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Summary 

Granular biomass has been proposed as an alternative to activated sludge for the sewage 

treatment. The morphological characteristics of granular biomass (i.e. higher size and density), 

provides granules two main advantages over flocular biomass of the activated sludge: (i) the 

ability of settling faster, and (ii) the possibility of performing aerobic, anoxic and anaerobic 

processes simultaneously into the same bioparticle. Two different granular systems have a 

demonstrated potential for the treatment of urban wastewater. First, aerobic granular 

sequencing batch reactors (GSBR), which perform the same nutrient removal process occurring 

in activated sludge systems, but taking advantage of the abovementioned granular sludge 

properties. Second, an anammox-based sewage treatment, which could allow obtaining a more 

sustainable (energy-neutral or even energy-positive) wastewater treatment.  

This thesis is focused in improving the knowledge of these granular biomass systems towards 

confirming granular biomass as a real alternative to urban wastewater treatment with activated 

sludge. 

For urban wastewater treatment with GSBRs, two different studies were done. First, the stability 

of granules and their performance at pilot scale were first studied in a 100 L GSBR treating low-

strength wastewater for simultaneous carbon, nitrogen and phosphorus removal was operated 

for eleven months. Mature granules prevailed in the GSBR during a period of five months (from 

days 150 to 330), with a SVI30 of 13±6 mL g-1 TSS, a granule density around 114±5 g TSS L-1 and an 

average particle size of 2.4 mm. The biological nitrogen removal with mature granules was 

mainly performed via nitrite, probably due to the large granule size achieved. Nitrification 

efficiency was higher than 75% and occurred simultaneously with denitrification during the 

aerobic phase of the GSBR. A progressive accumulation of P-salts (probably apatite), was found 

from days 150 to 300, which could enhance the destabilization of granules at the end of the 

experimental period.  

Second, a model-based study was carried out to determine the guidelines to design an 

automatic control strategy with the final aim of enhancing biological N-removal in a GSBR. The 

model was first calibrated with experimental data from a granular sequencing batch reactor 

treating swine wastewater. Specific simulations were designed to elucidate the effect of DO 

concentration (0.5 – 8 mg O2 L
-1), granule size (0.5 – 3.5 mm), influent C/N ratio (4 – 10 g O2 g

-1 

N) and NLR (0.41 – 0.82 g N L-1 d-1) on the nitrification-denitrification efficiency. Simulation 

results showed that, in general, high N-removal efficiencies (from 70 to 85 %) could be obtained 
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only setting the appropriate DO concentration. That appropriate DO concentration could be 

easily found based on effluent ammonium concentration. Those results were used to propose a 

control strategy to enhance N-removal efficiencies. The control strategy was based on a closed 

DO loop with variable DO set-point. The DO set-point was established at a constant value for the 

whole cycle (i.e. once per cycle), based on the on-line measurement of ammonium 

concentration at the end of the previous cycle. 

Regarding the anammox-based sewage treatment, two additional studies were carried out. First, 

the feasibility of a two-step reactor system was studied. For the first step (i.e. partial nitritaion), 

a bench-scale granular sludge bioreactor was operated in continuous mode with a low nitrogen 

concentration wastewater (to mimic pretreated municipal nitrogenous wastewater) and the 

temperature was progressively decreased from 30 to 12.5 ºC. A suitable effluent nitrite to 

ammonium concentrations ratio to a subsequent anammox reactor was maintained stable 

during more than 450 days, including more than 365 days at temperatures equal or lower than 

15ºC. The average applied nitrogen loading rate at 12.5ºC was 0.7±0.3 g N L-1 d-1, with an 

effluent nitrate concentration of only 2.5±0.7 mg N-NO3
- L-1. A previously existing mathematical 

model was evaluated with the experimental results. The model was used to determine why 

partial nitritation was feasible. Simulations showed that NOB was only effectively repressed 

when their oxygen half-saturation coefficient was higher than that of AOB. Simulations also 

indicated that a lower specific growth rate of NOB was maintained at any point in the biofilm 

(even at 12.5ºC) due to the bulk ammonium concentration imposed through the control 

strategy. 

Finally, changes in microbial diversity during the recovery process of an anammox granular 

reactor after a temperature shock were explored using 454-pyrosequencing technique. The 

temperature shock reduced the nitrogen removal rate up to 92% compared to that just before 

the temperature shock, and no specific anammox activity could be measured 7 days after 

temperature shock. Similar nitrogen removal rate to that before the temperature shock (ca. 0.30 

g N L-1 d-1) was obtained after day 70, but the specific anammox activity did not recover similar 

values until day 166 (ca. 0.4 g N g-1 VSS d-1). Biomass samples from days 13, 45 and 166 after the 

temperatures shock were used for the pyrosequencing analysis. Pyrosequencing results 

obtained with a general primer showed that microbial diversity in the reactor decreased as the 

reactor progressively recovered from the temperature shock. Anammox bacteria were 

accounted as 6%, 35% and 46% of total sequence reads in samples taken 13, 45 and 166 days  

after the temperature shock. These results were in agreement with N-removal performance 
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results and SAA measured in the reactor during the recovery process. A specific anammox 

primer revealed that Brocadia anammoxidans was the most abundant anammox species in the 

recovered rector (95% overall anammox species). In contrast, just after the temperature shock, 

Candidatus Kuenenia sp. was the most abundant species (61%). The population shift could be 

due to the different kinetic strategies (i.e. either r or K-strategist) of Brocadia and Candidatus 

Kuenenia genera, respectively. 
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Resumen 

La biomasa granular se ha propuesto como una alternativa al tratamiento de aguas residuales 

urbanas mediante lodos activos. Las características morfológicas de la biomasa granular (su 

mayor tamaño y densidad) le confieren, principalmente, dos ventajas sobre la biomasa 

floculenta de los lodos activos: (i) la habilidad de sedimentar más rápido, y (ii) la posibilidad de 

realizar procesos aerobios, anóxicos y anaerobios dentro de la misma biopartícula. Dos sistemas 

diferentes basados en biomasa granular han demostrado su potencial para el tratamiento de 

aguas urbanas. En primer lugar, los reactores secuenciales granulares (GSBR, de sus siglas en 

ingles), en los cuales se llevan a cabo los mismos procesos de eliminación de nutrientes que en 

los sistemas de lodos activos, pero con las ventajas de la biomasa granular. En segundo lugar, un 

tratamiento de aguas residuales urbanas basado en tecnología anammox, el cual permitiría una 

depuración de aguas sostenible (sin aporte o incluso productora de energía). 

