicals. 

3.1. Legal guidelines for nitrogenous ions 
As previously discussed, apart from negatively affecting water systems 
and, more generally, the environment, nitrogenous ions result in having a 
whole series of toxic effects, both for animals and for humans. Hence, 
the regulation of nitrogenous ions concentrations in water bodies and 
treatment plant effluents is managed through several legislative acts, 
which are differently structured and implemented, depending on the is-
suing country. A first focus clearly has to be put on the suggested con-
centration values for drinking water, which is part of the most likely in-
take path linking the environment to the human body. As an example, 
tolerable concentrations in drinking water are suggested by the World 
Health Organization (Table 3). As it can be observed, no guideline value 
is proposed for NH4+ ions; in fact, it is argued that no sufficient scien-
tific evidence has been collected to prove that changes in taste or odor, 
health problems or interference with chlorination disinfection could arise 
from variations of this value.  
Different guideline values are reported with regards to discharges from 
wastewater treatment plants. For instance, the European Community 
published a regulatory act in 1991 providing required maximum concen-
tration values in terms of total nitrogen; besides, target removal rates are 

Table 3. Guidelines for nitrogenous ions in drinking water 
(WHO, 2003). 

Ion Guideline [mg/l] 

NO2
- 3 

NO3
- 50 
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reported (Table 4). It must be noted that the values are referred to spe-
cific population values, and should be read accordingly, while the reduc-
tion rates are expressed in relation to the influent load. 

3.2. Physical-chemical methods 
Hereafter some of the most common methodology for physical and 
chemical separation of nitrogen from wastewater are presented and dis-
cussed, with reference to their efficiency and deriving economic expens-
es. 
• Mechanical separation This step is normally included at an early stage in 
most waste treatment plants, as it ensures the division of diversely sorted 
parts, thus obtaining a more concentrated fluid to send to later, more 
specific stages. Specific studies (Dinuccio et al, 2010) showed how pre-
liminary digestion of the interested slurry or liquids significantly increases 
the percentage of efficiently separated solids, almost doubling it; on the 
other hand, removal efficiency values for N turned out to be smaller. 
This is considered to be dependent on the chemical composition of the 
digestion feedstock, as well as on its main management parameters, 
namely HRT and OLR. For such reasons the employment of mechanical 
separation is ideal for the treatment of outlet biomass coming from an-
aerobic digestors. 
• Membrane filtration These methods are typically employed as preliminary, 
polishing steps, preparing water for further stages. The main typologies 
of membrane filtration are Ultrafiltration (UF), Nanofiltration (NF) and 
Reverse Osmosis (RO). The first two methods are based on physical ex-
clusion of particles, and selectively retain those having diameters bigger 
than the filter pores. UF employs filters having pore sizes from 0.01 to 
0.1 μm, whereas NF requires smaller pores, with diameters ranging in 
between 0.001 and 0.01 μm. On the other hand, reverse osmosis relies 
on a diffusive mechanism in order to remove particles in the treated flu-
id. An appropriate pressure has to be applied on the side with the great-
est concentration of the unwanted compound, and has to be high 
enough to contrast the osmotic pressure. Water is then forced to flow 
through a semi-permeable membrane, in the opposite direction of the 
natural osmotic flow. The efficiency of the method depends on the con-
centration of the solute in the treated sample, the applied pressure and 
the water flux rate. As a main advantage, RO ensures a high grade of pu-
rity in the effluent; for example, trials with domestic and combined do-
mestic-industrial wastewater guaranteed a total nitrogen removal effi-
ciency of 95% (Bilstad, 1995). In spite of this, the costs of such 
operations are high and subject to possible failures of the membrane; in 
fact, this may be occluded by residual matter, such as inorganic, organic 
compounds or colloids being transferred from one side to the other. 
Maintenance of the apparatus is thus constantly required and results in 
increased operational costs. Moreover, large volumes of concentrated 
sludge (retentate) are produced in the filtration process, calling for fur-
ther processing before final disposal; another main disadvantage is the 

Table 4. TN removal requirements for municipal wastewater 
treatment plants (Directive 91/271/EEC). 

Population equivalents 
10000-100000 >100000 

mg/l Reduction % mg/l Reduction % 
<15 70-80 <10 70-80 
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consistent concentration of salts in the residual fluid, which makes it dif-
ficult to identify a suitable market placement. Possibilities for pre-
treatments of the incoming flux are available, such as pre-filtration steps, 
pH adjustments, control of the reaction advance rate, or coagulation. 
This last method features the use of a coagulant reagent, which traps im-
purities by binding to them and settles to the bottom of the tank for fur-
ther removal operations. 
• Stripping In this case, removal of ammonia from wastewater is achieved 
by converting it to a gaseous form, employing an artificially generated air 
flow. This means that nitrogen is simply transferred to a different phase, 
which is more suitable for later processing or disposal. Efficiency of the 
phase conversion is intimately related to parameters such as pH, temper-
ature, quantitative flow of air and depth of the packed bed; higher values 
normally result in more efficient conversion rates. Typical destinations 
for the stripped ammonia are concentration as an ammonium-based salt 
(like ammonium sulphate) or thermal destruction. The first solution re-
quires the combination of a stripping tower and a scrubber, whose role is 
to provide acidic solutions for contact with ammonia. A common acid 
that is employed at this step is sulfuric acid, thus giving a salt, ammoni-
um sulphate. This product can be handled in a few different ways; treat-
ing it as spent solution is the less desirable option, as it means identifying 
it as pure waste, without considering further possible re-uses. Sometimes 
it can be crystallized, precipitated, and finally handled as solid form. This 
alternative foresees the increase of pH, and the subsequent decrease be-
fore discharge; besides, large quantities of sulfuric acid are required, and 
risks of generating bad odors, as well as releasing consistent amounts of 
ammonia, with bad environmental and health effects, have to be taken 
care of. Whenever pH values are too high, a commonly applied solution 
is to prevent carbon precipitation by creating an acidic environment, and 
later stripping the CO2. Such pre-treatment, though efficient, clearly 
brings the associated costs up, due to the use of more and more chemical 
products; for this reason, ammonia stripping can be preceded by an an-
aerobic digestion step, whenever it is feasible (Bertino, 2010). 
• Ion exchange This technique relies on a naturally occurring phenomenon, 
known as adsorption; more specifically, two main mechanisms are possi-
ble: the first is surface complexation, in which a hosting surface, typically 
a hydroxide or some humic substance, binds to an adsorbed ion. A sec-
ond case, which is dealt with in this paragraph, is represented by ion ex-
change: the ions on a surface are exchanged for others in the surround-
ing environment (for example, ammonium ions in a water body). The 
kind of employed surface has to be carefully selected, depending on the 
type of ion that needs to be removed. First of all, this is due to the pH 
dependence of adsorption mechanisms; in general, higher affinity is 
found at more basic values, but with notable variety, according to the ad-
sorbed ion. Such behavior is mainly due to changes in the ionic charge of 
the surface, which tend to become more and more negative for higher 
pH values (Gustafsson, 2014). Ammonium removal through ion ex-
change is typically achieved with clinoptilolite surfaces, or also using nat-
urally occurring zeolite. Ammonium ions are then exchanged for other 
particles having the same charge, like sodium. Despite the attractiveness 
of such a simple working principle, the employment of ion exchange 
techniques is mainly confined to small flows. This is because whenever 
all the exchange sites on the surface have been occupied, the outer resin 
needs to be renovated; in case of more consistent flows the regeneration 
rate is increased, with growing operational costs. Notable examples of in-
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tegration of ion exchange in more complete nitrogen removal frame-
works are available in the literature (Malovanyy et al, 2014). In this case, 
ion exchange for nitrogen removal was implemented using a strong cati-
on resin (SAC) as exchange material, which was later regenerated 
through a 10 g/l NaCl solution. A second step included further removal 
of nitrogen from spent regenerant by means of partial nitritation and 
anammox procedures. As a result, 99.9% of the nitrogen in the incoming 
wastewater was removed, whereas an efficiency of 95% was assessed in 
the decrease of nitrogen content in used SAC. The same authors report 
that the employment of saline solutions for the treatment of used regen-
erants can cause problems in later partial nitritation and ANAMMOX 
steps, for concentrations as low as 30 mg/l. Such difficulties can be tack-
led by gradually increasing the salinity content, thus favoring biomass ad-
aptation; on the other hand, increased operational times entail bigger 
costs. Other downsides of this combined technique are the need for ex-
ternal alkalinity, as well as the need to treat spent regenerant for the re-
moval of ions. Still, the obtainable overall nitrogen removal efficiency is 
considerably high, and is assessed in between 83 and 91%; also, NOB 
suppression is reached quite easily, making the whole process easily 
manageable. First of all, high nitrogen concentrations allow for the em-
ployment of NH4+ to inhibit NOB (their metabolic capacity is over-
come); secondly, their higher sensitivity to salinity makes them directly 
controllable; lastly, the recirculation systems make it easy to control and 
incrase the temperature of regenerant compounds, and ultimately control 
growth rates. 
• Breakpoint chlorination Chlorine is a pale yellow-green diatomic gas, noted 
as Cl2. If added to a wastewater solution, such compound has the ability 
to oxidize ammonia-nitrogen directly to nitrogen gas N2. The main prob-
lem with this appears clear when referring to the needed ratio between 
chlorine and nitrogen, which is 10:1. This causes high costs, but also 
gives rise to possible chlorination side-effects, such as the production of 
by-products; among these, the most famous is chloroform, along with 
other chlorinated methane derivatives known as bromoform, dibromo-
chloromethane and bromodichloromethane, all having potential toxic 
outcomes on the human body (CDC, 2014). On the plus side, the space 
required to carry out this technique is limited to that of the interested re-
actor itself. 
• Electrodyalisis This technique relies on the application of an electric field, 
allowing for the transport of ions through membranes; these can be ei-
ther anion-selective or cation-selective, besides possibly being arranged 
in series. The overall nitrogen removal efficiency is lower when com-
pared to other available methods (Bertino, 2010). Besides, possible issues 
include: clogging of the filters due to residual colloids or organic matter 
and precipitation of low-solubility salts on the membranes. 
• Struvite precipitation This methodology employs the precipitation of am-
monia-nitrogen in the form of struvite, a magnesium sodium phosphate 
that normally crystallizes in the orthorombic system and features a color 
ranging from white to yellow and brownish. It is found in pyramidal 
forms or otherwise in platey configurations, linking it to more standard 
mica structures; its formula is NH4MgPO46H2O. In spite of the good 
removal efficiency of this technique, which is assessed at about 70% 
(Shin et al, 1998) and the very short time required for the precipitation 
reaction to be completed, a major drawback has to be taken into ac-
count. This is due to the required molar ratio between nitrogen, magne-
sium and phosphate, which is 1:1:1; as a consequence, whenever ammo-
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nium nitrogen is high in concentration, notable amounts of magnesium 
phosphate need to be added to the system in order for the precipitation 
to occur. A viable solution to this is the recycling of magnesium and 
phosphate ions to the influent by removing ammonium in precipitated 
ammonium magnesium phosphate. As an example, chemical dissolution 
and ammonia removal or bacterial dissolution can be possible recycling 
techniques; alternatively, heat treatment can volatilize the ammonium, 
both allowing for its quick recovery and for the reuse of spent magnesi-
um phosphate. 

3.3. Traditional nitrification and denitrification 
Nowadays most municipal wastewater plants deal with nitrogen removal 
by means of classical nitrification and denitrification techniques, repre-
senting a well known and considerably stable methodology. Two steps 
make up the whole treatment, namely nitrification and denitrification 
(Fig. 4). 

3.3.1. Nitrification 
This is a biological process that converts free and oxidized ammonia to 
nitrite and then nitrate. The reactions are operated by different groups of 
bacteria, which can be classified as autotrophic, obligate aerobes. The 
energy demand for biomass synthesis (catabolism) is satisfied through in-
take of inorganic nitrogen compounds; the carbon requirement (anabo-
lism) is instead managed by assimilating dissolved CO2. Two main stages 
can be identified in the nitrification process. 
• Nitritation Oxidation of ammonia to nitrite NO2- is usually operated by 
Nitrosomonas bacteria. Also, these microorganisms can be identified as 
Ammonia Oxidizing Bacteria (AOB). The reference reaction for the ni-
tritation step is the following. 

 

• Nitratation Nitrite Oxidizing Bacteria, usually identified as Nitrobacter, act 
as converters for nitrites, transforming them into nitrate ions. The refer-
ence reaction is the following. 

 

The oxygen requirement for these reactions can be obtained through 
simple stoichiometric considerations. Hence, 3.43 mg of O2 are required 
for each mg of N in ammonia oxidation. Nitrite oxidation, on the other 
hand, only requires 1.14 mg of O2 per single mg of N to be carried out. 
As for alkalinity consumption, the first reaction requires 7.1 g of alkalini-
ty, calculated as CaCO3, for each gram of N-NH4+ that is oxidized. The 
most common genus of AOB is Nitrosomonas, but also other typologies 
can be identified, such as Nitrosococcus, Nitrosopira, and Nitrosovibrio. As for 
NOB, the main actor 
for the oxidation of ni-
trites is known as Nitro-
bacter; other genera in-
volved in the process 
include Nitrospira, Nitro-
spina, Nitrococcus (Ber-
tino, 2010). In recent 
years, scientific research 
has revealed that sever-
al different genera of 
organisms can act as ni-

Fig . 4. Nitrification and denitrification 
(Stensel, 2006). 
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trifyiers, among which Protozoa, Actinomycetes, Algae and Fungi. Still, the 
major part of nitrification reactions is carried out by the previously men-
tioned Nitrosomonas and Nitrobacteria, whose nitrification rate varies from 
being 3 to 4 orders of magnitude higher than that of other organisms, as 
reported by Gerardi (2005). Different factors can influence the nitrifica-
tion kinetics, turning out to be key parameters in industrial applications. 
pH As it can be inferred by observing their respective equations, both re-
actions lower the pH; optimal values are assessed at 7.2 for the first step 
(driven by Nitrosomonas) and 8.5 for the second one (driven by Nitrobac-
ter). Attention must be paid to the gradual production of H+ ions, as pH 
values lower than 6 coincide with a full stop of the nitrification process. 
Also, two important reactions are controlled by pH values, and are pre-
sented hereafter. 