Esta tesis busca incrementar el conocimiento de estos sistemas de biomasa granular, con el 

objetivo último de confirmar si la biomasa granular puede ser una alternativa real al tratamiento 

de aguas residuales urbanas con lodos activos. 

Para el tratamiento de aguas residuales urbanas con GSBRs, se realizaron dos estudios 

diferentes. En primer lugar, se estudió la estabilidad y rendimiento de los gránulos aerobios para 

la eliminación simultanea de materia orgánica, nitrógeno y fósforo de un agua residual de baja 

carga en un GSBR a escala piloto (100L) operado durante 11 meses. Se obtuvieron gránulos 

maduros durante 5 meses (entre los días 150 y 330), con un IVF30 de 13±6 mL g-1 SST, una 

densidad de 114±5 g SST L-1 y un diámetro promedio de 2.4 mm. La eliminación biológica de 

nitrógeno fue principalmente vía nitrito, probablemente debido al gran tamaño de partícula de 

los gránulos. La eficacia de nitrificación fue del 75% y se obtuvo desnitrificación simultánea a la 

nitrificación durante las fases aerobias del GSBR. Se observó una acumulación progresiva de 

sales de fósforo (probablemente apatita) entre los días 150 y 300, que pudo influir 

negativamente en desestabilización de los gránulos al final del periodo experimental. 

En segundo lugar, mediante el uso de un modelo matemático, se llevó a cabo un estudio para 

determinar las directrices de diseño de una estrategia de control automático que permita 

mejorar la eficacia de eliminación biológica de nitrógeno en un GSBR. El modelo se calibró con 

datos experimentales obtenidos de un GSBR tratando purines diluidos. Se diseñaron 

simulaciones específicas para elucidar el efecto de la concentración de oxígeno disuelto (0.5 – 8 

mg O2 L
-1), el tamaño de gránulo (0.5 – 3.5 mm), la ratio C/N del afluente (4 – 10 g O2 g

-1 N) y la 
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carga volumétrica de nitrógeno (0.41 – 0.82 g N L-1 d-1) sobre la eficacia de nitrificación-

desnitrificación. Los resultados de las simulaciones mostraron que, en general, se pueden 

obtener altas eficacias de eliminación de nitrógeno (70 - 85%) simplemente fijando la consigna 

de oxígeno disuelto apropiada. Esa consigna apropiada se puede encontrar fácilmente en 

función de la concentración de amonio en el efluente. Se usaron estos resultados para proponer 

una estrategia de control que mejorara la eficacia de eliminación de nitrógeno. La estrategia de 

control se basaba en un lazo cerrado de oxígeno disuelto con una consigna variable de oxígeno 

disuelto. La consigna de oxígeno disuelto se fijaba, para cada ciclo (i.e. una vez por ciclo), a un 

valor constante en función de la concentración de amonio al final del ciclo anterior.  

Respecto al tratamiento de aguas residuales urbanas basado en tecnología anammox, se 

realizaron dos estudios adicionales. En el primero de ellos, se estudió la factibilidad de un 

sistema de eliminación autótrofa de nitrógeno de dos etapas. Para la primera etapa (i.e. 

nitritación parcial), se operó un reactor granular de 2.5L trabajando en continuo, tratando un 

agua residual con una concentración de nitrógeno baja (para simular un agua residual urbana 

pretratada). Se disminuyó progresivamente la temperatura del agua residual desde 30ºC hasta 

12.5ºC. Se obtuvo, durante más de 450 días, un efluente con una relación entre las 

concentraciones de nitrito y amonio adecuado para alimentar un reactor anammox posterior, 

incluyendo más de 365 días a temperaturas iguales o menores a 15 ºC. Con 12.5 ºC, la carga 

volumétrica de nitrógeno fue de 0.7±0.3 g N L-1 d-1 con una concentración de nitrato de solo 

2.5±0.7 mg N-NO3
- L-1. Se usó un modelo matemático ya existente para explorar las razones que 

permitieron obtener nitritación parcial a temperaturas tan bajas. Primero se evaluó el modelo 

con los datos experimentales obtenidos en este estudio. Luego, las simulaciones mostraron que 

la actividad NOB era solamente reprimida de manera efectiva cuando el coeficiente de semi 

saturación por oxígeno de los NOB era mayor que el de los AOB. Las simulaciones también 

indicaron que se mantuvo, en cualquier punto de la biopelícula, una velocidad de crecimiento 

especifica de los NOB menor que la de los AOB (incluso a 12.5 ºC) gracias al exceso de 

concentración de amonio impuesto por la estrategia de control en la fase líquida del reactor.  

Finalmente, se exploró el efecto de un choque térmico (i.e. 46 ºC) sobre las poblaciones 

microbianas de un reactor granular anammox utilizando la técnica de pirosecuenciación. Esta 

técnica ofrece una plataforma de secuenciación rápida, económica y con un alto rendimiento 

para determinar la diversidad microbiana de muestras biológicas. El choque térmico redujo un 

92% la velocidad de eliminación de nitrógeno en comparación con el que había justo antes del 

choque térmico. Además, no se puedo detectar actividad anammox específica 7 días después del 
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choque térmico. Tras 70 días, se pudo recuperar un velocidad de eliminación de nitrógeno 

similar a la anterior del (aprox. 0.30 g N L-1 d-1), pero la actividad anammox específica de los 

gránulos no recuperó valores similares a los previos al choque térmico hasta 166 días después 

del choque térmico. Para el análisis de la comunidad microbiana mediante la pirosecuenciación, 

se utilizaron muestras de biomasa de los días 13, 45 y 166 tras el choque térmico. Los resultados 

obtenidos con un primer general mostraron que la diversidad microbiana en el reactor 

disminuyó progresivamente a medida que el reactor se recuperaba del choque térmico. La 

población anammox sumó el 6%, 35% y el 46% del total de lecturas de secuencias en las 

muestras de los días 13, 45 y 166, respectivamente. Estos resultados concuerdan con los 

resultados de eliminación de nitrógeno y los test de actividad realizados durante el proceso de 

recuperación del reactor. Un primer específico para bacterias anammox mostró que la especie 

mayoritaria en el reactor recuperado era Brocadia Anammoxidans (un 95% de lecturas entre 

todas las especies anammox). En cambio, Candidatus Kuenenia sp. era la especie mayoritaria en 

el reactor justo después del choque térmico (61%). El cambio de población pudo deberse a la 

diferente estrategia cinética (i.e. estrategas de la r o de la K) de Brocadia y Candidatus Kuenenia, 

respectivamente. 
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1.1 Research motivations 

Wastewater is any water that has been adversely affected in quality by anthropogenic influence. 

Urban wastewater is a mixture of domestic wastewater with industrial wastewater, as well as 

(usually) storm-water run-off. One of the problems of discharging untreated urban wastewater 

to aquatic environments is the potential of causing eutrophication due to the overload of 

biological nutrients, such as nitrogen (N) and phosphorus (P). A high concentration of these 

nutrients stimulates the growth of algae and phytoplankton, as well as increases the demand for 

dissolved oxygen (DO), both effects contributing to the deterioration of aquatic environments 

(EPA, 2009). 

The removal of nutrients from urban wastewater is usually carried out in wastewater treatment 

plants (WWTP) with the so-called activated sludge process. The activated sludge process was 

discovered in the early 20th century, and successfully used for organic matter removal 

(Tchobanoglous et al., 2003). Later, the continuous research on the process allowed the removal 

of nitrogen and phosphorus with the activated sludge process (Gujer, 2010). In the last decades, 

advances on instrumentation and control have allowed the optimization of the process for 

delivering an effluent with the required quality reducing the operating costs (Olsson, 2012). 

Despite all the advances with the activated sludge process, there are several issues related to 

the biomass characteristics that cannot be avoided. Low settling properties of the biomass flocs 

constituting the activated sludge limit the biomass retention (de Kreuk et al., 2007a). Thus, 

reactors with large volumes and settlers with large surfaces are needed to successfully treat 

wastewater. Additionally, although some energy is recovered with the biogas obtained from the 

anaerobic digestion of the produced sludge, nutrient removal with activated sludge is a net 

energy consumer process due to the aeration, pumping and mixing requirements (Kartal et al., 

2010). 

Granular biomass has been extensively researched in the last decade as an alternative to 

overcome the limitations of the activated sludge process (Adav et al., 2008; de Kreuk et al., 

2007a; Liu and Tay, 2004; Van Hulle et al., 2010). The morphological characteristics of granular 

biomass (i.e. higher size and density) provide granules two main advantages over flocular 

biomass of the activated sludge: (i) the ability of settling faster, and (ii) the possibility of 

performing aerobic, anoxic and anaerobic processes simultaneously into the same bioparticle. 

Both characteristics contribute to reduce the required reactor volume and to treat higher 
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wastewater loading rates, producing more compact designs, when compared to conventional 

activated sludge systems.  

Two different systems have been proposed for the treatment of urban wastewater with granular 

sludge. First, aerobic granular sequencing batch reactors (GSBR), which perform the same 

nutrient removal process occurring in activated sludge systems (nitrification-denitrification and 

enhanced biological phosphorus removal (EBPR)), but taking advantage of the abovementioned 

granular sludge properties (Beun et al., 2001; de Kreuk et al., 2005a). Second, a more sustainable 

(energy-neutral or even energy-positive) wastewater treatment can be achieved using the 

partial nitritation-anammox process (Kartal et al., 2010) in granular reactors for nitrogen 

removal from urban wastewater. Both granular systems have a demonstrated potential in lab-

scale studies. However, there is still lack of knowledge that needs to be fulfilled in order to 

confirm granular biomass as a real alternative to urban wastewater treatment with activated 

sludge. 

1.2 Biological nutrient removal processes for wastewater treatment 

1.2.1 Biological nitrogen removal 

The biological nitrogen removal is the conversion of the main nitrogen species found in 

wastewater (i.e. ammonium, nitrite and nitrate) into nitrogen gas by means of biological 

processes. The three main biological processes for nitrogen removal are nitrification, 

denitrification and anammox (see Figure 1.1).  

 

Figure 1.1: Biological transformation processes in the nitrogen cycle. Picture obtained from web page 
(www.waterworld.com). 

1.2.1.1 Nitrification 

The nitrification process is the biological oxidation of ammonium into nitrate. This process is 

carried out in two steps by different microorganism: first, ammonium oxidizing bacteria (AOB) 

oxidize ammonium into nitrite (nitritation process) and then, nitrite oxidizing bacteria (NOB) 

oxidize nitrite into nitrate (nitratation process). 

http://www.waterworld.com/
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The nitrification process has the following stoichiometry (EPA, 2009):  

Nitritation:     
         

   
→     

                    (1.1) 

Nitratation:     
         

   
→     

        (1.2) 

Nitrification:     
       

           
→      

                  (1.3)  

Based on the above total oxidation reaction, the oxygen required for complete oxidation of 

ammonium is 4.57 g O2 g-1 N, with 3.43 g O2 g-1 N and 1.14 g O2 g-1 N for nitrite and nitrate 

productions, respectively.  

AOB are obligatory chemoautotrophic gram-negative bacteria that utilize ammonia as a source 

of electrons for the immobilization of inorganic carbon into biomass. They are aerobic, 

employing oxygen as the final or terminal electron acceptor (Ahn, 2006). Five of the best known 

AOB genera are Nitrosomonas, Nitrosolobus, Nitrosovibrio, Nitrosococcus and Nitrosospira (Ahn, 

2006). AOB can grow at temperatures of 5-35 ºC with the optimum around 25-35 ºC, and at a pH 

range around 5.8-9.0 with 7.8 as the optimum (Watson et al., 1989).  

NOB are chemoautotrophic bacteria with the ability to use nitrite as their energy source and to 

assimilate CO2 as the carbon (C) source for cell growth. Some of the best known NOB genera are 

Nitrobacter, Nitrococcus, Nitrospira and Nitrospina (Ahn, 2006). They are not all obligate 

chemoautotrophs. In fact, many strains of Nitrobacter can grow as heterotrophs, where both 

energy and carbon are obtained from organic carbon sources, or mixotrophically (Watson et al., 

1989). These bacteria are collectively known as facultative chemoautotrophs or lithoautotrophs. 

They are also aerobic although some of them can also grow in anaerobic conditions. NOB can 

grow in a pH range 6.5-8.6 and at temperatures between 5 ºC and 37 ºC, although the optimal 

growth conditions are at pH values around 7.6 - 8.0 and a temperatures between 25 and 30 ºC 

(Watson et al., 1989).  

1.2.1.2 Partial nitrification 

Partial nitrification is the oxidation of the influent ammonium into nitrite, but not to nitrate. To 

achieve partial nitrification, the nitratation process must be prevented. If the partial nitrification 

consists on the oxidation of around 50% of the influent ammonium to nitrite, it is named partial 

nitritation. Many parameters have been suggested for influencing nitrite accumulation, either 

individually or in combination with other factors. The main factors affecting AOB and NOB 

activities in a different degree and useful to achieve partial nitrification are temperature, oxygen 

affinity, free ammonia (FA) and free nitrous acid (FNA) inhibitions. 
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Temperature: The growth rate dependence on temperature is different in AOB and NOB (Jubany 

et al., 2008). At temperatures above ca. 20ºC, AOB maximum growth rate is higher than that of 

NOB, while at temperatures below 20ºC the trend is inverted and the maximum growth rate of 

NOB is higher than that of NOB. Therefore, operating a reactor above 25 ºC at an appropriate 

sludge retention time (SRT) would allow a selection AOB and the washout of NOB, which grow 

slower than AOB (Hellinga et al., 1998).  