 

 

The relevance of these equations lies in the toxic effects of free ammonia 
NH3 and nitrous acid NH2O on the interested bacterial populations. 
More specifically, the former inhibits Nitrosomonas at concentrations as 
low as 10 mg/l, and Nitrobacter at values of 0.1 mg/l. Nitrous acid shows 
toxic effects on both genera at concentrations of 1 mg/l (Gerardi, 2005). 
• Alkalinity A quick glance at the reaction equations summing up nitrifi-
cation makes it easily graspable that alkalinity is consumed in this phase. 
In fact, H+ ions are produced during the oxidation of ammonium; at the 
same time nitrous acid is produced. These two phenomena result in an 
overall decrease of the pH level, which can negatively affect the reaction: 
at a pH of 6.7 the nitrification rate drops significantly (ECOS, 2015). As 
a result, it is clear that maintaining a proper alkalinity level is necessary; 
this strategy is two-fold: on one side, it makes for a resilient, quite stable 
pH system, and on the other it provides an inorganic carbon source for 
autotrophic nitrifiers. 
• Dissolved Oxygen Good operational values of this parameter are above 2-
3 mg/l, with an optimum rate found in correspondence of an oxygen 
concentration of 3 mg/l; similar values allow the process not to be un-
necessarily slowed down by depressing the removal rate. Some sources 
(ECOS, 2015) report how the nitrification reaction stops almost com-
pletely for DO values lower than 0.5 mg/l; this result is particularly clear 
when considering that nitrifiers are obligate aerobic organisms. The same 
authors also suggest that intermittent aeration do not represent an issue 
per se, as anaerobic phases of up to 4 hours in duration can be efficiently 
managed by the microbial metabolism. 
• Temperature The optimal temperature interval for nitrification ranges in 
between 30° and 35° C. In fact, the process reaches a maximum in its 
rate at such temperatures. Decrease in the removal rate, on the other 
hand, can either be caused by sudden shifts in temperature, or by too 
low values, normally below 10-15° C) (van Haandel et al, 2007).  
• Heavy metals and organic matter Inhibitory action can be exerted by metal 
ions like Zn2+, Cd2+, Cr3+ or Pb2+, for concentrations as low as 1 mg/l 
(Jin et al, 2012) . Techniques like acclimatization of biomass or employ-
ment of active carbon can reduce the toxic effects. 

3.3.2. Denitrification 
This biological process consists of progressive reduction of nitrates to 
nitrites, and ultimately nitrogen gas. It is operated by heterotrophic, fac-
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ultative anaerobic microorganisms, indicated as denitrifying bacteria 
which use organic matter as carbon (anabolism) and energy source (ca-
tabolism). Among bacteria deputed to such functions, the most common 
are Achromobacter, Micrococcus, Pseudomonas. Some genera are exclusively 
able to convert nitrates to nitrites, like Aerobacter, Flavobacterium and Pro-
teus. An important feature of denitrifying bacteria is their ability to either 
use dissolved oxygen or nitrates for their metabolism and oxidation of 
organic matter. Interestingly enough, the energy obtained per unit weight 
of organic matter metabolized is higher when oxygen is employed rather 
than nitrates. Hence, whenever the two compounds are simultaneously 
available, denitrifying bacteria preferably consume oxygen: a direct con-
sequence of this behavior is the need for a low DO value (not more than 
0.3-0.5 mg/l) in the surrounding reaction environment or microenvi-
ronment. Similarly to nitrification, the denitrification process is made up 
of two separate steps: denitratation and denitritation, exemplified by the 
following equations. 

 

 

The second reaction includes the formation of nitrogen oxides (NO and 
N2O) which are then reduced to nitrogen gas; this last compound does 
not represent a concern as a water contaminant, since its low solubility 
allows it to be easily released into the atmosphere. As it is visible in both 
equations, a carbon source is required for the whole process to take 
place. Besides methanol, possible external carbon sources are represent-
ed by ethanol, molasses, distillery stillage or acetate; more specifically the 
use of methanol is often not the best option, due to its toxicity on hu-
mans. In case of a lack of carbon sources in the water, denitrification can 
also rely on internal bacterial reserves, although achieving lower conver-
sion rates. Several factors contribute to determining the efficiency of the 
whole denitrification process. 
pH The optimal pH value range for denitrification is between 7 and 8.5. 
Values higher than the suggested threshold are hardly possible in an acti-
vated sludge system. On the other side, a pH lower than 6 is not only 
toxic for denitrification, but also for nitrification, resulting in an almost 
impossible removal of nitrogen from the incoming flux. As for munici-
pal wastewater treatment, a minimum influent alkalinity of 35 ppm in 
CaCO3 is suggested as to keep the pH within 7 and 8 (van Haandel et al, 
2007).  
Dissolved oxygen Since the interested bacteria are facultatively anaerobic 
and due to their ability to both use nitrates and oxygen as substrate, deni-
trification rates are inversely proportional to the content of dissolved ox-
ygen; consequently, anoxic conditions should be maintained throughout 
the whole reaction chain. 
Temperature Usual temperature values for denitrifying organisms lay in be-
tween 5° and 30*C, while an optimum in the removal rate is found at 40° 
C. On a general note, higher temperatures coincide with higher bacterial 
growth rates, but after the optimum point is reached, a progressive de-
crease in the removal efficiency is observed, as reported by van Haandel 
et al (2007) 
Heavy metals and organic matter Denitrifying microorganisms are generally 
more tolerant to toxic agents and shock loads than nitrifiers; this also re-
sults in quicker recovery times. 
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3.4. Traditional plant layouts for nitrification and denitrification 
The implementation of the traditional nitrification/denitrification 
scheme can be carried out according to two different solutions. 
• Suspended-growth biomass processes In such a configuration, wastewater 
flows around and through free-floating microorganisms, ultimately gath-
ering as flocs that settle out of the liquid medium. Since the flocs are able 
to retain the microbial organisms, recycling of biomass is possible. Ex-
amples of such technology are activated sludge processes and sequencing 
batch reactors. 
• Attached-growth systems This typology requires the employment of a phys-
ical medium to retain the microorganisms and allow them to grow; trick-
ling filters and rotating biological contactors represent typical solutions. 
In the first case, a bed of plastic, ceramic, or peat moss is prepared; 
wastewater flows through it, thus forming a thick biofilm that ultimately 
falls off. Instead, contactors are designed as submerged plastic disks on 
which biomass grows until detaching itself and sloughing off. Some con-
sistent differences can be outlined between the two systems. First of all, 
the tolerance to variations in the feeding rate is higher in attached-grow 
reactors. On the contrary, suspended biomass particles are in constant 
contact between each other; this means that whenever the waste in-flow 
is lowered bacteria may start considering each other as food, with evi-
dent disruptive effects on biomass retention and pollutant removal rates; 
in short, what happens could be described as an induced form of canni-
balism. Moreover, attached-growth configurations normally require less 
maintenance and have a lower energy demand, as less advanced technol-
ogy is involved. Still, disadvantages linked to this kind of reactors include 
odor issues linked to clogging of submerged media; also, larger spaces 
are needed, while treated wastewater flows can’t be too high. Conse-
quently, the favorite configuration for small to mid-sized plants should 
be attached-growth, whereas bigger treatment sites normally feature sus-
pended-growth solutions (Westerling, 2015). With reference to nitrifica-
tion and denitrification processes, suspended-growth systems can be fur-
ther distinguished into separate and combined system configuration. 
• Separate system configuration In this case, nitrification and denitrification 
are carried out in two separate stages, each featuring a different reactor; 
this normally includes a clarifier and a sludge recycling system. The setup 
of two distinct reactor units is required, with a subsequent increase in 
economical expenses. 
• Combined system configuration This scheme foresees the mixing of all bio-
masses into a single activated sludge, unifying the reaction environments 
for both nitrification and denitrification. 
Two more configuration schemes can be identified, depending on the 
stage at which denitrification is implemented. 
• Post-denitrification This term describes a plant solution endorsing denitri-
fication after the nitrification step. In this case an external carbon source 
has to be added; otherwise, a possible solution is the bypass of a fraction 
of the incoming flux to an anoxic denitrification tank. 
• Pre-denitrification This configuration swaps the order of the two steps and 
features a nitrification stage with oxidation of organic matter and ammo-
nia. If recirculation is implemented, nitrates are provided to the anoxic 
tank, with a required flow about 4-5 times bigger than that of the inlet. 
Generally, nitrification and denitrification plants are designed as separate 
systems, and include different tanks for each single step, namely nitrifica-
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tion, denitrification and sedimentation. The linkages between the differ-
ent stages are provided by pipes, whilst the steady flow of feeding solu-
tions and treated water is ensured by pumps, which may also serve as re-
circulation devices. The complexity of similar solutions can be tackled by 
applying a combined system alternative to traditional layouts, known as 
SBR (Sequencing Batch Reactor) and ensuring the proper conditions for 
all the involved steps. Among the main advantages of such a simpler 
configuration is the operational flexibility, as different layouts can be de-
vised for different and specific needs, through delay and reduction of the 
duration of each single phase. Moreover, the spatial footprint is notably 
reduced, as less sludge is created; lastly, the need of recirculation pipes is 
completely removed. 
As previously stated, traditional nitrification and denitrification tech-
niques are usually among the preferred ones. In fact, their proven stabil-
ity and satisfactory efficiency is highly valued over their main drawbacks, 
which mainly are: 
• High energy requirements for the aeration process, entailing considerable 
costs 
• Need for an external carbon source for the denitrification step 
• Difficulties in treating wastewaters characterized by high N concentrations 
or low C/N ratios 
• Relatively consistent production of sludge 
In order to address these issues, new technologies have been put forward 
in recent years, aiming at providing sustainable solutions for cost-
effective nitrogen removal. This is also the case of one of the techniques 
that was implemented and studied along the development of this thesis, 
and whose operational background is presented in the next section. 

3.5. Modern technologies for sustainable biological nitrogen removal 
In the last ten years a series of novel sustainable and economically viable 
technologies has been brought up and studied into detail. Their applica-
tion is particularly interesting when dealing with high ammonium con-
centrations and low biodegradable organic matter content in the incom-
ing wastewater. Some of the most relevant processes that have been 
recently discovered include: 
• Coupled nitritation and denitritation, normally referred to as SHARON 
• Partial nitritation coupled with anaerobic ammonium oxidation, known 
as ANAMMOX, in two separate reactors 
• Coupling of partial nitritation and ANAMMOX into one unique reac-
tor; this is also called CANON (Completely Autotrophic Nitrogen re-
moval Over Nitrite) or SNAP (Single-stage Nitrogen removal using 
ANAMMOX and Partial nitritation) 
• Combination of denitrification and ANAMMOX into one single pro-
cess, known under the name DEANAMMOX or Deammonification 
• Bioaugmentation 
BABE 

3.5.1. SHARON 
This process was origi-
nally developed at the 
Delft Institute of 
Technology in 1998 
(Hellinga et al, 1998). It 

Fig . 5. Nitritation and denitritation 
(Stensel, 2006). 
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normally features two separate reactors working under continuous flow 
conditions; the working principle is the aerobic oxidation of ammonium 
to nitrite (nitritation) followed by the heterotrophic reduction of nitrites 
to nitrogen gas under anoxic conditions; an external carbon source is 
needed for this second step (denitritation). The reference reactions for 
the two stages are the following. 

 

 

Compared to the traditional nitrification and denitrification scheme, this 
approach requires less organic carbon, besides featuring a smaller oxygen 
demand (Fig. 5). The reduction in the former parameter amounts to 
40%, while a decrease of 25% in the oxygen requirement is observed. 
Moreover, the process works without any biomass or sludge retention, 
thus not being influenced by the presence of suspended solids in the sys-
tem; at the same time, sludge production is clearly smaller when com-
pared to conventional treatment processes. The development of this 
technology stemmed from the need to reduce the economical expenses 
related to aeration and provision of carbon sources by creating a shortcut 
in the reaction chain. The main focus in the process is then on stopping 
the nitrification reaction at the stage of nitrites, avoiding further conver-
sion to nitrates. Creating unsuitable conditions for NOB prevents the 
oxidation to such final products. Some of the main parameters that in-
fluence the overall partial nitrification procedure are presented and dis-
cussed hereafter. A thorough knowledge of the following mechanisms is 
the first requirement for a successful out-selection of nitrite oxidizing 
bacteria. 
Temperature A minimum temperature of 25° C is required for the maxi-
mum specific growth rate of the ammonium oxidizers to be greater than 
that of the undesired NOB. At more elevated temperatures the growth 
rate of the nitrite oxidizers decreases progressively; as an example, a 
temperature of 35 °C corresponds to a ratio of 2:1 between the growth 
rate of ammonium and nitrite oxidizers (1 and 0.5 1/day, respectively) 
(Bertino, 2010). A temperature range between 25 and 35 °C is normally 
chosen in order to obtain a shorter minimum required sludge age for 
AOB; then, a proper HRT is set and NOB washed out. 
Dissolved oxygen Since NOB have a lower oxygen affinity compared to 
AOB, lower dissolved oxygen values are preferred, as they allow for 
proper limitation of nitrite oxidizers. 
pH High pH values, around 7.5 and 8, are efficient in promoting out-
selection of NOB: in fact at such values the amount of HNO2 decreases, 
while that of NH3 increases, supporting the activity of AOB over NOB.  
Inhibitory factors Higher concentrations of nitrous acid and free ammonia 
result in toxic effects, both for AOB and NOB. Ammonia oxidation is 
inhibited for NH3 concentrations of 8-120 mg/l in nitrogen, and HNO2 
concentrations as low as 0.2 mg/l (equally measured as nitrogen), where-
as NOB inhibition starts at 0.08 mg/l in NH3-N and 0.06 mg/l in 
HNO2-N (Anthonisen et al, 1976). However, these values are dependent 
on possible bacterial adaptation. 