Oxygen affinity: AOB have, in general, higher oxygen affinity than NOB (Guisasola et al., 2005; 

Wiesmann, 1994; Wyffels et al., 2004). In biofilm reactors, due to the biofilm internal mass 

transfer resistance, that difference in oxygen affinity allows AOB to outcompete NOB for oxygen 

consumption when oxygen limiting conditions are applied, leading for partial nitrification 

(Brockmann and Morgenroth, 2010; Pérez et al., 2009). Furthermore, ammonium bulk liquid 

concentration plays an important role, since it may provide either ammonium or oxygen limiting 

conditions depending on the ratio of ammonium ratio with DO concentration (Jemaat et al., 

2013; Sliekers et al., 2005). Accordingly, Bartrolí et al. (2010) obtained full nitration applying a 

DO to total ammonium nitrogen (TAN = N-NH4
+ + N-NH3) bulk liquid concentrations ratio 

(DO/TAN) of 0.25 mg O2 mg-1 N in a nitrifying biofilm airlift reactor treating a high strength 

ammonium wastewater. This DO/TAN bulk liquid concentrations ratio ensured oxygen limiting 

condition inside the biofilm, which repressed NOB activity despite having high oxygen 

concentrations in the bulk liquid (7 mg O2 L
-1). With suspended biomass, partial nitrification due 

to oxygen limiting conditions is harder to obtain (Wang and Yang, 2004; Wyffels et al., 2004). 

However, Sliekers et al. (2005) obtained partial nitrification in a suspended biomass culture by 

applying microaerobic condition (DO < 0.1 µM) while maintaining ammonium in excess.  

FA and FNA inhibitions: AOB and NOB present inhibition for the non-ionized forms of ammonium 

(i.e. NH3) and nitrite (i.e. HNO2). Based on the results reported Anthonisen et al. (1976), NOB was 

more sensitive than AOB to FA and FNA, especially to FA. Accordingly, high FA concentration can 

repress NOB activity (Jubany et al., 2009a). Since the equilibrium between the ionized and non-

ionized forms of FA and FNA depends on pH, pH is also an important factor to determine the 

inhibition degree. These inhibitions are only significant when dealing with high-strength 

ammonium-concentration wastewaters because the inhibitory concentrations of FA and FNA are 

more pronounced than the occurring in urban wastewaters.  

1.2.1.3 Denitrification 

The denitrification is the biological reduction of nitrogen-oxidized species (i.e. nitrate, nitrite) 

into nitrogen gas (N2). This process is carried out by a variety of common heterotrophic bacteria 
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which, in anoxic conditions (i.e. absence of oxygen), use nitrite and nitrate as electron donor to 

oxidize organic matter. Similarly to nitrification, the denitrification involves several reduction 

steps (Henze et al., 2000): 

   
     

                     (1.4) 

The stoichiometric equation for denitrification from nitrate considering acetate as carbon source 

is (Wiesmann 1994): 

     
                                         (1.5) 

According to the stoichiometry in Eq. 1.5, denitrification requires 2.9 g COD g-1 N-NO3
-, although 

the real COD requirements can vary between 3-5 g COD g-1 N-NO3
- depending on the carbon 

source (Matějů et al., 1992). Also from the stoichiometry, it can be inferred that the 

denitrification process increases of the alkalinity of the medium of 3.6 g of alkalinity (as CaCO3) 

per g of N-NO3
- reduced. 

1.2.1.4 Anammox 

The anammox process consists in the oxidation of ammonium to nitrogen gas, using nitrite as 

electron donor and inorganic carbon as carbon source (Strous et al., 1998). This process is 

carried out by the chemolithoautotrophic microorganisms commonly named anammox 

(anaerobic ammonium oxidation).  

The anammox process has the following stoichiometry (Strous et al., 1998): 

     
          

             
         

                  
                                   

(1.6) 

As observed form stoichiometry, the anammox process does not require any organic carbon 

source to denitrify. The nitrite required for the anammox process is typically obtained by 

partially oxidizing the influent ammonium with the partial nitritation process.  

Regarding the environmental conditions, the anammox process can only occur in the absence of 

oxygen, since oxygen reversibly inhibits the anammox process (Strous et al., 1997; van de Graaf 

et al., 1996) at DO concentrations higher than 0.042 mg O2 L-1 (Kuenen, 2008; Schmidt et al., 

2003). Anammox can grow at pH values between 6.7 - 9.0 (Egli et al., 2001; Strous et al., 1999), 

although optimum pH value around 8.  
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Regarding temperature, in natural environments, anammox growth has been reported to occur 

at temperatures as low as −2.5°C in sea ice (Dalsgaard and Thamdrup, 2002; Rysgaard and Glud, 

2004) and as high as 70°C in hot springs and hydrothermal vent areas (Byrne et al., 2009; 

Jaeschke et al., 2009). In contrast, in wastewater treatment reactors anammox maximum growth 

temperature has been reported at 43 ºC (Strous et al., 1999). The optimum temperature for 

anammox growth is 35 ºC (Dosta et al., 2008; Strous et al., 1999).  

The growth rate of anammox bacteria is very slow. Generally, doubling times around 10-14 days 

have been reported in bioreactors when the anammox process was operated at the optimum 

temperature (Fux et al., 2004; Strous et al., 1998). However, lower doubling times, around  3.6 - 

7.5 days, have been reported when anammox was cultivated in a MBR (van der Star et al., 2008) 

or in shake flasks (Tsushima et al., 2007). 

The anammox process is inhibited by high concentrations of both process substrates: 

ammonium and nitrite (Jin et al., 2012). Among both substances, anammox was more vulnerable 

to nitrite inhibition than to ammonium inhibition (Dapena-Mora et al., 2007; Isaka et al., 2007). 

The threshold concentration for nitrite inhibition has not been clearly defined, since different 

inhibition thresholds between 60 and 400 mg N L-1 have been reported under different 

experimental conditions and operating modes (Dapena-Mora et al., 2007; Fux et al., 2002; Lotti 

et al., 2012; Strous et al., 1999). However, increasing exposure times to high nitrite 

concentration increased the anammox process inhibition (Lotti et al., 2012). Regarding 

ammonium inhibition, to maintain a stable operation of anammox reactors, the FA 

concentration needs to be below 20–25 mg FA L-1 (Fernández et al., 2012). 