3.5.2. ANAMMOX 
The name ANAMMOX (ANaerobic AMMonium OXidation) represents 
one of the most important and promising alternatives among modern ni-
trogen treatment techniques, featuring direct ammonium oxidation to 
dinitrogen gas under anoxic conditions, and using nitrites as electron ac-
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ceptors. Although the working principle of the process had already been 
predicted more than 30 years ago based on thermodynamic considera-
tions (Broda, 1977) its actual discovery only dates back to about 20 years 
ago, and was carried out during experimental trials on a denitrifying plant 
unit of a multi-stage wastewater treatment facility in Gist-Brocades 
(Mulder at al, 1995). Experimental observations highlighted a consistent 
decrease in the effluent nitrogen load, with a parallel reduction in the 
concentration of nitrates and a sudden increase in dinitrogen gas produc-
tion, thus leading the researchers to infer that nitrites, and not nitrates, 
were employed as electron acceptors in the reaction. The simplified ref-
erence equation for the ANAMMOX process is the following: 

 

The ratio controlling the respective amounts of ammonium, produced 
dinitrogen gas and employed electron acceptor is 1:1.02:1.32; moreover, 
one of the main advantages of the technique is that it runs under anoxic 
conditions and does not require an external carbon source. Notably, the 
process also includes a relatively small production of nitrates. 
ANAMMOX bacterial cultures use CO2 as a carbon source for the pro-
duction of biomass; as for nitrates, these have a two-fold role: not only 
do they act as electron acceptors for ammonium oxidation, but also as 
donors for the reduction of carbon dioxide. The metabolism of the in-
volved bacteria can be described as chemoautotrophic; the main operat-
ing organisms are known to be part of the order Plandomycetales; while so 
far five genera of bacteria have been recognized to have a role in the 
process (Hu et al, 2011). The ANAMMOX biomass appears brown-
reddish in color, and with a granular structure; among their microbiolog-
ical features are a slow maximum specific growth rate, assessed at 
μ=0.00648 1/day, and a doubling time of about 10.6 days (Strous et al, 
1997). The production of sludge is conveniently low, as the biomass yield 
is far from being high, with values ranging around 0.11 g in VSS per g of 
NH4+-N. A direct consequence of this is the requirement of long start-
up periods, which can be prolonged up to one year if the biomass is not 
enriched enough. As it will be explained later, this was not a prominent 
issue in the experiment, since the employed biomass had previously been 
cultivated and developed. As with the other processes that have been 
covered in the previous sections, the choice of appropriate operational 
parameters turns out to be fundamental for the efficiency of the reaction. 
For instance, the suggested pH value range is between 6.7 and 8.3 ac-
cording to Strous et al (1999) whereas other authors extend it up to 9 
(Egli et al, 2001). Optimum reaction points are known to be found for 
pH values of 8 and temperature levels around 35 °C. Variations in this 
last parameter, though possible thanks to the resilience of the process it-
self, must be operated cautiously: overcoming the threshold of 45 °C co-
incides with destruction of the biomass, while the efficiency of the pro-
cess at low temperatures (around 20 °C) is still being studied, and 
constitutes a challenging issue (Isaka et al, 2007). It is important to notice 
that conventional aerobic ammonium oxidation is up to seven times 
faster than its anaerobic analogue. Some authors like Jetten et al (1998) 
observed that anaerobic oxidation of ammonium can also be carried out 
by more traditional nitrifiers, like Nitrosomonas, but at specific growth 
rates that can be 25 times lower than that of ANAMMOX bacteria. 
Some of the most evident advantages deriving from the implementation 
of this technique are: 
• No requirement for an external carbon source 
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• Higher nitrogen removal rates compared to traditional techniques 
• Considerable reduction in energy consumption and power requirement 
(about 60-90%) 
• The consumption of carbonate species contributes to a smaller envi-
ronmental footprint, since CO2 is not produced. As a result, the overall 
contribution to the greenhouse effect is reduced 
The successful application of the ANAMMOX process relies on a prop-
er molar ratio between nitrite and ammonium, which is 1.32:1. Such a 
condition is hardly encountered in any kind of wastewater; as a result, 
pretreatments are advised in order to produce nitrites: an example of this 
could be an anaerobic partial nitritation step, as it was done during the 
course of this thesis. Current applications of the ANAMMOX reaction 
are studied with reference to single-reactor or two-reactor systems, as 
explained in the next sections. 

3.5.3. Partial nitritation and ANAMMOX in a two-reactor system 
This process is carried out in a system including two reactors in series: 
the first step is aimed at the partial nitrification of 50% of the influent 
ammonium, which is in turn reduced to N2 gas in the second tank. Ideal-
ly, the target of the first reaction would be obtaining a suitable ratio be-
tween ammonium and nitrites, which is assessed at 1.32:1 according to 
Strous et al (1999). However, this is hardly feasible; instead, a ratio of 1:1 
is chosen, with the purpose of avoiding nitrite inhibition in the 
ANAMMOX reactor by providing an excessive amount of ammonium. 
The reference reaction for the first part, considering a desirable ratio of 
1:1 between ammonium and nitrites, is the following. 

 

Good operational conditions have to be set in both reactors, in order to 
ensure the functioning of the process. As for the partial nitrification step, 
relevant parameters are temperature, DO, pH and HRT. Typical pH val-
ues are included between 6.6 and 7, whilst the temperature conditions 
are normally mesophilic, being included between 30° and 40° C. The 
process runs particularly smoothly when digester effluent is treated; in 
fact, the addition of external base is not required in this case. The effi-
ciency of this method has been the subject of many specific studies; as it 
turns out, aeration and carbon source costs can respectively be reduced 
by 40% and 100% when compared to traditional nitrification and denitri-
fication schemes. Also, the oxygen requirement is brought down from 
4.6 to 1.9 kg of O2 for each kilogram of removed N; the production of 
sludge is also decreased, amounting to 0.08 instead of 1 kg in VSS for 
each kilogram of removed N (van Loosdrecht et al, 1998. As mentioned 
earlier, the need for an external carbon source is also removed, constitut-
ing one of the major advantage of this technique; this allows for a sepa-
ration between COD and nitrogen removal operations, without the need 
for complex compromises between COD and N content, as needed in 
more traditional technologies. In conclusion, this solution reduces CO2 
emissions completely, besides ensuring some consumption of the same 
compound. This is coupled with a sensibly decreased cost when com-
pared to traditional techniques (up to 90%). 

3.5.4. Partial nitritation and ANAMMOX in a single-reactor system 
This treatment process is generally known under different names: 
CANON (Completely Autotrophic Nitrogen removal Over Nitrite), 
SNAP (Single-stage nitrogen removal using Anammox and Partial nitrita-
tion). From now on, and because it is the focus of this thesis, it will be 
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simply referred to as Deammonification. Compared to serial plant con-
figurations, the employment of only one reactor brings investments and 
space requirements considerably down; some studies (Abbas et al, 2014) 
have managed to reduce aeration-related costs by 63% while expenses 
due to sludge handling and transportation were almost entirely removed, 
having been decreased by 90%; also, the alkalinity consumption does not 
result as high, and not as much control of the nitrite/ammonium ratio is 
required. The two stage process features lower NO2- emissions, along-
side with avoiding the accumulation of nitrites, which, in high concentra-
tions are toxic for ANAMMOX bacteria. The process is particularly suit-
able for the treatment of highly loaded fluxes featuring unfavorable 
COD/N ratios; this is the case of sidestreams or digested effluents from 
anaerobic treatments. In this second case in fact, simpler organic matter 
is converted to biogas quite rapidly, while slowly biodegradable material 
stays in the effluent. The fact that the process consumes carbonate alka-
linity reinforces the idea that sludge reject water is a candidate for this 
kind of treatment: in fact, anaerobic digestion effluents normally contain 
enough alkalinity to stand potential variations in pH. On the other side, 
it is complex to control two different reactions in the same environment. 
As Abbas et al (2014) point out, a consistent part of presently available 
plants for classical nitrification-denitrification was not initially designed 
with these processes in mind, and thus hardly grant optimal removal 
rates. Moreover, consistent disadvantages related with such traditional 
techniques are well-known: high energy requirements are needed to pro-
vide aeration during the nitrification step, external carbon sources are 
needed for heterotrophic denitrification, electron donors such as metha-
nol, or acetate have to be added. The same authors report a series of 
good practices for the carrying out of a successful CANON process. 
First of all, DO levels have to be set properly; in fact, too low values re-
sult in the impossibility for NOB to convert NH4+ into nitrites, whereas 
too high concentrations in the bulk phase are paired with inhibition ef-
fects for ANAMMOX bacteria; good operational values are set at 
around 1 mg/L. Ammonia loading rates are also fundamental in the def-
inition of a working process; values of 14 mg/L per hour were found to 
be successful, while higher values turned out to be toxic for the reaction 
environment (Dapena-Mora et al, 2007; Strous et al, 1999). Moreover, 
the concentrations of nitrites should be kept under control, as rising val-
ues can mean detrimental effect on the ANAMMOX process. As for pH 
values, laboratory experiments proved that a range between 7 and 8 is 
optimal for single-stage processes (van Hulle et al, 2010). Finally, the 
content in organic matter is a serious concern whenever in excess, as it 
can favor the action of nitrifiers against that of ANAMMOX microor-
ganisms. The conduction of a successful Deammonification process de-
pends on the balanced coexistence of aerobic (AOB) and anaerobic am-
monium-oxidizing (ANAMMOX) bacteria in one single-system. A viable 
solution relies on the establishment of oxygen-limited conditions, ensur-
ing appropriate conditions for partial nitritation and avoiding 
ANAMMOX inhibition, which would occur at excessively high DO val-
ues (Jin et al, 2012). In practice, three solutions are nowadays available 
for the setup of a similar system: Moving Bed Biofilm Reactor (MBBR), 
intermitted-aeration reactors and granular sludge systems. Aeration con-
trol is a common technique for NOB out-selection, due to their lower 
affinity for oxygen compared to AOB, and for nitrite compared to 
ANAMMOX bacteria when DO is low enough. The optimum value for 
oxygen concentration actually depends on a variety of factors and has to 
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be evaluated case by case; some of the main relevant factors are the in-
fluent composition and the reactor layout. 
In this process the fate of incoming NH4+ is two-fold: on one side it is 
oxidized into nitrite through partial nitritation, later serving as electron 
acceptor for ammonium oxidation; alternatively it is converted to N2 gas 
by ANAMMOX bacteria. The oxidation of nitrites to nitrates by NOB 
should be kept as limited as possible, since it affects the overall removal 
efficiency of the process. However, traces of NO3- may be identified and 
are mainly found as side-products of ANAMMOX activity. The most 
common technologies for on-line monitoring of the operation rely on 
growth-rate control of AOB and NOB, among others, as explained in 
section 3.5. Several researchworks on one-stage reactors have been pub-
lished in the context of the Swedish academic world. For instance, Ber-
tino (2010) investigated the operation of a one-stage reactor treating re-
ject water from sludge dewatering, coming from previous anaerobic 
digestion; the content of ammonia in the inlet was particularly high, and 
assessed at 400 mg/l. The experiment employed a reactor having a vol-
ume of 7.69 l, and eventually reached a TN removal rate of about 80%. 
The doctoral thesis of Malovanyy (2014) included a first ion exchange 
step, aimed at obtaining ammonium concentration; the second step was 
represented by a coupled partial nitritation and ANAMMOX system. 
Experiments were run with different typologie of wastewater, also re-
producing mainstream conditions. It was shown that up to 95% of TN 
could be removed by one-stage technologies. The work by Cema (2012) 
focused on CANON processes on three different reactor typologies, 
namely Membrane Bioreactor (MBR), MBBR and RBC; also, these two 
last configurations were tested in the one-stage and two-stage modalities, 
eventually showing that one-stage solutions were preferable from an op-
eration standpoint, in spite of the lower nitrogen removal rates. The re-
moval rate for the single-stage MBBR was evaluated at a maximum of 
90.4%, with an average of 58.7%. On the other hand, the one-step RBC 
gave an average of 74.6%. Sultana (2014) studied one-stage processes at 
low temperatures and low nitrogen concentrations. Although the nitro-
gen removal rate reached a maximum of 80.4%, a decrease in such value 
was observed when the temperature was brought from 19 °C to 10 °C; 

Table 5. Nitrogen removal rates and conversion percentages for 
different plant configurations. 

Reactor 
type NRR [kg N/m3d] Conversion 

% Source 

Lab-scale 
MBBR 0.71-1.06 [g/m2d] 86-94 

Malovanyy, 
2014 

Lab-scale 
MBBR 2.9 80 Bertino, 2010 

Lab-scale 
MBBR 0.34±0.08 58.7±12.6 Cema, 2009 

Lab-scale RBC 0.83±0.32 74.6±9.5 Cema, 2009 

MABR 0.77 89 Gong et al, 
2007 

Lab-scale 
SBR 0.06 76±0.5 Ahn et al, 

2006 
Lab-scale 

Airlift 1.5 42±4.7 Sliekers et al, 
2003 

Lab-scale 
SBR 0.06 50 Sliekers et al, 

2002 
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in parallel, FA inhibition was detected too. Such great variety of data 
constitutes a solid baseline for the evaluation of results obtained in this 
experiment; a collection of experiences with generic wastewater is of-
fered in Table 5. On the other hand, Table 6 reports results from some 
literature experiments with deammonification reactors for mainstream 
nitrogen removal 
The first full-scale application of Deammonification was started in April 
2001 at a WWTP in Hattingen (Germany). The system was composed of 
three reactors, having a total volume of more than 200 m3, and reaching 
a total efficiency of 70-80%. The daily load is 120 kg of N, and the daily 
removal rate is 400 g/m3. Other examples of currently active reactors for 
the treatment of reject-water from digested sludge are available in Swit-
zerland (Glarnerland-Zurich) and Holland (Rotterdam Dokhaven), and 
yield removal rates up to 90%. Table 5 and 6 include nitrogen removal 
rates end efficiency values for several reactor configurations included in 
scientific literature. The former table deals with generic wastewater types, 
all treated in CANON reactors while the latter dwells focuses on main-
stream conditions eclusively. 

3.5.5. DEANAMMOX 
The process is also known as DEAMOX, standing for Denitrifying 
Ammonium Oxidation, and results from the coupling of the denitrifica-
tion and ANAMMOX processes. Although research on the topic is still 
ongoing and far from being exhaustive, the main identified employments 
for such treatment typology include landfill leachate and wastewater 
from digested waste. More generally, this technique is efficient when ni-
trogen concentration and organic carbon levels are quite high (van Hulle 
et al, 2010). Since both denitrification and ANAMMOX reactions run 
under anoxic conditions, the economic expenses related to aeration can 
be completely erased. However, the difficulty in managing the co-
existence between these two different bacterial cultures represents a great 
drawback for the process. In the case of consistent quantities of slowly 
biodegradable organic carbon, as with landfill leachate and digested ef-

Table 6. Nitrogen removal rates and conversion percentages for 
plant configurations treating mainstream municipal wastewater. 

Reactor type Process 
type 

NRR  
[kg N/m3d] 

Conv. 
% Source 

Pilot-scale 
MBBR CANON 0.04-0.13 19-40 Malovanyy 

et al, 2014 
Pilot-scale 

CSTR 
SHARO

N 0.15 57±25 Regmi et 
al, 2014 

Lab-scale 
MBBR CANON 

16±0.4 
[g/m2d] 

71.9±
8.5 

Sultana, 
2014 

Full-scale 
WTTP CANON 0.13 76 Cao et al, 

2013 

Lab-scale 
RBC OLAND N.A. 35 

De 
Clippeleir 
et al, 2013 

Lab-scale 
SBR CANON 0.028 >90 Hu et al, 

2013 
Full-scale 

SBR CANON 1.1 90 Wett et al, 
2013 

Lab-scale 
RBC SNAD 0.48 70 Chen et 

al, 2009 
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fluents, the management of bacterial activity results quite easy, as denitri-
fying biomass growth is limited by the decreased availability of organic 
carbon; as a consequence, outcompetition of denitrifiers over anammox 
bacteria is quite unlikely to happen and does not pose an issue. Beyond 
certain amounts of organic carbon, assimilation of nitrites is noticeably 
stronger in denitrifiers than anammmox, which may be no longer availa-
ble for competition. Furthermore, Gibbs free energy values for the two 
reactions clearly confirm this tendency: denitrification is thermodynami-
cally more favorable, with =-427 kJ/mol, whereas anammox has a 
value of =-335 kJ/mol (van Hulle et al, 2010). Running 
ANAMMOX and denitrification processes in the same reactor can be a 
solution for the treatment of nitrates in a solution. Also, typical interme-
diate products of denitrification are nitrites, which are used for further 
oxidation to nitrogen by anammox bacteria. Such framework seems to 
be ideal for the simultaneous treatment of nitrogen and carbon (Kumar 
et al, 2010). 

3.5.6. BABE 
The acronym BABE (Bio-Augmentation Batch Enhanced) indicates an 
industrial process that was originally conceived, designed and developed 
based on computer-aided model simulations (Salem et al, 2003). The 
overall process scheme includes a recirculation loop, which is fundamen-
tal for its function (Fig. 6). Indeed, a first aim is to reduce the nitrogen 
load in the concentrated side-stream, which is then resent to the main re-
actor system in order to increase its nitrification capacity. The BABE re-
actor is the one in charge of increasing the amount of nitrifiers in the in-
fluent side-stream before reintroduction to the main unity. More 
specifically, BABE reactors are built as small units offering a suitable en-
vironment for cultivation of nitrifying microorganisms; they are fed with 
digester effluent (digestate) and inoculated with sludge coming from the 
main aeration tank. Operational temperatures higher than those of the 
main activated sludge reactor allow for higher reaction rates to be 
reached, meaning that nitrogen is removed at a faster pace. Advantages 
of introduction of nitrifying seeds into the main tank consist of en-
hancement of the reaction rate, as well as lower SRT. As a consequence, 
bio-augmentation is an effective solution for systems featuring limited 
reactor volumes or considerably high SRT. 

4. PROCESS MANAGEMENT 
This chapter offers a series of best practice techniques for the manage-
ment of the studied process. While the previous chapters extended their 
scope over several different technologies related to the issue of nitrogen 
removal, from now on the focus is shifted and exclusively put on com-
bined partial nitritation and ANAMMOX, with particular attention to 
the treatment of munic-
ipal mainstream 
wastewater. Starting 
from an investigation 
of the most common 
and renowned chal-
lenges in the field, a 
collection of quantita-
tive suggestions for the 
optimization of the 
process is presented. Fig . 6. BABE Bioaugmentation plant 

scheme (Khin et al, 2004). 
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4.1. Current challenges 
When it comes to the treatment of municipal mainstream wastewater, it 
is clear that the first task is to identify the most relevant features of the 
incoming flux to be treated; having a clear idea of what to expect in the 
reactor is the first step towards an effective choice of the treatment 
method. Generally speaking, the main challenges that have to be tackled 
when dealing with this typology of wastewater can be summed up as fol-
lows. 
• The average COD/N ratio is quite high, requiring a prior removal of or-
ganic matter. 
• The flow temperature can turn out to be low, without any possibility for 
heating operations, due to the high value of the flux. 
• The overall alkalinity is low, thus interfering with the two involved main 
reactions, which require a buffer system to maintain a stable pH envi-
ronment 
• Since the N charge of the incoming flux is low, biomass growth can be 
negatively influenced and significantly slowed down. Moreover, this con-
stitutes a major difficulty in the process of out-selection of NOB, since 
the substrate for AOB is limited. 
Such obstacles are encountered both when dealing with partial nitritation 
and ANAMMOX techniques. The solution that is put forward in this 
thesis includes the employment of granular biomass, ensuring low bacte-
rial activity and consequently low sludge volume production, along with 
a strategy that foresees the maintenance of DO values at quasi-steady 
low values. Since the need for addition of external carbon sources is 
completely removed, the possibility of separating the incoming COD 
from the inlet flux is tempting, as it could be employed in some energetic 
recovery step, such as anaerobic digestion. 

4.2. Toxicity and inhibitory factors 
Some authors (Chamchoi et al, 2008) point out that ANAMMOX bacte-
ria are overcome by denitrifiers when the C/N ratio is above 2. Another 
point to bear in mind is that ANAMMOX bacteria are irreversibly inhib-
ited by concentrations of methanol (15 mg/l) and ethanol. The presence 
of methanol is a side-effect of its employment in the removal of nitrate 
in post-denitrification steps. A series of factors have to be taken into ac-
count when setting up a combined partial nitritation and anammox reac-
tor; this is even more valid when dealing with possible inhibition of the 
process, which could add further issues to the already tricky management 
task. A recent article by Jin et al (2012) identifies operational conditions, 
experimental methods and physical structures of the employed sludge 
(biofilm, granular) as the main variables determining the influence of dif-
ferent inhibition mechanisms. An overview of the most relevant inhibi-
tion factors is offered hereafter. 
• Substrate inhibition This occurs when NH4+ and NO2- in the reaction en-
vironment are featured at excessive concentration values, as explained by 
authors like Fernández et al (2012). A commonly accepted guideline for 
ammonium concentration is offered by Strous et al (1999) who suggest 
that inhibitory factors are not observed for values lower than 1 g/L in 
nitrogen. Other authors, like Dapena-Mora et al (2007) observed that 
50% of the bacterial activity was lost at concentration of 770 mg/L; also, 
they pointed out the role of Free Ammonia NH3, also denoted as FA, as 
a main actor in the inhibition. Some authors (Jin et al, 2012) claim that 
anammox bacteria can actually endure FA values exceeding the reported 
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guidelines, and acclimation seems to be a viable solution to the problem. 
The high variability of suggested values is due to the differences in oper-
ating conditions and physical structure of the sludge. 
• Nitrites Presence of nitrites normally has negative impacts on a con-
sistent number of microorganisms (Zhou et al, 2011) due to its biotoxici-
ty. For the same reason, a threshold value can be identified, above which 
activity of ANAMMOX bacteria is suppressed; however, there is a 
strong lack of concordance, or equally wide variability, in the definition 
of a maximum concentration guideline, which varies between 5 and 280 
mg/L in nitrogen. Of course, such ample interval is also caused by dif-
ferent operational conditions in single experiments (Isaka et al, 2007; 
Jaroszynski et al, 2011). Strous et al (1999) found that nitrite concentra-
tions of 100 mg/L negatively influenced aggregate ANAMMOX bio-
mass, leading to complete loss of bacterial activity. As mentioned before, 
such great differences in retrieved guidelines for maximum nitrite con-
centrations can be attributed to varying biomass characteristics, as well as 
to operational conditions (type of sludge, temperature, water quality, pH, 
HRT, food to biomass weight ratio). Such thorough investigation ended 
up yielding a warning value of 280 mg/L for inlet nitrite concentration, 
whereas the maximum suggested effluent concentration was assessed at 
100 mg/L (Jin et al, 2012). Exceeding values should result in immediate 
action on the process environment.  
• Organic matter The influence of organic matter on the process efficiency 
has been studied by several authors, like Mosquera-Corral (2005), who 
focused on partial nitritation in a SHARON reactor, and highlighted that 
TOC values exceeding the 0.3 g/L threshold (or, equivalently, C/N rati-
os greater than 0.3) resulted in detrimental effect for ammonia oxidizers, 
due to a substrate competition between autotrophic and heterotrophic 
bacterial groups. 
• Salinity Considerable volumes of saline wastewater are produced by in-
dustrial processes like seafood treatment, textile dyeing, tanneries, oil and 
gas production. Therefore, salt concentrations effects should be taken in-
to great consideration when dealing with biological nitrogen removal 
treatments. What happens is that high salinity promotes an increase in 
the osmotic pressure, ultimately causing bacterial microorganisms to be-
come dormant or die. Since the first discovery of ANAMMOX bacteria 
took place in marine anoxic environments (Xiao et al, 2010) the possibil-
ity of acclimation to high salt concentration environments or the en-
richment through marine sediments represent a viable practical tool to 
increase the tolerance of the process to high salinity. Positive salinity ef-
fects were observed at 3-15 g/L in NaCl: the formation of granular 
sludge was promoted, along with the retention of bacteria (Fernández et 
al, 2008). Higher values, reported by Isaka et al (2007) instead, clearly in-
hibited the process. Mosquera-Corral et al (2005) focused on the effects 
of salts, such as NaCl, KCl and Na2SO4 and found out that inhibition of 
the maximum ammonia oxidizing activity was triggered at molar concen-
trations of 100 mM/L; more specifically, the value was decreased by 
40%. Insertion of NaCl was beneficial for the process at concentrations 
of 85 mM/L, while a decrease of the activity was noted at 425 mM; final-
ly, the value went down to 10% of the original activity for concentrations 
of 513 mM/L. 
• Heavy metals These compounds are not easily biodegradable and tend to 
accumulate in organisms, thus exceeding toxic levels. Similar issues are 
typical of wastewater with high nitrogen loads, such as landfill leachate, 
also containing metal ions like Hg, Cr, Zn, Al and Pb. Although few 
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studies have been carried out on the topic of metal inhibition of the 
ANAMMOX process, a more complete understanding of the involved 
mechanisms would be beneficial in the treatment of high-load 
wastewater. As an example, a guideline for the concentration of HgCl2 
comes from van de Graaf et al (1995) and is set at 1 mmol/L. 
• Phosphates and sulfides SO42- is often reduced to H2S in anaerobic diges-
tion, which often is a pre-treatment step for ANAMMOX. As a conse-
quence, sulfide inhibition can be an issue. Different studies are available 
on the topic. Once again, the variability of the reported values is due to 
differences in the conduction of the experiments and depends on: oper-
ating conditions, dominant bacterial species; a guideline value is offered 
by Dapena-Mora et al (2007) and is set between 1 and 2 mM, giving a 
reduction in the specific ANAMMOX activity of about 60%; concentra-
tions higher than 5 mM triggered complete absence of ANAMMOX ac-
tivity. On the other side, PO43- inhibition was found to be active at initial 
concentrations of 15 mM. 

4.3. Effective start-up 
Some quite relevant concerns in the conduction of a successful 
ANAMMOX process are the slow growth rate and biomass yield of the 
involved bacteria. Also, as it was extensively explained in the previous 
section, toxicity factors have to be monitored, with excessive substrates 
and oxygen being the main problem. A series of key parameters has been 
identified for the minimization of the start-up period (Suneethi et al, 
2014) and includes: selection of appropriate seed biomass, suitable reac-
tor configuration, operational conditions for the promotion of long-term 
cultivation and microbial enrichment. 
• Gas sparging This technique is useful in enriching the anammox bacterial 
culture, and employs gaseous mixtures such as Ar/CO2 or N2/CO2 at 
percentage composition of 95/5%. Whilst the presence of carbon is 
needed as a feeding for the internal buffer system, leakage of O2 should 
be avoided; some studies have focused on ANAMMOX enrichment un-
der aerobic conditions (Strous et al, 1997); still, presence of oxygen 
should be preferably avoided, due to the high sensibility of bacteria. 
• Light Further inhibition of ANAMMOX bacterial growth is caused by 
presence of light, which may lead to unwanted development of photo-
trophic algae. Studies focusing on the effects of such parameter (Uyanik 
et al, 2011) showed that the time required for ANAMMOX enrichment 
was doubled when the reactor was exposed to light. 

Table 7. First ANAMMOX activity and start-up times for 
different reactors. 

Reactor 
type Process type 

First 
activity 

[d] 
Start-up 
time [d] Source 

Lab-scale 
Upflow ANAMMOX 16 50 

Bi et al, 
2014 

Lab-scale 
MBR CANON 16 60 

Wang et 
al, 2009 

Lab-scale 
MABR CANON few 

days 40 Gong et 
al, 2007 

Lab-scale 
SBR CANON 14 49 

Sliekers 
et al, 
2002 
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• Addition of NO3—N, N2H4 and NH2OH Whenever the employed 
ANAMMOX culture is not enriched, addition of nitrogen from nitrates 
is required in concentrations of 10-50 mg/L (Uyanik et al, 2011); this is 
because the start of the process may turn out to be unbalanced towards 
partial nitrification, due to the high organic load anaerobic conditions 
and ultimately, the autotrophic nature of anammox bacteria. As a conse-
quence, the insertion of NO3--N is used to feed heterotrophic denitrifica-
tion bacteria and let them consume organic compounds. Positive results 
have been reported on about the possibility of actively removing the or-
ganic load at the beginning of the ANAMMOX enrichment process. The 
underlying concept that first led to the addition of nitrate-derived nitro-
gen is that oxidative conditions can be established, thus outrunning the 
growth of other anaerobic microorganisms such as sulphate reducers and 
methanogens.  If the inoculum contains active denitrifiers, the insertion 
of NO3--N should lead to reduction and thus production of NO2--N 
which can be used as reagent for the ANAMMOX reaction. After the 
first sign of bacterial activity in this second step, the feeding of nitrogen 
should be discontinued, both for the presence of nitrates in the reaction 
products of anammox, and for a general lack of interest in further en-
richment of the bacterial culture.  
Table 7 reports some examples of obtained results with different kinds 
of reactors, with regards to first observed ANAMMOX activities and 
start-up times, meaning the period required for the reactor to work in 
steady-state. 

4.4. Control parameters 
Establishment of suitable reaction conditions is a key condition for the 
conduction of a successful process. Among many, the most important 
factors are selected and presented hereafter. 

4.4.1. pH 
A proper control of pH values is necessary for the process: first of all, 
this should ensure that optimal requirements for the reactions are met; 
secondly, appropriately intermediate ranges avoid the production of 
HNO2, which would occur at low pH, and NH3, which typically happens 
at values over 8. Since the deammonification process unifies two differ-
ent steps in the same reaction environment, a quite narrow pH variability 
range has to be set in order for the process to be successful. While Nitro-
somonas happen to have an optimum pH between 7.2 and 8, the desired 
range for ANAMMOX has been identified between the values of 6.7 and 
8 according to Strous et al (1999). 