1.2.2 Enhanced biological phosphorus removal 

The biological method of removing P from wastewater, typically in the form of phosphate, 

consists of encouraging the accumulation of P in bacterial cells in the form of polyphosphate 

(polyP) in excess of the normal levels normally required to satisfy the metabolic demand for 

growth (Seviour et al., 2003). This storage process is commonly referred to as EBPR. The bacteria 

with the metabolic capability of performing this P uptake are known as polyP accumulating 

organisms (PAO).  
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Figure 1.2: Schematic representation of PAO metabolism. On the left, the anaerobic stage; on the right, the 
aerobic/anoxic stage. Picture obtained from web page (www.wastewaterhandbook.com). 

The metabolic activity of PAO consists of (i) first, being capable of uptaking organic substrates 

(preferably volatile fatty acids, VFA) and store them as poly-hydroxyalkanoates (PHA) in absence 

of any electron donor (anaerobic conditions) (Figure 1.2, left). The reducing power for the 

accumulation of PHA is obtained from the catabolism of glycogen, while the energy is obtained 

from the hydrolysis of previously accumulated polyP chains (Mino et al., 1998). Thus, this results 

in an increase of the wastewater P concentration. Then (ii), in the presence of an electron donor 

(in anoxic or aerobic conditions), PAO oxidize the previously accumulated PHA to obtain the 

carbon and energy necessary for growth, but also for the replenishment of the polyP and 

glycogen pools, uptaking the P from the wastewater (Figure 1.2, right). Since the P-uptake during 

the aerobic phase is higher than the P-release during the anaerobic phase, a net P-removal from 

wastewater is achieved.  When biomass is removed from the system, P is so.  

Apart from PAO, there is a group of bacteria capable of performing a similar metabolism than 

PAO, but without accumulation polyP. These bacteria are known as glycogen accumulating 

organisms (GAO), and are one of the main concerns in EBPR failure (Oehmen et al., 2007). 

The terms ‘PAO’ and ‘GAO’ include multiple microbial groups (Oehmen et al., 2007). The most 

well-known PAO group is Candidatus Accumulibacter phosphatis, which consist of two types 

with metabolically distinct features such as denitrification capacity and anaerobic utilization of 

the tricarboxilic acid cycle. Another group of PAOs within the Actinobacteria group have been 

found to be abundant in urban wastewater (Kong et al., 2005). Regarding GAOs, two different 

groups have been observed, Candidatus Competibacter and Defluviicoccus vanus, both of which 

http://www.wastewaterhandbook.com/
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have several sub-groups with varying denitrification capabilitys but similar anaerobic 

stoichiometry (Oehmen et al., 2007). 

1.3 Conventional urban wastewater treatment  

A typical urban wastewater treatment plant usually comprises the following phases of 

treatment: pretreatment, primary, secondary and tertiary (see Figure 1.3) 

 

Figure 1.3: Schematic representation of the typical flows on an urban wastewater treatment plant. Picture obtained 
from http://www.lacsd.org/wastewater/wwfacilities/moresanj.asp. 

The pretreatment consists on the removal of wastewater constituents such as ragas, sticks, 

floatables, grit and grease that may cause maintenance or operational problems with the 

posterior treatment operations. The primary treatment is the removal of a portion of the 

suspended solids and organic matter from the wastewater by means of chemical addition and 

primary settlers. The wastewater then passes to the secondary treatment, consisting of the 

biological removal of the biodegradable content of wastewater, typically organic matter, 

nitrogen and phosphorus. The conventional activated sludge process is normally used for the 

secondary treatment. A tertiary phase may be used to further improve the quality of the 

secondary effluent, by chemically removing nitrogen, phosphates, suspended solids or 

pathogens not removed in secondary treatment. 

1.3.1 Activated sludge process 

The activated sludge process is a method for treating the biodegradable content of the 

wastewater. Activated sludge utilizes microorganisms able to remove wastewater pollutants, 

http://www.lacsd.org/wastewater/wwfacilities/moresanj.asp
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such as organic matter, nitrogen or phosphorus, transforming them into other by-products (i.e. 

CO2 or N2) and producing cell mass. 

By definition, a basic activated sludge treatment system consists of the following three basic 

components (Tchobanoglous et al., 2003): (1) a reactor in which the microorganisms are kept in 

suspension; (2) a liquid-solid separation unit to remove biomass from clean water; and (3) a 

recycle system for returning biomass from the liquid-solid separation unit back to the reactor. 

This basic configuration is only capable of degrading organic matter and performing the 

nitrification process. Therefore, for including simultaneous nitrogen and phosphorus removal, 

additional anoxic and anaerobic reactors must be added to include the denitrification and the 

EBPR processes. Some configurations used for nutrient removal are the A2/O process (Figure 

1.4), the modified BardenphoTM, the Virginia initiative plant (VIP), the PhoStrip process and the 

university of Cape Town (UCT) process (Tchobanoglous et al., 2003). 

 

Figure 1.4: Schematic representation of the secondary treatment of a WWTP with an A
2
/O configuration for C, N and P 

removal. 

Although the activated sludge process is widely used for urban wastewater treatment, it has 

several limitations. A first set of limitations are devoted to the biomass retention capacity of the 

system. In the activated sludge, biomass grows in small biomass aggregates typically less than 

0.2 mm known as flocs. The small size and density of flocs generally provides them of poor 

settling properties, with Sludge Volume Index (SVI) values typically above 100 mL g-1 TSS and 

settling velocities around 1 m h-1. Accordingly, the biomass concentration achieved inside the 

aerated reactor is low (1.5 - 3.5 g VSS L-1). This low biomass concentration limits the nutrient 

removal capacity that can be applied in conventional municipal WWTPs based on activated 

sludge (around 1.0 g O2 L-1 d-1 and 0.10 g N L-1 d-1 (Tchobanoglous et al., 2003)). Also as a 

consequence of the poor settling properties, the space requirements to carry out the activated 

sludge process are high. On one side because large reactor volumes are required to compensate 

the low biomass concentrations, and on the other side because big settlers are needed to retain 
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the flocs. Additionally, problems of bulking can appear due to the proliferation of filamentous 

microorganisms that worsen the settling properties of the flocs and promote the formation of 

foams in the surface of the secondary settler, producing high concentrations of suspended solids 

in the effluent (Seka et al., 2001). 

Second, the urban WWTP are net energy-consumers. Much of the energy consumed in an urban 

WWTP is associated to the aeration requirements to nitrify the influent ammonium. A lot of 

efforts have been done to optimize the WWTP to minimize the energy consumption (Olsson, 

2012). Some energy can be recovered from the biogas generated during the digestion of the 

sludge. Higher energy recovery could be obtained if the influent COD was not used in the 

denitrification process (Kartal et al., 2010). 

1.3.2 Alternatives to activated sludge process 

1.3.2.1 Membrane Bioreactors (MBR) 

Membrane bioreactors (MBRs) are biological reactors combining a suspended growth of biomass 

with solids removal via filtration. The MBR have several advantages compared to activated 

sludge (Tchobanoglous et al., 2003; Visvanathan et al., 2000; Yang et al., 2006): (i) the use of 

membranes for the solids filtration, which can be placed immersed in the biological reactor or in 

the outside, avoids the use of big settlers to remove solids from wastewater. (ii) The higher 

solids separation efficiency of MBR allows operating the reactors with higher biomass 

concentrations, thereby reducing the reactor volume requirements. (iii) Also devoted to the 

higher solids retention efficiency, MBRs have often been operated with longer solids residence 

times (SRTs), which results in lower sludge production; but this is not a requirement (EPA, 2009). 

(iv) The use of MBR reduces the footprint required for wastewater treatment. 

MBRs have also some disadvantages, and the main one is the higher operation and investment 

costs than activated sludge for the same application (Tchobanoglous et al., 2003; Visvanathan et 

al., 2000). Some of the operational costs include, cleaning and fouling control, and eventually 

membrane replacement. Also, energy expenses are higher as a result of the requirement of 

extra aeration to: (i) control the bacterial growth in the membranes, (ii) large oxygen supply 

requirements due to the operation at large SRT values. 

1.3.2.2 Granular sludge reactors 

Aerobic granular biomass is composed by aggregates of microbial origin, which do not coagulate 

under reduced hydrodynamic shear, and which settle significantly faster than activated sludge 
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(de Kreuk et al., 2005b). The morphological structure of aerobic granular sludge (i.e. high particle 

diameter and density) provides two main advantages if compared to activated sludge processes:  

(i) Granular biomass settles significantly faster than activated sludge (Adav et al., 2008; Liu and 

Tay, 2004), reaching to 50 – 90 m h-1, depending on actual size and density, which is much larger 

than the 1 m h-1 of activated sludge. This higher settling velocity easies the biomass retention 

and allows operating at higher biomass concentrations. Biomass concentrations between 12 – 

18 g VSS L-1 have been reported in GSBR (de Kreuk et al., 2005a; Yilmaz et al., 2008). Also, the 

faster settling velocity allows operating granular reactors without an external settler.  

(ii) In granular biomass, substrate profiles across the granule radius are observed, which allows 

simultaneous aerobic, anoxic and anaerobic processes into the same granule, such as 

simultaneous COD, N and P removal (de Kreuk et al., 2005a; Yilmaz et al., 2008) or completely 

autotrophic nitrogen removal (Third et al., 2001; Winkler et al., 2011b).  

All these characteristics contribute to reduce the required reactor volume or to treat higher 

wastewater loading rates, producing more compact designs, when compared to conventional 

activated sludge systems.  

Two different systems have been proposed for the treatment of urban wastewater with granular 

sludge. First, granular sequencing batch reactors (GSBR), on which the nutrient removal process 

performed in activated sludge systems (nitrification-denitrification and EBPR) are mimicked, but 

taking advantage of the abovementioned granular sludge properties (Beun et al., 2001; de Kreuk 

et al., 2005a). This technology has been recently commercialized as NEREDA® by a Dutch 

company (http://www.royalhaskoningdhv.com/en/nereda). Second, a more sustainable (energy-

neutral or even energy-positive) wastewater treatment can be achieved using the partial 

nitritation-anammox for nitrogen removal in the mainstream of urban WWTPs (Kartal et al., 

2010). 

1.4 Granular sequencing batch reactors 

Granular sludge was first observed in up-flow anaerobic sludge blanket (UASB) reactors treating 

industrial wastewaters at the end of 1970s and, a decade after, it was widely applied at full 

scales (Hickey et al., 1991; Lettinga et al., 1980). The UASB reactors acquired popularity for fast 

COD removal because granular biomass presented a high settling velocity, which allowed the 

accumulation of high concentrations of solids inside the reactor systems. For the treatment of 

urban-like wastewaters, the anaerobic granular sludge presented several drawbacks that 

included a long start-up period, relatively high operating temperatures, unsuitability for low 
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strength organic wastewater and low removal efficiency of nitrogen and phosphorus form 

wastewater (Adav et al., 2008).  

Unlikely to anaerobic granular sludge, aerobic granules present the capability not only of 

degrading COD but also of performing nitrification and EBPR, making them a potential 

technology for urban wastewater treatment. Aerobic granules were first reported by Mishima 

and Nakamura (1991) in a continuous aerobic up-flow sludge blanket reactor. Several years 

later, Morgenroth et al. (1997) used a sequencing batch reactor (SBR) to develop aerobic 

granular sludge. Since then, SBR have been successfully used for cultivation of aerobic granules 

(Beun et al., 1999; de Kreuk et al., 2005a; Tay et al., 2004). Recently, a Dutch company (DHV) has 

started to build-up full-scale GSBR facilities under the commercial name of NEREDA® 

(ww.dhv.com). 

1.4.1 Cultivation of aerobic granules 

The formation of aerobic granules is a complex process. Several factors, such as seed sludge, 

feed compositions and SBR operational parameters (e.g. pH, temperature, cycling time, and 

others) affect direct or indirectly to granulation process (Liu and Tay, 2004).  

1.4.1.1 GSBR configuration and operation 

The reactor structure and the cyclic operation of SBRs have a direct effect over the aerobic 

granulation process. A basic GSBR cycle configuration would include the following phases: 

influent filling, reaction, settling and effluent discharge (Beun et al., 2001; Mosquera-Corral et 

al., 2005). 

During the settling phase, short settling times are chosen to only select particles that can settle 

down within the given settling time. This strategy promotes the formation of aerobic granules in 

detriment of suspended biomass. Full granulation is observed in SBRs operated at settling times 

corresponding to a minimal settling velocity of 8 m h-1, while a mixture of aerobic granules and 

suspended sludge develops in SBRs run at longer settling times (Liu et al., 2005). Associated with 

the settling time, GSBR typically have large height (H) to diameter (D) ratio to enhance the 

separation of slow and fast setting particles (Beun et al., 2002). Furthermore a large H/D ratio 

can ensure a longer circular flowing trajectory, which in turn creates an optimal interactive 

pattern between flow and microbial aggregates for granulation (Liu et al., 2005).  

Regarding the feeding phase, the feeding pattern plays a key role on the granulation process. 