4.4.2. Electrical conductivity 
Electrical conductivity is a measure of the ability of a solution to transmit 
current, and is measured in S/m; also, this value is directly proportional 
to temperature. The supernatant in the reactor actually contains NH4+ 
and HCO3- ions, whose concentrations vary along the whole process, 
and are thus easily monitored by means of changes in the conductivity 
levels. More specifically, production of N2 gas is associated with a de-
crease in such values, as the concentrations of ions gradually becomes 
lower and lower. As it is reported in specific literature (Szatkowska et al, 
2005) monitoring of conductivity levels almost exclusively gives infor-
mation on the amount of inorganic dissolved solids, such as nitrates, sul-
phates, phosphates; on the other hand, the concentration of non-ionic 
organic compounds is not well represented, as they do not effectively 
transmit electric current.  
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4.4.3. Temperature 
The optimal temperature range for nitrifiers is reported to be in between 
25 and 30 °C; while operation at higher temperatures is rarely carried 
out, mainly due to operational costs, the bacterial activity of genera like 
Nitrosomonas is completely inhibited for values lower than 5 °C. On the 
other hand, the optimum range for ANAMMOX activity is reported to 
be in between 30 and 40 °C. For greater temperatures, for example for 
values exceeding 45 °C, an irreversible reduction in the ANAMMOX ac-
tivity is triggered, as reported by Dosta et al (2008). The same authors 
suggest that a decrease in temperature correspond to progressively lower 
nitrogen removal rates, until a value of 15 °C is met, at which NO2- start 
to accumulate and lead to an ultimate loss of process stability. In their 
natural environment ANAMMOX bacteria operate within a quite wide 
temperature range, varying from -2 to 85 °C (Gao et al, 2011) this makes 
researchers infer that low-temperature activity could be possible through 
proper acclimation steps. The main drawbacks to this possibility are the 
reduced associated removal rates, but also the temperature dependence 
of free NH3 and HNO2, which are notably toxic at high values. Strous et 
al (1999) report that an optimum range for ANAMMOX bacteria is at 
around 40° C. At lower values, namely between 20 and 37° C, the bacte-
rial activity was correlated to temperature according to Arrhenius's law, 
while for temperatures lower than 10° no activity was recorded. Moreo-
ver, Egli et al (2001) confirmed the same value ranges, finding that 
ANAMMOX activity has an optimum at 37° C, with a suitable pH varia-
bility in between 6.5 and 8. In spite of the fact that increased tempera-
tures generally correspond to higher reaction rates, the main limits to this 
approach are the considerable heating costs, along with the possible de-
struction of the employed bacteria. 

4.4.4. Dissolved oxygen 
The operational strategy of setting low DO values may seem counter-
productive at first, since ANAMMOX bacteria are strictly anaerobic; in 
fact, reversible inhibition effects have been observed even at values as 
low as 2% of the air saturation level (Strous et al, 1997); other authors, 
like Egli et al (2001) report even lower values for reversible inhibition, 
specifically 1%. Irreversible inhibition was observed at values of at least 
18% (Jin et al, 2012). As such, application of low DO values, in conjunc-
tion with intermittent aeration, can effectively guarantee the out-
selection of NOB, without incurring in irreversible disruptive effects for 
the reaction system. In fact, this is a key technique in one-stage partial ni-
trification and ANAMMOX systems, as exemplified by this thesis. 

4.5. NOB out-selection 
The effective shunt of nitrification at the nitrite level is a key element of 
the studied process; at present, the main techniques that are employed 
are based on the mechanisms presented hereafter. 
• Competition mechanisms, based on selective growth of competitors, 
like heterotrophs and ANAMMOX bacteria for the shunt at nitrites, or 
the growth of heterotrophs and AOB for oxygen 
• Creation of unfavorable conditions for NOB 
• Creation of a lag-phase in the availability of nitrites (intermittent aera-
tion) 
• Imposed inhibition or toxic impacts on NOB 
Low DO values are efficient in out-selecting NOB, due to their low 
growth rate under such conditions. This happens because of their lower 
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affinity to oxygen compared to AOB and to nitrites compared to 
ANAMMOX biomass. The selection of an optimal concentration value 
should depend on the reactor configutation, biomass typology, composi-
tion and temperature of the influent solution (van Hulle et al, 2010). 
Values lower than 0.5 mg/l have been shown to be beneficial in the re-
pression of NOB, and have been applied to waters at both low- and 
high- ammonium strength levels (Fernandez et al, 2013; Blackburne et al, 
2008, Ruiz et al, 2003). Higher values, around 1.5 mg/l, still showed 
good results in the treatment of mainstream wastewater, as reported by 
Cao et al (2013). More specifically, operation of oxic units at values of 
1.4-1.8 mg/l yielded a nitrite accumulation of 75%. Furthermore, such 
approach has the advantage of cutting down aeration-related expenses, 
which are among the main concerns when dealing with nitrogen removal 
techniques. Intermittent aeration can also constitute an interesting solu-
tion; its underlying principle is the establishment of a lag-time for NOB 
to respond to the transition from anoxic to aerobic conditions and paral-
lel inhibition by intermediate reaction products, as illustrated by Xu et al 
(2012). An example of application of this technique is represented by an 
SBR fed with domestic wastewater, which achieved a nitrite accumula-
tion of 90-95% (Guo et al, 2009). Malovanyy et al (2014) used an upflow 
anaerobic digestor coupled to a deammonification plant and experiment-
ed with various aeration patterns to study their ability to influence the ni-
trogen removal efficiency and NOB suppression. As for the first aspect, 
the best results were obtained by choosing alternate 15-minute periods 
of aerobic and anoxic conditions, which allowed the reactor to reach 
48.8% of nitrogen removal efficiency. 
The possibility of controlling NOB presence in the reactor through the 
application of lag-phases is normally explained by considering the ab-
sence of substrates (oxygen and nitrites) or by supposing transient meta-
bolic inactivation mechanisms. The experiments suggest that the NOB 
activity delay can be due to reactor operation choices rather than the 
length of the anoxic periods. More specifically, it was shown that NOB 
can adapt to low DO values and show low suppression for long anoxic 
intervals. Tests concerning methabolic inactivation showed that a maxi-
mum delay of 6 minutes could be attributed to such factor. Although 
they do not coincide with inactivation of NOB, anoxic mechanisms re-
sult in positive effects on the Deammonification process: in fact, they al-
low residual nitrites to be removed by the denitrifying or ANAMMOX 
biomass, down to levels lower than the half-saturation concentration; on 
the side, NOB are suppressed because of the lack of nutrients when the 
aerated phase begins; therefore, the duration of such intervals should be 
set accordingly to the time necessary for complete nitrite removal. The 
same authors dwelled on the definition and comparison of AOB and 
NOB affinity to oxygen; experiments employing nitrite-only and ammo-
nia-only substrates gave comparable oxygen uptake profiles, suggesting 
that oxygen diffusion mechanisms, and thus biomass distribution, rather 
than specific affinities, may be responsible for the differences between 
AOB and NOB rates. Based on these considerations an approach for 
anoxia mechanisms in Deammonification processes is put forward: low 
NO2- concentrations should be kept throughout the aeration phases, 
whereas the anoxic period should be short, but last enough to consume 
all the nitrites. Although DO values do not seem to influence AOB or 
NOB rates, low levels seem to facilitate ANAMMOX activity over 
NOB, whose growth would be consistent in the presence of more oxy-
gen; besides, ANAMMOX cannot operate whenever DO values are too 
high. Step-fed reactors have also been proven to be useful in stabilizing 
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the Deammonification process (Cao et al, 2013). Still, further study is 
needed to fully understand the potential and applicability of this technol-
ogy to the treatment of mainstream municipal wastewater. 
Maintaining high temperatures can be considered an effective option, as 
for values greater than 25 °C the growth rate of AOB exceeds that of 
NOB. As a consequence, the SRT can be conveniently set at an interme-
diate value, greater than that of AOB but shorter than that of the unde-
sired NOB, ensuring continuous wash-out of the latter. At a temperature 
of 35 °C, instead, the maximum growth rate of NOB is only half of that 
of AOB, resulting in values of 0.5 d-1 and 1 d-1, respectively (Khin et al, 
2004). This means that at temperatures in between 25 and 35 °C AOB 
have a shorter minimum SRT, and setting a proper HRT results in effi-
cient removal of nitrite oxidizers. 
Traditional approaches such as the employment of inhibitory techniques 
related to the content in free NH3 or HNO2, cannot be applied to main-
stream conditions, whose ammonia concentrations can be as low as 15-
20 mg/l. Authors like Van Hulle et al (2007) state that free ammonia 
(NH3) and nitrous acid (HNO2), rather than ammonium and nitrite con-
stitute the actual substrate/inhibition system for similar processes. In 
fact, pH values around 7.5-8 are effective in promoting outcompetition 
of NOB, besides enhancing ammonia oxidation; at the basis of this pro-
cess are the decreased amount of FNA and increased amount of FA, at 
effective values of 0.06-0.83 mg N/l and 0.08-0.82 mg N/l, respectively 
(Anthonisen et al, 1976). However, such FA-based technique can hardly 
be implemented in mainstream municipal wastewater, due to its typical 
low NH4+ content, which is normally assessed at 15-50 mg/l. Studies by 
Bartroli et al (2011) showed that efficient stabilization of the process 
could be reached by bioaugmentation of the reactor. Also, top-up can 
help in fostering the start-up, maintenance, or recovery of the process. 
pH control can be regarded as another viable option, but the require-
ment for considerable amounts of chemicals regularly entails further ex-
penses . 
In conclusion, it is difficult to set up and maintain full-scale sustainable 
nitritation, since NOB inhibition has to be reached first, and then wash-
out of the biomass has to be accomplished. 

4.6. ANAMMOX retention 
The metabolic features of ANAMMOX bacteria, consisting of low bio-
mass yields and slow specific growth rates (recorded as 11 days in labora-
tory-scale experiments (Strous et al, 1998) and up to 25 days for temper-
atures of 20 °C (Hendrickx et al, 2012) constitute another challenge in 
the implementation of Deammonification systems. Moreover, the con-
tent of ammonia in municipal wastewater, and with regards to main-
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stream fluxes, is generally low; therefore the development and retention 
of granules becomes very challenging. Minimizing the biomass wash-out 
is then a need in order to improve the reactor performance; in fact, 
ANAMMOX biomass has a considerably long duplication time, which 
can be as low as 0.003 h-1. In configurations where the biomass grows in 
granules or in the form of biofilm the formation of compact aggregates 
increases the settling velocity and consequently decreases the amount of 
biomass that stays suspended. Different approaches are available for the 
enhancement of this phenomenon. First of all, the addition of nuclei or 
bio-carriers to favor the microbial attachment: this is the first step, fol-
lowed by the formation of a thick film on the carriers, which are general-
ly conceived as having a large specific surface and being adequately hy-
drophobic. Lahav et al (2000) put forward that the use of zeolite particles 
in reactors with suspended biomass can be effective in improving the 
sedimentation properties and the nitrogen removal efficiency. Another 
possibility is favoring the precipitation of inorganic salts. This is because 
whenever two surfaces of the same charge are in contact, there is a free-
energy barrier that acts as a repulsive force, effectively preventing the 
cell-to-cell approach. Increasing the ionic strength of the medium would 
mean decreasing the repulsion, ultimately giving rise to the contact of 
one cell to another. Subsequently, an increase in saline content can favor 
the granulation, thus the retention capacity of the system. A study by 
Fernández et al (2008) investigated the possibility of improving the bio-
mass retention both using zeolite particles and salt addition for precipi-
tate production; the results were satisfactory, with results of respectively 
80% and 73% of biomass retention efficiency. Hydrocyclone applica-
tions have been reported to have significantly increased the SRT for 
ANAMMOX bacteria (Wett et al, 2013); these ensured separation of ag-
gregates from the ANAMMOX sludge from sidestream channels, for 
further reinsertion in the mainstream chain. Analysis of the interested 
aggregates showed that the bacterial activity was much stronger in those 
originated from the underflow of the hydrocyclone (Nielsen et al, 2005). 
Thanks to the dimensional differences between ANAMMOX biomass, 
NOB and AOB, selective screenings of the bacteria are possible, and 
constitute another interesting possibility for the improvement of 
ANAMMOX retention capacity (De Clippeleir et al, 2013). 
Table 8 sums up literature SRT values for several plant configurations 
treating mainstream wastewater; it will later be used as a reference for 
comparison with the experiment results. 

4.7. Energy recovery 
One of the most attractive solutions that has been recently put forward 
in the field of municipal wastewater treatment is the possibility of split-
ting the treatment of the inlet flow to recover organic matter and employ 
it for energy production. This kind of approach addresses some of the 
main issues related with traditional nitrogen removal techniques, which 
require oxidation for COD and N elimination. 
• Oxidation entails aeration-related costs, which are consistently high 
• Oxidation of COD equals to a loss of its metabolic heat (about 14 
MJ/Kg of COD) 
• COD is further consumed in denitrification steps; as its content in mu-
nicipal wastewater is limited, it is sometimes needed to add external car-
bon sources, such as CH3OH 
• Long SRTs are needed for traditional techniques, leading to considera-
ble space requirements 
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Several reactor configurations have been tried in scientific literature; for 
instance, Jetten et al (1997) put forward a solution involving primary co-
agulation/flocculation of colloidal parts and COD, which only requires 
the use of some chemicals, like flocculant agents, in spite of aeration; this 
step can also provide efficient phosphorus removal (Fig. 7). Estimations 
show that up to 0.5 kg of CH4 can be produced per unit kilo of COD 
sludge; apart from this major advantage, minimal energy use is required, 
and amounts to 0.2 kg instead of 0.6 kg of O2 per kilo of COD. After 
this step two streams are identified: the first is the sludge treatment ef-
fluent, consisting of a warm concentrated flux; the other is the 
wastewater itself, featuring colder temperatures and diluted concentra-
tions. The authors identify the Deammonification technique as a suitable 
solution for further treatments of the effluents, only requiring 1.7 kg of 
O2 per kg of NH4+-N removed, and no COD; on the other hand, tradi-
tional nitrification and denitrification requires 4.6 kg of O2 and 4.5 kg of 
COD. Such configuration is favored by the application of biofilm sys-
tems, rather than stirred tank reactors; the reason is that nitrite accumu-
lation seems to be more easily reached when proper oxygen regulation is 
carried out; once again, this is due to the lower oxygen affinity of NOB 
than AOB. Moreover, the biomass yield of the system is very low and 
will only lead to minimal sludge production; by-pass of part of the 
wastewater to the ANAMMOX reactor can support the obtainment of a 

Fig . 7. Flowchart for a sustainable WWTP (Jetten et al, 1997). 