Short feeding periods are normally selected (Beun et al., 1999), producing high substrate 

concentrations during the first minutes of the reaction phase. Accordingly, during the reaction 
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phase, feast and famine periods are observed, characterized by the presence or absence of 

organic matter in the liquid media, respectively. During the feast period, the organic matter is 

stored inside bacterial cells (van Loosdrecht et al., 1997), while during the famine period, the 

bacteria grow on the stored compounds. This periodic starvation has also a strong effect on cell 

hydrophobicity, which is an important factor on the formation and stability of granules (Lee et 

al., 2010; Liu et al., 2003, 2004). McSwain et al. (2004) studied the stability of granules in three 

parallel reactors with different percentage of aerated fill (0%, 33% and 66%) and maintain the 

rest of the feeding static (without aeration nor mixing), and found that granules stability 

decreased as the ratio of aerated fill increased. 

Along the reaction phase, the aeration intensity has a direct effect over granulation, since the 

structure of mature aerobic granules is dependent of the hydrodynamic shear forces. Tay et al. 

(2001) found that aerobic granules could be formed only above a threshold shear force value in 

terms of superficial up-flow air velocity above 1.2 cm s-1 in a lab bubble column SBR. Adav et al. 

(2007) compared the granulation processes in three identical reactors aerated at different 

intensities (1–3 L air min−1). At low aeration intensity (1 L min−1), no granules were formed while 

at high aeration rate (3 L min−1), mature and stable granules with a particle size around 1–1.5 

mm and compact interior were formed. At intermediate intensity (2 L min−1), large granules (3–

3.5 mm) with overgrown filaments were formed. Therefore, it seems that enough aeration 

intensity should be provided to form granules. 

Aeration intensity has also an indirect effect over granules stability since this parameter, in 

systems where the mixture is achieved by air flow, is related to the DO concentration. 

Mosquera-Corral et al. (2005) found that low DO concentrations negatively influenced the 

stability of mature granules. Also found that it was not possible to form stable granules at such 

low DO concentration. In fact, Liu and Liu, (2006) demonstrated that overgrowth of filamentous 

microorganisms could result in reactor failure when the amount of dissolved oxygen is 

inadequate, which commonly occurs in reactors with high OLR. 

1.4.1.2 Influent characteristics 

Aerobic granules have been cultivated using different substrates such as glucose, acetate, 

phenol, starch, ethanol, molasses, sucrose and other synthetic wastewater components (Adav et 

al., 2008; Liu and Tay, 2004). However, the COD loading seems to have a strong effect over 

granule stability. Tay et al. (2004) was unable to cultivate aerobic granules at less than 4 kg COD 

m−3 day−1 using glucose and peptone as substrates. Conversely, granules subjected to high OLR 

would disintegrate (Liu and Liu, 2006; Moy et al., 2002; Thanh et al., 2009; Zheng et al., 2006). 
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With urban wastewater, which has a relatively low COD concentration, de Kreuk and van 

Loosdrech (2006) were able to cultivate aerobic granules at lab-scale, although filamentous 

bacteria and irregular finger-type structures were observed. These authors pointed out that 

applying a high COD loading by shortening the cycle time was a necessary condition to promote 

aerobic granulation with urban wastewater.  

1.4.2 Nutrient removal in aerobic granules 

1.4.2.1 Nitrogen removal 

Similarly to activated sludge, N-removal with aerobic granules is usually achieved through a 

combination of nitrification and denitrification processes. Two operational modes are commonly 

reported for N-removal with aerobic granular sludge: 

(i) GSBRs with a completely aerated reaction phase (Beun et al., 2002; Figueroa et al., 2011; 

Mosquera-Corral et al., 2005). In this operational mode, there is lack of a specific anoxic phase in 

the GSBR cycle dedicated to denitrification. Thus, denitrification can only be achieved in the 

anoxic zones in the inner part of the granules, generated when DO is not fully penetrating the 

granules as a consequence of the heterotrophic or autotrophic aerobic microbial activity (see 

Figure 1.5). Therefore, simultaneous nitrification and denitrification (SND) is observed (Beun et 

al., 2002; Mosquera-Corral et al., 2005).  

 

Figure 1.5: Biological processes occurring into the aerobic granule 

 

The balance between aerobic and anoxic regions strongly determines the nitrogen removal 

efficiency (de Kreuk et al., 2007b; Li et al., 2008). This balance depends on many variables, some 

of them are associated to the granules characteristics (i.e., particle size, density, porosity), 
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whereas others are related to the operational conditions of the reactor (DO concentration, 

nitrogen loading rate (NLR) or influent C/N ratio). 

(ii) GSBRs with one or several anoxic periods (Adav et al., 2009; Chen et al., 2011; Kishida et al., 

2006). In these systems, anoxic periods are introduced for enhancing denitrification apart from 

the possible SND during the aerobic phase. Very high N-removal efficiencies have been observed 

with this strategy (higher than 95%), although it usually requires the addition of an external 

carbon source. 

1.4.2.2 Phosphorus removal 

EBPR needs alternating anaerobic and aerobic condition to promote the proliferation of PAO. To 

achieve simultaneous COD, N and P removal using aerobic granules, de Kreuk and van 

Loosdrecht (2004) proposed the introduction of an anaerobic feeding phase for selecting PAOs 

from heterotrophic bacteria. Feeding was supplied through the bottom of the reactor and 

passed through the bed of settled biomass in plug-flow regime. This plug-flow regime prevented 

the inhibition of P-release by the interaction with nitrite or nitrate remaining from previous 

cycle. Furthermore, stability is enhanced in PAO enriched granules due to the fact that their 

maximum growth rate is lower compared to conventional heterotrophic biomass (de Kreuk and 

van Loosdrecht, 2004; Picioreanu et al., 2000).  

Other authors such as Cassidy and Belia (2005), Coma et al. (2011) or Yilmaz et al. (2008) 

achieved simultaneous COD, N and P removal from alternating anaerobic, anoxic and aerobic 

reaction phases using mechanically mixed reactors to provide mixing during anaerobic or anoxic 

phases.  

In granular systems with EBPR, the precipitation of P-salts in the core of the granules is 

commonly observed (de Kreuk et al., 2005a; Mañas et al., 2011; Yilmaz et al., 2008). In those 

studies, it was suggested that precipitated P-salts were apatite (Ca5(PO4)3(F, Cl, OH)) and struvite 

(NH4MgPO4·6H2O), whose formation was induced by the high P concentrations measured during 

P-release devoted to PAO activity. Furthermore, this precipitation can represent an important 

percentage of the total P-removal (de Kreuk et al., 2005a; Mañas et al., 2011). It has been 

proposed that the precipitation of apatite via the surface complex hydroxy-dicalcium-phosphate 

([Ca2HPO4(OH)2], HDP) determines the solubility of phosphate in the wastewater (Maurer et al., 

1999). The solubility of HDP decreases at high Ca2+ concentrations and high pH values. 
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1.5 Energy – positive WWTP 

For the achievement of more sustainable wastewater treatment plants, the use of anammox for 

nitrogen removal from sewage treatment has been recently proposed by Kartal et al. (2010). The 

scheme of the anammox based WWTP configuration is shown in Figure 1.6.  