Fig . 8. Proposal for mainstream deammonification including 
primary and secondary sedimentation tanks (Xu et al, 2014). 
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NH4+:NO2- ratio of 1:1. As such, the endorsement of this technology 
can lead to a reduced use of energy and chemicals, along with a func-
tional energetic recovery of COD. Since the Deammonification route is 
chosen, COD is not longer required for the second step of nitrogen re-
moval. Besides, as the second reactor can operate independently, no 
more complex trade-offs between N and COD contents are required. 
The research of Xu et al (2015) stem from the consideration that 
COD/N ratios have to be controlled and maintained at values lower 
than 0.5 in order to avoid competition between ANAMMOX and nitrifi-
ers in the Deammonification process. A two-step configuration was de-
vised, whose first section is dedicated to organic matter removal (Fig. 8); 
technical possibilities are represented by Chemical Enhanced Primary 
Treatment (CEPT) or High Rate Activated Sludge (HRAS). Later on, the 
removed organic matter is sent to an anaerobic digester for production 
of biogas. As in all Deammonification processes, the primary challenge is 
the effective retention of the desired biomass; in fact, AOB are needed 
for partial nitrification. Also, retention of the slowly growing 
ANAMMOX biomass and the possible dilution of heterotrophic bio-
mass represent considerable hurdles. Practicable ways of facing similar 
challenges are mostly similar to the ones presented in Chapter 3, and are 
derived from the same authors. 
Gao et al (2014) investigated the possibility of carrying out a similar pro-
cess at lower temperatures (Fig. 9). As for the AD step, in spite of a sim-
pler configuration of the system, and regardless of the fact that lower 
temperature values corresponded to higher fractions of COD being con-
verted to soluble methane rather than gaseous methane, no significant 
variations in the percentage of total produced methane were observed. 
The conditions in the partial nitritation reactor were not optimal for 
growth rate control, since DO values were in between 2 and 7 mg/L, the 
influent NH4+-N was lower than 60 mg/L, thus giving FA concentra-
tions lower than 1 mg/L at pH 7.5. Temperature management was not a 
viable solution either, since the commonly accepted threshold for NOB 
exclusion is set at 25 °C (van Hulle et al, 2010). Therefore, the applied 
strategy consisted in defining different aeration patterns, depending on 
the inlet soluble COD, temperature, and content in NH4+-N. Generally 
speaking, higher NH4+-N values or lower temperatures corresponded to 
longer aeration times, accordingly to the Arrhenius's equation. Major at-
tention had to be paid to the COD removal efficiency of the reactor, sin-

s
i
s

Fig . 9. Combined system including a UAFB, an SBR for partial 
nitrification and an up-flow ANAMMOX reactor (Gao et al, 2014). 
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ce elevated COD/N ratios can turn out to be inhibitory for the 
ANAMMOX activity in the last step; this happens because the transport 
of ammonia from the bulk liquid to the cell system is probably hindered 
by the crowded cells of heterotrophic bacteria, assimilating ammonia and 
depleting the oxygen reserves. As a consequence, longer aeration times 
might be required to contrast this competition, entailing higher costs. 
The maintenance of the ANAMMOX reactor at a temperature of about 
12-15 °C even showed a higher N removal rate, with daily values of 0.83 
kg/m3 rather than the measured 0.80 kg/m3 for a temperature of 35 °C. 
The same authors refer that although related studies have reported suc-
cessful results for higher loading rates and at modestly low temperatures 
the majority of them focused on high-strength, and mainly synthetic 
wastewater. Instead, their results prove that ANAMMOX bacteria can 
grow under low temperatures and low nitrogen loads, as in the case of 
municipal mainstream fluxes. It must be noted that the main rate-limiting 
factor to this process is the optimization of the partial nitritation step, 
which should be enhanced for maximum conversion of NH4+ to NO2-. 

5. EXPERIMENTAL SETUP 
This chapter offers an insight into the technical setup that was chosen 
and operated throughout the whole experiment. The first sections are 
dedicated to the description of the reactor model, along with its configu-
ration and most prominent features. Further on, two sections delve into 
the chosen analytic methods, providing a theoretical background for the 
choices that were made. A brief discussion regarding the employed feed-
ing solution and selected biomass is also reported. 

5.1. About materials and methods 
The selected setup was designed with the aim of providing an efficient 
environment for the performance of the experiment. Major attention 
was paid to the creation of a stable, cheap solution. Such a compromise 
between technical reliability and economical viability played a main role 
in the whole process and is worth spending a few words on. The labora-
tory where the research was carried out was employed by several re-
searchers and PhD students at the same time; during the months when 
the thesis work was carried out, many others reactors were active and be-
ing studied. On one side, this called for the use of reduced spaces, as it is 
clear from the figures depicting the reactor. Similarly, the same issue af-
fected the availability of measuring tools; as different projects required 
analytic results from the exact same machines, a tight schedule had to be 
designed in order for the experiment to be run smoothly, without inter-
fering with coexisting research. Nonetheless, the technical reliability of 
the implemented system was taken into great consideration, and ulti-
mately reflected both by the choice of the employed materials and the 
measuring tools. 

5.2. Reactor model 
The studied process was modeled by implementing a Sequencing Batch 
Reactor system (Fig.10). Such a solution foresaw the employment of a 
whole array of tools, as explained hereafter. 
The main component of the system, that is the reaction environment, con-
sisted of a semi-open Pyrex glass hollow container, shaped like a cylinder 
and with a rounded, semi-spherical bottom; this was also provided with a 
thin cavity layer, of about 5 mm in thickness. Its total volume Vt 

amounted to 1.7 l whereas its semi-volume Vs was 0.9 l; this last value 
expresses the amount of water that was retained in the system at every 
cycle and did not exit the reactor. A series of openings was also available 
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on the reactor, as to provide connections and linkages to external tanks 
and pipes. These were located at the bottom of the cylinder, at half of its 
height, and roughly at the top of it; noticeably, only the last two features 
were used in the experiment. The feeding system was initially created by 
employing two plastic tanks of about 30 liters in volume, and connecting 
them to the reactor through rubber pipes entering from its upper side 
and having an approximate diameter of 5 mm. A peristaltic pump pro-
vided the necessary power for the liquid to enter the reactor, while a 
plastic junction was then inserted at the end of the two tubes, as to unify 
the entering flux. Check valves were initially placed across the tubes, as 
to prevent any possible backward motion of fluid into the tanks. Later 
on in the experiment, such solution was abandoned in favor of a simpler 
configuration, featuring one feeding tank only. This was done by virtue 
of two considerations: first of all, the valves did not prove to be reliable 
enough, as they got easily and quite often clogged with flowing material; 
secondly, the hydraulic retention time and volume of the reactor were 
small enough to only employ one feeding tank without excessive con-
sumption of feeding chemicals. As for the outgoing flux, this was directed 
to a faucet-equipped collection tank, whose volume was emptied and 
measured daily. A second tube, connected to the top level of the reactor, 
was inserted into the same tank, and provided a safety measure against 
overfilling of the reaction volume. The exit of the flux was regulated by a 
valve, connected to a timer, while the continuity and effectiveness of the 
water flux was ensured by a peristaltic pump. A first configuration that 
was tried featured the feeding solution coming from the side of the reac-
tor: this was soon changed since the obstruction of the exit pipes easily 
led to wash-out of the biomass and water spillages. Aeration of the sys-
tem was provided by means of an air pump which was directly connect-
ed to a diffusor, ensuring quasi-isotropic conditions for DO, as well as 
an efficient mixing of 
the reaction liquid. A 
second inlet tube pro-
vided gaseous N2 to the 
system, and helped 
maintain a steady and 
appropriate volume 
percentage in DO. Lay-
ing down a thorough 
timing schedule for the 
control of inflows and 
outflows of water was a 
key part in the setup of 
the reactor. More in de-
tail, this allowed to reg-
ulate and properly ad-
just parameters like 
HRT and bacterial sed-
imentation time. Such 
timelines were modified 
throughout the process, 
with the aim of ac-
commodating changes 
in the reaction envi-
ronment or leading the 
process to the desired 
results. The reactor was 

Fig . 10. Lab-scale SBR configuration 
employed for the experiment. 
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started with a planned HRT of 12 hours, thus resulting in a series of two 
cycles per day; this value was decreased to 6 hours on 28th May, as to 
possibly enhance the reactor activity. The definition of these temporal 
patterns relied on the definition of aeration times, feeding times, and exit 
valve on/off sequences. 

5.3. Physical analyses 
Effective control of the reactor operation relied on daily monitoring of 
some key physical parameters, which also ensured proper conditions for 
bacterial activity and biological reactions. Some of these values were 
simply employed as a tool for continuous monitoring of the operating 
conditions, like temperature or DO, while others, such as pH values, 
were modified over time, and played a part in the active maintenance of 
the reactive process. Along briefly explaining the underlying principles of 
each single analysis, a short overview of the employed instruments and 
procedures is offered, with reference to the conducted experiment. 
pH Measuring such value gives information on the concentration of hy-
drogen ions in a solution; these are indicated as H+ or H3O+.  
The mathematical expression that is typically used to define pH is re-
ported hereafter. 

  

As it is visible, the formula features a specific term  denoted as activity, 
which is obtained by multiplying the molar concentration of a generic 
solute by its activity coefficient. This parameter is both dependent on the 
ionic charge of the species and on its concentration. What is more, the 
behavior of chemical reactions is deeply influenced by temperature, ac-
cording to the Van't-Hoff equation. The value of the equilibrium con-
stant K is in fact dependent on the temperature T, as shown in Van't-
Hoff's equation 

 

where R is the standard constant for gases and is the variation in 
enthalpy at standard conditions as well; the equation is normally integrat-
ed under the assumption of little or no variation in enthalpy. As a result, 
the chemical equilibrium of a reversible equation can be shifted from 
one side to another by simple changes in temperature; this can lead to 
changes in [H3O+], meaning changes in pH. An on-line measuring tool 
was chosen for this analysis; more precisely, a Crison pH 26 was select-
ed.  
Dissolved oxygen Enhancement of one reaction over the other can be de-
pendent on this parameter, as high dissolved oxygen values cause nitrify-
ing biomass to be very active, while anammox bacteria are inhibited. DO 
variations are strongly related to atmospheric pressure and temperature. 
Also, the control of DO is provided by aeration, which is one of the 
main issues related to traditional nitrogen removal techniques. Interest-
ingly enough, the recorded DO values are influenced by temperature and 
atmospheric pressure, being inversely proportional to the former factor 
and directly proportional to the latter. Measurements were performed 
everyday using a WTW Oxi 340i analyzer, whose calibration was per-
formed once per week. 
Electrical conductivity Ionic activity expresses the capacity of a solution to 
transmit current and is measured in term of electrical conductivity. The 
corresponding value is influenced by the amount, the valence of the ions, 
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and by the solution temperature (Szatkowska et al, 2005). Solutions caus-
ing variations in the amount of dissolved salts, as in the case of partial ni-
tritation and ANAMMOX, can be monitored in terms of changes of 
electrical conductivity. In fact, in this case ammonium and carbonate 
ions are respectively transformed into nitrogen and carbon dioxide. The 
employed tool was a Crimson CM 35 conductivity analyzer, whose cali-
bration was performed once per week. 
Temperature This parameter was monitored by virtue of its ability to influ-
ence biological reaction and bacterial growth rates. The aim was to main-
tain a steady value throughout time, at about 20-25 °C. In spite of the 
proved feasibility of conducting partial nitrification and ANAMMOX re-
actions in low-temperature environments, a possible major drawback has 
to be considered, that is the need for external heating. 
Outflow volume This parameter was observed as a measure of the mechan-
ical efficiency of the system and used to gather evidence on possible 
clogging of the connection pipes and other similar issues. Moreover, it 
was necessary to calculate the Sludge Retention Time (SRT) according to 
the formula presented herafter 

 

The first two upper terms refer to the biomass density and solution vol-
ume in the reactor, respectively. The lower terms represent the concen-
tration of biomass in the outflow and the outflow flux of solution, in-
cluding treated water and biomass. The result is a value giving 
information on the average residence time of the biomass particles in the 
reactor. 

5.4. Chemical analyses 
Chemical analyses were performed on both the incoming feeding solu-
tion, which was regularly prepared in the laboratory, and the outflow, 
treated water. The monitoring activity was performed with regards to al-
kalinity in the solution, and content of dissolved ions. 
Alkalinity This parameter is defined as the ability of a system to contrast 
variations in pH by neutralization of acids. It can be easily expressed as a 
sum of the concentrations of the main anions involved in this process; 
some secondary compounds are represented by NH3 or silicate ions 
(Lavagnolo, 2010). 

 

Their measurement is carried out by using a strong acid, normally HCl, 
in two phases: the first one is completed at a pH value of about 5.75, and 
gives information on which alkaline species are actually present in the 
observed solution. The second step, instead, coincides with a pH value 
of 4.3, and allows for the quantification of the hydroxide, carbonate and 
bicarbonate ions featured in the solution. This is possible because the 
neutralization of the carbonate ion, described as: 

 can be decomposed into two separate 
steps. 
• The first reaction, whose completion happens at a pH of about 5.75, 
can be summarized as  
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• The second reaction, coinciding with a pH of 4.3, is described as 
 

Measurements are conducted in terms of consumption of strong acid. 
The first obtained value is normally referred to as Partial Alkalinity (PA) 
while the other is named Total Alkalinity (TA). The relationship between 
these two parameters gives valuable information on the chemical content 
of the analyzed solution. Interestingly enough, the two main reactions 
that were studied throughout the experiment actually consume alkalinity, 
as it is clear by looking at their equations: 

• Partial nitritation  

• ANAMMOX  

The stoichiometry of the two reactions suggests that alkalinity will be 
consumed throughout the process. This is also confirmed in dedicated 
papers. Malovanyy et al (2014) for example, report that 1,17 moles of al-
kalinity are required for each single mole of incoming NH4+. The select-
ed tool for the experiment was a Crison pH-Burette 24, whose calibra-
tion was performed once per week. 
Ionic analysis The content of anions and cations both in the influent and 
effluent solutions was analyzed twice per week, using a Metrohm 861 
Compact IC analyzer, coupled with a 863 Compact autosampler (Fig. 
11). The use of such tools allowed for an easy and direct way to check 
the advancement of the reactions, by giving clearly readable values of re-
actors and products. Knowing the chemical equations for the reactions 
that were studied (partial nitritation and ANAMMOX) it was immediate 
to draw conclusions on the stage at which the reactions were. The work-
ing principle of such tool relies on the partition equilibrium of the inves-
tigated solutes between two separate phases (stationary and mobile). The 
former consists of a 
liquid, while the latter is 
a fluid in which the 
analyzed chemicals are 
inserted, and percolates 
through the stationary 
phase. Nernst's law is 
the milestone of such 
analysis, stating that 
whenever a solute is in 
contact with two non-
miscible solvents A and 
B at constant tempera-
ture, and the solute is in 
the same molecular 
conditions in both sol-
vents, then an equilibri-
um is established, de-
fined by . 
The obtained chroma-
togram is constitued by 
a series of peaks, corre-
sponding to different 
chemicals. In fact, since 
different compounds 
have different partition 

Fig . 11. Chromatographic analyzer  
employed to obtain ionic concentrations. 
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coefficients, they travel through the column at different speed rates and 
thus emerge with characteristic time values, labeled as "retention times". 
Qualitative analysis of compounds and, more specifically, ions can be 
targeted by observing the distribution of peaks along the chromatogram 
x-axis; the integration of the areas below the curves gives quantitative in-
formation on their concentration. 

5.5. Suspended solids analyses 
This practical procedure for this step was derived from the Standard 
Methods for the Examination of Water and Wastewater (APHA, 2014). 
The first part of this analytic method was carried out using a P Selecta 
industrial oven operating at a temperature of 105° C. Two filters, having 
pores of 0.45 μm were inserted in the oven for a period of 24 hours, in 
order to remove impurities and unwanted solids that could have altered 
the obtained analytic results. Then, samples from the reactor outlet were 
taken and let flow through the filters, with the aid of two air pumps facil-
itating the liquid transfer. The sample volume was initially set at 50 ml, 
but then increased, as to minimize the effect of random errors. The fil-
ters were then reinserted into the oven for a period of 2 hours, after 
which the weight of the samples was evaluated once again. Such measure 
corresponded to the amount of Total Suspended Solids (TSS). A second 
step foresaw the insertion of the filter into a hotter oven, having a tem-
perature of 550° C where further thermal destruction occurred, and only 
residual solids are left. The selected model was a Hobersal HD-230. 
Weighting tests were performed to analyze the content of Total Sus-
pended and Volatile Suspended Solids, indicated as TSS and VSS. The 
analyses were carried out once per week using a Sartorius TE214S preci-
sion scale. 

5.6. Feeding solution 
The incoming solution was periodically prepared in the laboratory, with 
the aim of efficiently simulating the chemical composition of municipal 
side-stream treatment effluents. More specifically, guideline concentra-
tion values were obtained from available technical literature (Table 9). 
The article, besides providing insights into the effects of salt concentra-
tions on partial nitritation experiments, focuses on wastewater with low 
C/N ratios, thus providing a good basis for laboratory-scale modeling of 
feeding solutions (Mosquera-Corral et al, 2005). Slight changes in the 
concentrations of single components were constantly operated, and 
served as a means to actively manipulate the process. More specifically, 2 
g of HNaCO3 were added to the solution as to contrast excessive chang-
es in alkalinity or to regulate too low pH values. 

5.7. Inoculum 
The employed biomass included granular nitrifying bacteria for the first 
partial nitrification step. On 4th May 2015 granular ANAMMOX bio-
mass was inserted in the system. It is important to notice that both bac-
teria genera came from an already enriched culture, and thus did not re-
quire long start-up periods to reach an appreciable mass. More 
specifically, the inoculum was the same used during a previous PhD the-
sis work, conducted by López (2012). More specifically, the biomass that 
was fed to the reactor for the first step consisted of nitrifiers derived 
from a lab-scale SBR plant for conventional nitrification and denitrifica-
tion; dedicated FISH analysis on the biomass proved that Nitrosomonas be 
the prevalent specie among NOB. As for the ANAMMOX biomass, this 
was obtained from a full-scale plant located in Rotterdam. It was com-
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posed by reddish aggregates featuring smooth surfaces. The average di-
ameter of the particles was assessed in between 1 and 1.5 mm. 

6. RESULTS AND DISCUSSION 
The studies reported in this thesis were performed with the aim of study-
ing partial nitritation and anammox technologies in the treatment of 
sidetream wastewater plant effluents. An extensive literature review on 
the topic was carried out and provided the basis for the definition of op-
erational strategies. 

6.1. Operational conditions 
Fluctuations of the pH level were recorded and attributed to advance in 
the studied reactive systems (Fig. 12); during the partial nitrification step 
they were coupled with a consistent and almost immediate decrease in 
the alkalinity levels. Although this was a symptom of correct progression 
of the reaction, attention was paid not to leave pH values go below their 
optimal level. Apart from daily monitoring the reactor, modification of 
the feeding solution and direct addition of basic concentrates proved to 
be useful and practical ways of correcting the system stability. Still, the 
advancement of the nitritation reaction seemed to aggressively consume 
all sources of carbonate species, which had to be added almost everyday. 
The situation changed when the first clear symptoms of ANAMMOX 
activity were recorded; this happened days after the insertion of the dedi-
cated biomass, probably due to the pH values, which was too low. As it 
turned out some variations of the pH levels did not follow the degrading 
pattern related to progressive nitritation. The peak and trough values for 
pH were 8.68 and 6.02, respectively, with an average level of 7.19. As for 
temperature, the parameter varied in between 18 and 31.6 °C, averaging 
23.4 °C. 
 
 
 
 
 
 
 
 
 
 
 
 

Table 9. Feeding solution simulating mainstream municipal 
wastewater (Mosquera-Corral et al, 2005). 

Compound Concentration [g/L] 
NH4Cl 0.267 

NaHCO3 0.3 
CaCl2H2O 0.3 
KH2PO4 0.07 

MgSO47H2O 0.02 
FeSO47H2O 0.009 
EOTA2H2O 0.006 
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Fig . 12. pH and temperature variations over time. 
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The record of DO levels showed an intial instability; nonetheless, an av-
erage value was defined; the displacement of points on Figure 13 
demonstrates that the function expressing DO as a function of time 
tended to a stable level; minimum and maximum levels were 0.09 and 
1.44 mg/l, with an average of 0.78 mg/l. As for electrical conductivity, a 
steady increase was observed in the first nitrification phase; later on, a 
slight and moderate decrease was noticed, which started roughly at the 
moment when the ANAMMOX biomass was inserted into the system. 
The peak and trough values were 569 and 1720 µS, with an average of 
1273 µS (Fig. 14). Alkalinity levels were quite variable, with almost con-
stant low values and sudden peaks; the range spanned from 11.5 to 523.2 
mg/l, with an average of 126 mg/l (Fig. 15).  
 

 
Fig . 14. Electrical conductivity variation over time. 

 
  

 Fig . 13. DO variations over time. 
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    Fig . 15. Alkalinity and pH levels over time. 
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6.2. Nitrogen ions 
The effective advancement of the reaction was monitored thorugh analy-
sis on the inflow and outflow ions. Figure 16 reports the temporal varia-
bility of the nitrogen weight content related to NH4+ ions for the inlet 
and the outlet; also, the concentration pertaining to NO2- ions in the out-
flow is plotted. The concentration of ammonia ions in the inflow aver-
aged 57.47 mg/l, with peak and trough values of 28.69 and 73.64 mg/l. 
As for the outflow, the average value was 31.8, with a minimum of 7.36 
and a maximum of 49.78 mg/l. Nitrites yielded peak and trough values 
of 47.33 and 5.92, with an average of 29.86 mg/l; since the TN in the 
outflow was observed to be greater than in the inflow for the peak point, 
it felt necessary to compute the random error brought in at the croma-
tography step. This was assessed at ±6.9% by comparison of the inflow 
and outflow TN values; furthermore, the overall conversion percentage 
of NH4+-N to NO2--N for the same point was calculated at 38%, with 
the same margin of error. 
The choice of expressing the mentioned levels in terms of nitrogen con-
tent allowed for the definition of Figure 17, reporting TN values for the 
inflow and the outflow; besides, this made the assessment of the overall 
nitrogen removal efficiency possible. More specifically, the average TN 
levels for the inflow and outflow, respectively, were 67.41 and 61.51 
mg/l. The maximum nitrogen removal efficiency was assessed at 55.2%; 
this value was reached at the very last sampling point of the experiment. 

Fig . 16. Temporal variability of the N weight content 
in the inflow NH 4+ and outflow NH 4+ and NO2- ions. 

 

Fig . 17. Total inflow and outflow nitrogen over time. 
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As for nitrates, their levels in the outflow were low, and thus not report-
ed in the above diagrams. Lastly, information on the nitrogen loading 
rate was also obtained by averaging the related chromatography results, 
giving 0.11 g/ld for a HRT value of 12 hours and 0.25 g/ld for the sec-
ond phase, which had a HRT of 6 hours. 

6.3. Biomass retention 
Chemical analyses regarding the VSS content in the effluent are available 
in Figure 18. This information was further employed to assess the SRT 
for the biomass. As it turned out, VSS levels were as low as 0% in the 
first step of the experiment, but rose during the second part of it, reach-
ing 1.6% of the total weight content. After evaluating the VSS content in 
the reactor environment, which gave an average of 4.6%, the SRT was 
assessed at 15.6 days. 

7. CONCLUSIONS  
The studies presented in this thesis focused on the performance of a 
one-stage partial nitritation and ANAMMOX reactor for the treatment 
of municipal mainstream wastewater. The work set off as a literature re-
view, investigating optimal parameters and settings for the process, be-
sides highlighting the possibility of reaching full energetic efficiency 
through recovery of COD from the incoming flux. The results that were 
obtained in the laboratory throughout the experimental period proved to 
be a satisfactory proof of the overall positive functioning of the pilot-
scale reactor. 

7.1. Conclusions 
Apart from assessing the feasibility of the process, the experience as a 
whole gave rise to a series of remarks that can be summed up as follows. 
• The operational stability of the process has to be reached by means of a 
balance between the main parameters, namely pH, temperature, DO, 
HRT; these have to be set accordingly to the typology of treated 
wastewater 
• The temporal distribution of pH levels is consistent with the advance in 
the reactor activity. More specifically, the partial nitritation phase is cou-
pled with a decrease in the pH values, a direct effect of its typical alkalin-
ity consumption. The ANAMMOX phase brings the pH level back up, 
as it was expected by considering the equation stoichiometry 
• The steady increase in the operational temperatures is due to the im-
possibility of the thermostate system to cope with the change in atmos-
pheric conditions. Still, the mesophilic range was never exceeded, nor 
was the reaction environment influenced by such variability 

  Fig. 18. Effluent VSS content variation over time. 
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• The DO variation probably depended on the mechanical configuration 
that was devised for its control and whose operation could not always be 
precise and on-point; as time went by the reaction conditions became 
stabler and thus corresponded to less variable values, slowly approaching 
a fixed level and globally averaging 0.76 mg/l 
• Alkalinity levels showed to be low, as it was to be expected with main-
stream municipal wastewater. In order for the partial nitritation not to 
stop it was necessary to add carbonate regularly. This is also the reason 
for the high variability in the alkalinity diagram 
• The variation in conductivity levels accommodated the advance of the 
reaction system. An increase in the values was observed in the partial ni-
trification step; on the other hand, the insertion of ANAMMOX bio-
mass brought the conductivity levels down. This happened accordingly 
to the variation in the content of ions, which naturally increases with ni-
trification and decreases with oxidation of nitrites 
• The theoric nitrogen load that was devised for the system is 0.14 g/ld; 
this value was doubled when the HRT time was changed to 6 hours. Av-
erage values obtained by chromatography tests gave a load of 0.11 g/ld 
for a HRT time of 12 h, and a value of 0.25 g/ld for a HRT time of 6 h; 
this means that the influent TN was slightly lower than planned accord-
ing to Table 9, as a consequence of imprecisions in weighting the feeding 
compounds 
• Chromatography results proved that good accumulation of NO2- was 
achieved, yielding an average value of 29.86 mg/l and a peak of 47.33 
mg/l. Though slightly rising, the content of inflow ammonia was quite 
stable. NO2- concentrations rose over the partial nitrification phase, ac-
cording to the stoichiometric reaction; on the other hand, the 
ANAMMOX reaction lead to a decrese in this value, do to the stady 
consumption for oxidation. NO3- concentration values were almost un-
traceable, meaning that NOB out-selection techniques worked properly 
• Accumulation of nitrites in the partial nitrification step was successful, 
giving a peak concentration value of 47.33 g/l, equal to 38±6.9% of 
overall NH4+-N conversion to NO2--N 
• Presence of nitrites in the inflow is to be linked with possible measure-
ment errors or oxidation of NH4+ in the feeding solution, due to contact 
with the atmosphere 
• The choice of maintaining low DO values was successful in granting ef-
fective NOB out-selection, as it can be inferred by the almost unnoticea-
ble amounts of nitrates in the outflow 
• Cromatography results and related diagrams also proved that the 
NH4+:NOx ratio was close to the desired target of 1:1 before the inocula-
tion of ANAMMOX biomass. In fact, such a ratio avoids nitrite excess 
and subsequent inhibition. Nonetheless, it is frequent for full-scale plants 
to have a ratio dictaded by the ANAMMOX stoichiometry, in order not 
to have excessive unreacted ammonium in the effluent 
• Inflow and outflow TN values were comparable during the first phase; 
differences and inconsistencies were mainly due to measurement errors. 
This is consistent with the fact that no nitrogen is consumed throughout 
this phase; in fact, NH4+ is simply converted to NO2-. As soon as the 
ANAMMOX biomass was inserted into the reactor the value started to 
decrease, as NO2- was oxidized to gaseous N2, which escaped the reac-
tion environment. The maximum TN removal efficiency was assessed at 
55.2%; after comparison with literature values in Table 6 the result was 
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condiered to be satisfactory. However, the temporal trend of TN inflow 
and outflow levels in Figure 17 point out that longer experimental times 
could be beneficial and lead to higher removal efficiency results 
• Activity of ANAMMOX bacteria was detected after about a month; the 
temporal interval is almost double compared to literature values reported 
in Table 7. A possible explanation is the excessive and early decrease of 
HRT, which happened about 3 weeks after the insertion of the 
ANAMMOX biomass 
• The experiment was not long enough for the reactor to achieve steady-
state conditions for ANAMMOX nitrogen removal: as such, the start-up 
time for the related reaction could not be evaluated. Still, extending the 
experiment further in time could have probably led to steady-state condi-
tions in a couple of months, as suggested by the overall TN trend in Fig-
ure 17 
• Retention of biomass was calculated based on VSS analyses on both the   
reactor content and the outflow solution, with an obtained SRT of 15.6 
days. Such value is considered to be satisfactory if compared to other 
values retrieved in scientific literature, as shown in Table 8 

8. SUGGESTION FOR FURTHER RESEARCH 
In spite of the satisfactory results that were obtained in the experiment, 
further research still has to be undertaken in order to increase the availa-
ble knowledge on the topic. Some possible directions for future studies 
are outlined hereafter. 

8.1. Suggested further research 
• Malfunctioning issues with temporizers had disrupting effects on the 
planned SBR timelines and caused the reactor not to work properly. A 
centralized control system could be a feasible solution to this 
• On-line measurements of the main physical parameters, such as pH, 
temperature and DO, are advisable in the process and could allow for 
immediate and continuous monitoring 
• Conductivity measures can be a relatively quick and easy methodology 
for the assessment of the process. Still, other parallel tests are required, 
as results are not easily translated into unambiguous ionic concentration 
values 
• On-line measurements of nitrogenous ions concentrations could turn 
out to be a major support in experimental decision-making, without the 
need for time-consuming chemical analyses 
• More research should dwell on the possibility of speeding up the start-
up process for industrial processes including ANAMMOX-related tech-
nologies 
• Oxygen affinities of AOB and NOB should be studied in detail, along 
with oxygen diffusion mechanisms, as they could play a bigger part in 
NOB out-selection solutions 
• Step-fed reactor solutions for NOB out-selection require further inves-
tigation, also in the perspective of more developed full-scale implementa-
tions 
• COD fractionation and characterization can constitute a solid and use-
ful methodology for primary identification of the most suitable technol-
ogy to employ for wastewater treatment. This is particularly true when 
considering anaerobic re-use of the organic matter content 
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• The conduction of the solid analyses was perfectioned over the course 
of the experiment. It turned out that exposing the filters at a temperature 
of 105 °C for 24 hours and then to 550 °C for 1 hour could effectively 
remove impurities. Also, a volume of 100 ml was considered enough to 
avoid random errors in the procedure 
• More studies on the possibility of conducting Deammonification pro-
cesses at low temperatures should be undertaken; although related results 
are presently available, further research would constitute a better scien-
tific basis for full-scale implementation 
• Studies about possible emissions of N2O from ANAMMOX-based sys-
tems should be undertaken in order to reduce the impact of this green-
house gas. More in particular aeration and gas circulation techniques 
should be focused on 
• It would be a widely recognized endeavor to identify further alterna-
tives for the reduction of costs related to traditional nitrification and de-
nitrification (mainly aeration) 
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APENDIX I – OPERATIONAL CONDITIONS DATA 

Reactor fluid conditions 
Date Temperature pH Flow Rate Volume Conductivity 

  [°C] 
 

[l/min] [l] [µS] 
12/3 19.3 7.43 1.2     
13/3 19.1 7.84 0.024     
16/3 20.2 7.92       
17/3 18.5 7.99 0.136   681 
18/3 19.7 8.11 0.682     
19/3 21.1 8.56 0.984     
20/3 20.1 8.68 0.531   569 
23/3 19.9 8.38 0.185     
24/3 20.4 8.56 0.146     
25/3 20.8 8.35 0.24     
26/3 18.7 8.02 0.3     
27/3 18.0 8.01 0.07   1291 
30/3 21.8 8.20       
31/3 22.3 7.79     1158 
1/4   8.46       
2/4 21.7         
4/4 21.1         
7/4 20.5 6.76     1244 
8/4 19.9 6.69       
9/4 19.5 6.59   1.3   

13/4 20.9 7.13       
14/4 21.6 6.12   1.7 1217 
15/4   7.72       
16/4 21.8 7.36   1.7   
17/4 20.5 7.11   1.5   
20/4 22.5 7.28   1.5 1364 
21/4 20.4 7.11   1.5   
22/4 22.4 6.46   1.5   
23/4 21.4 6.48   1.6   
27/4 19.6 6.43   1.5   
28/4 22.2 6.30   1.8 1417 
29/4 18.5 6.70   2.0   
30/4 21.8 6.53   1.9   
4/5 25.0 7.41   1.8   
5/5 24.9 7.10   2.1 1646 
6/5 23.7 6.93   2.1   
7/5 23.2 6.83   1.5   

11/5 24.3 7.05   1.5   
12/5 24.6 6.76   1.5 1503 
13/5 23.4 6.88   1.7   
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14/5 24.4 6.20   1.7   
18/5 23.9 6.32   1.8   
19/5 23.8 6.02   2.1 1533 
20/5 21.4 6.97       
21/5 20.6 6.78   1.6   
22/5 20.5 6.78   2.2   
25/5 23.7 6.20   1.5   
26/5 24.3 6.79   1.6   
27/5 24.6 6.85   1.8 1720 
28/5 23.0 7.10   2.0   
29/5 22.9 7.23   1.6   
2/6 24.8 7.00   1.9 1440 
3/6 26.0 6.88   1.8   
4/6 25.8 6.89   1.5   
5/6 26.3 6.87   1.6   

11/6 28.6 7.18   1.7 1078 
12/6 26.5 7.32   1.6   
15/6 28.5 7.05       
16/6 29.7 6.91       
17/6 26.4 7.15       
26/6 27.3 6.69   1.6   
29/6 29.2 6.92   1.8 1350 
30/6 29.4 7.02   1.9   
1/7 29.4 7.13   0.9   
2/7 29.8 7.31   1.7   
3/7 29.2 6.85   1.6   
6/7 31.6 7.51   0.5 1154 
7/7 30.0 7.34   1.6   

16/7 28.3 7.67       
17/7 29.4 7.82       
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Aeration conditions     
Date Aeration No Aeration 

  [mg/l] Saturation % [mg/l] Saturation % 
19/3 0.12 1.3 0.97 10.9 
20/3 0.09 0.9 0.08 0.9 
23/3 0.15 1.6 0.85 9.4 
24/3 0.99 11.3 1.65 18.6 
25/3 0.52 6.0 0.7 7.5 
26/3 0.44 4.6 0.32 3.3 
27/3 1.44 14.6 0.57 6.0 
30/3 1.32 15.1 0.88 10.0 
31/3 1.07 12.2 0.81 9.1 
2/4 0.89 10.0 0.39 4.3 
4/4 0.40 4.4 0.20 2.2 
7/4 0.31 3.4 0.38 4.2 
8/4 0.65 7.1 0.57 6.2 
9/4 0.77 8.3 0.57 6.2 

13/4 1.07 11.9 0.85 9.3 
14/4 1.29 14.4 0.94 10.6 
15/4 1.15 12.3 1.33 15.1 
16/4 1.35 15.4 1.10 12.4 
17/4 1.35 15.1 1.15 13.1 
20/4 0.95 10.9 0.56 6.4 
22/4 0.94 10.8 0.63 7.2 
23/4 0.88 9.9 0.53 6.0 
27/4 0.55 6.2 0.36 4.0 
28/4 0.86 10.0 0.46 5.4 
29/4 0.95 10.1 0.46 4.9 
30/4 0.85 9.7 0.36 4.1 
4/5 0.86 10.4 0.39 4.8 
5/5 0.87 10.4 0.63 7.5 
6/5 1.05 12.0 0.57 6.7 
7/5 0.92 10.9 0.68 7.4 

11/5 0.92 11.0 0.72 8.5 
12/5 0.67 8.0 0.41 4.9 
13/5 0.47 5.5 0.34 4.0 
14/5 0.97 11.6 0.34 4.0 
18/5 0.68 8.1 0.58 7.0 
19/5 0.58 7.0 0.39 4.6 
21/5 1.05 11.7 0.78 8.6 
22/5 0.82 9.0 0.56 6.2 
25/5 0.86 10.2 0.54 6.4 
26/5 0.65 7.8 0.44 5.3 
27/5 0.44 5.3 0.37 4.4 
28/5 0.89 10.2 0.64 7.9 
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29/5 0.44 5.1 0.42 4.9 
2/6 0.98 11.8 0.76 9.1 
3/6 0.81 9.4 0.37 4.5 
4/6 0.49 6.1 0.37 4.6 
5/6 0.82 10.1 0.39 4.8 

11/6 0.63 8.2 0.72 9.3 
12/6 0.42 5.3 0.40 5.2 
15/6 0.59       
16/6 0.76       
17/6 0.92       
26/6 0.53 6.7 0.37 4.8 
29/6 0.76 9.9 1.35 17.7 
30/6 0.70 9.2 0.64 8.4 
1/7 0.57 7.5 0.84 10.9 
2/7 0.84 11.3 0.63 8.8 
3/7 0.67 8.9 0.57 7.3 
6/7 0.91 12.3 0.55 7.3 
7/7 0.70 9.0 0.49 6.5 

16/7 0.82       
17/7 0.76       
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APENDIX II – ALKALINITY AND IONIC DATA 
Alkalinity levels 

Date mg CaCO3/l 
17/3 111.5 
19/3 85.4 
24/3 147.3 
26/3 90.5 
27/3 92.3 
31/3 70.0 
2/4 54.0 
7/4 17.0 
9/4 14.8 
16/4 298.9 
21/4 22.7 
23/4 17.4 
28/4 17.4 
30/4 18.4 
5/5 101.0 
12/5 11.9 
14/5 11.5 
19/5 26.0 
21/5 270.0 
25/5 271.4 
27/5 32.3 
2/6 89.1 
4/6 121.3 
12/6 523.2 
26/6 508.4 
30/6 122.2 
2/7 279.5 
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Inflow ions [mg/l]  
Date NH4

+ NO2
- NO3

- N-NH4
+ N-NO2

- N-NO3
- TN 

2/4 60.12 2.54 3.69 46.76 0.77 0.83 48.36 
9/4 62.23 24.69   48.40 7.52   55.91 

14/4 51.62 44.13   40.15 13.43   53.58 
16/4 36.89 59.79 3.81 28.69 18.20 0.86 47.75 
21/4 73.83 47.69   57.42 14.51   71.94 
23/4 65.39 43.33 27.79 50.86 13.19 6.27 70.32 
28/4 75.85 23.96   59.00 7.29   66.29 
30/4 77.40 29.37   60.20 8.94   69.14 
5/5 74.32 45.45   57.80 13.83   71.63 
7/5 82.35 41.03   64.05 12.49   76.54 

11/5 81.87 19.40   63.68 5.90   69.58 
14/5 77.29 6.14   60.12 1.87   61.98 
19/5 67.66 4.96   52.62 1.51   54.13 
21/5 72.19 67.03   56.15 20.40   76.55 
25/5 74.60 48.86   58.02 14.87   72.89 
29/5 77.60 39.29   60.36 11.96   72.32 
3/6 94.68 8.36   73.64 2.54   76.18 

26/6 91.60 2.12   71.24 0.65   71.89 
2/7 71.49 18.87   55.60 5.74   61.34 
7/7 84.26 25.32   65.54 7.71   73.25 

10/7 72.35 64.87   56.27 19.74   76.02 
14/7 80.34 2.51   62.48 0.76   63.25 
15/7 93.47 32.48   72.70 9.89   82.59 
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Other inflow ions [mg/l]  
Date Na+ K+ Cl- PO4

- SO4
- 

2/4 51.43 13.69 221.82 8.85 14.33 
9/4 54.97 16.57 227.78 9.84 15.81 

14/4 56.48 15.11 233.83 13.27 17.39 
16/4   16.14 233.89   17.10 
21/4 79.65 26.69 242.56 10.37 23.30 
23/4 132.34 35.25 243.50 14.54 23.74 
28/4 77.62 26.40 242.36 21.66 20.65 
30/4     241.18 64.10 19.89 
5/5 82.59 27.13       
7/5     191.21 5.03 44.06 

11/5 73.75 18.83       
14/5     176.96 9.58 43.15 
19/5 66.20 17.83 178.25 37.99 39.03 
21/5 102.98 24.78 170.13 13.02 31.24 
25/5 87.20 25.70 126.20 7.95 49.18 
29/5 112.36 31.58       
3/6 81.70 22.20       

26/6 136.72 23.58 190.48 24.26 1.53 
2/7     190.69 6.98 44.16 
7/7     150.60 39.84 39.83 

10/7     179.24 61.07 54.72 
14/7     168.71 61.07 72.95 
15/7           
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Outflow ions 
Date NH4

+ NO2
- NO3

- N-NH4
+ N-NO2

- N-NO3
- TN 

2/4 51.63 19.45 29.94 40.16 5.92 6.76 52.84 
9/4 35.62 65.10   27.71 19.81   47.52 

14/4 44.16 78.12   34.35 23.78   58.12 
16/4 23.83 79.27   18.53 24.13   42.66 
21/4 56.15 104.00   43.67 31.65   75.32 
23/4 60.84 121.91   47.32 37.10   84.42 
28/4 47.75 122.34   37.14 37.23   74.37 
30/4 42.50 122.53   33.05 37.29   70.35 
5/5 64.02 121.25   49.80 36.90   86.70 
7/5 62.47 85.71   48.59 26.08   74.68 

11/5 40.75 132.38   31.69 40.29   71.98 
14/5 57.39 45.76   44.64 13.93   58.56 
19/5 49.32 69.72   38.36 21.22   59.58 
21/5 44.75 155.52   34.80 47.33   82.14 
25/5 54.47 102.20   42.37 31.10   73.47 
29/5 48.44 120.46   37.67 36.66   74.34 
3/6 46.26 96.39   35.98 29.34   65.32 

26/6 35.83 126.62   27.87 38.54   66.41 
2/7 21.47 86.72   16.70 26.39   43.09 
7/7 14.44 113.31   11.23 34.49   45.71 

10/7 9.46 101.96   7.36 31.03   38.39 
14/7 15.47 98.52   12.03 29.98   42.02 
15/7 13.39 87.37   10.42 26.59   37.01 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 VIII 



        Deammonification reactor treating mainstream municipal wastewater 

 

Other outflow ions 
Date Na+ K+ Cl- PO4

- SO4- 
2/4 53.38 14.86 224.93 3.95 15.14 
9/4     232.93 10.61 17.06 

14/4 60.65 16.64 236.87 25.91 18.52 
16/4   25.92 240.73   49.67 
21/4 81.51 27.64 243.53 9.21 23.45 
23/4 86.62 29.26 244.06 18.63 24.43 
28/4 87.98 27.37 243.09 19.97 21.04 
30/4     243.49 21.52 21.91 
5/5 102.75 35.43       
7/5     187.74 5.20 44.80 

11/5     178.36 7.92 30.86 
14/5     184.01 18.13 40.96 
19/5 115.11 20.96   19.00 57.58 
21/5     161.52 3.14 57.10 
25/5     146.77 10.85 61.20 
29/5     39.15 19.62 7.62 
3/6   29.41       

26/6     179.86 46.36 88.24 
2/7     186.96 5.11 42.21 
7/7     187.76 26.20 53.19 

10/7     182.00 88.98   
14/7     183.03   56.79 
15/7     177.56 66.18   
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