 

Figure 1.6: Sewage treatment with anammox, basic configuration (based on Kartal et al., 2010). 1: Very-high-load 
activated sludge + settler; 2: Anaerobic digester; 3: Granular sludge nitritation - anammox reactor. 

In this new WWTP configuration, the organic matter would be treated in a highly-loaded aerobic 

biological reactor (Figure 1.6, unit 1), with the aim of enhancing sludge production and reducing 

aeration requirements. This sludge would be later digested anaerobically together with the 

primary sludge to produce biogas (Figure 1.6, unit 2). The effluent wastewater from unit 1 (now 

mainly containing ammonium) together with the reject water from the dewatering of the 

digested sludge in unit 2 (a highly loaded ammonium stream) would be treated using the partial 

nitritation – anammox process in unit 3 (Figure 1.6). Final polishment of the treated wastewater 

could include a tertiary treatment with P precipitation.  

Table 1.1. Calculation of net energy consumption based on mass fluxes for three wastewater treatment variants: (Case 
A) Conventional treatment; (Case B) Conventional treatment, with anammox used for treatment of digester effluent; 
(Case C) Optimized treatment, with anammox in the full main water line. Units Mass flux, grams per person per day (g 
p

-1
 d

-1
); energy, Watthours per person per day (Wh p

-1
 d

-1
). Table obtained from Kartal et al. (2010). 

Oxygen and Energy needed Mass Flux (g p
-1

 d
-1

) Energy (Wh p
-1

 d
-1

) 

 Case A Case B Case C Case A Case B Case C 

Aeration for COD removal 40 30 15 -40 -30 -15 

Aeration for Nitrogen removal
b
 22 22 16 -22 -22 -16 

Pumping/Mixing energy - - - -20 -20 -15
a
 

Methane-COD and electrical energy  

production form biogas 
30 40 55 +38 +51 +70 

Net energy - - - -44 -21 +24 
a
Lower because of absence of recirculation flows 

b
Nitrate effluent for cases A and B: 2.5 g p

-1
 d

-1
; for case C: 1.1 g p

-1
 d

-1 
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Kartal et al. (2010) compared the energy fluxes of this new WWTP configuration (Table 1.1, Case 

C) with those of a conventional WWTP (Table 1.1, Case A) and those of a conventional WWTP 

with anammox for sidestream nitrogen removal (Table 1.1, Case B). These authors estimated 

that, for Case C, the wastewater treatment resulted in +24 Wh p-1 d-1 of energy production, in 

contrast to the -21 Wh p-1 d-1 or the -44 Wh p-1 d-1 of energy consumption for cases B and A, 

respectively (Table 1.1). The main energetic advantages of Case C were: (i) the lower oxygen 

requirements for COD and ammonium oxidation; (ii) higher electricity production by an 

enhancement of biogas production (Table 1.1). Therefore, if anammox is used for nitrogen 

removal from the mainstream of an urban WWTP, this wastewater treatment could become an 

energy-yielding treatment (Kartal et al., 2010).  

1.5.1 Nitritation – anammox systems for high strength wastewater 

As abovementioned, achieving an energy-positive urban wastewater treatment requires using 

the nitritation-anammox process. During the last decade, the nitritation-anammox process was 

successfully implemented for the treatment of high-strength ammonium wastewaters (Van Hulle 

et al., 2010). Two different approaches are observed in the literature: 

1.5.1.1 Two-stage system 

The first approach for implementing the partial nitritation – anammox process consists in 

separate both partial nitritation and anammox processes in two different reaction units. The first 

unit (i.e. the partial nitritation unit) is operated under aerobic conditions to convert 

approximately half of the ammonium to nitrite, whereas the second unit is operated under 

anaerobic conditions to obtain autotrophic denitrification which is performed by anammox 

bacteria.  

For the first step, the patented High activity Ammonia Removal Over Nitrite (SHARON) is 

probably the most extended process for performing partial nitritation (Jaroszynski and 

Oleszkiewicz, 2011), especially for industrial wastewaters. SHARON is a suspended biomass 

system that works at temperatures higher than 25 ºC as a chemostat, using hydraulic retention 

times (HRT) lower than the doubling rate of NOB but higher than that of AOB (Hellinga et al., 

1998). Accordingly, since this process has no sludge retention, NOB are not able to remain in the 

reactor and are easily washed out of the system. Despite SHARON has demonstrated to be a 

very robust process to perform partial nitritation, the main drawback of this technology is the 

low nitrogen loading rates obtained with this process (NLR around 0.32-0.52 g N m-3 d-1 at 30 ºC) 

and the need of temperatures higher than 25 ºC (Jaroszynski and Oleszkiewicz, 2011). This 

occurs because, since there is no retention of biomass, low biomass concentration are achieved. 
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Higher NLR than those in SHARON can been achieved with other partial nitrification systems 

with better biomass retention. Torà et al. (2014) obtained stable partial nitrification of reject 

water at a NLR up to 5.0  g N m-3 d-1 at 30 ºC, using a combination of pH, DO and ammonium 

control loops with an activated sludge system. Biofilm reactors are also a good alternative for 

achieving high NLR due to the good settling properties of granular biomass. Torà et al. (2013) 

obtained stable partial nitrification of reject water in a granular nitrifying airlift at maximum NLR 

of 1.75 g N m-3 d-1 at 30 ºC. The success of such a treatment relies on the use of a control 

strategy to maintain the adequate ratio between oxygen and ammonium concentrations in the 

reactor bulk liquid, as to repress NOB activity in the biofilm (automatic control for partial 

nitrification to nitrite in biofilm reactors, ANFIBIO) (Bartrolí et al., 2011, 2010; Jemaat et al., 

2013). 

The second step, i.e, the anammox process, can be carried out with different reactors. At 

laboratory scale, the granular SBRs are widely used due to its flexibility of operation and easy 

control (Arrojo et al., 2008; Dapena-Mora et al., 2004; Dosta et al., 2008). At full-scale, Internal 

Circulating reactors similar to those used in the anaerobic processes were first used (van der Star 

et al., 2007), achieving a high NLR of 9.5 g N m-3 d-1. However, UASB reactors have even higher 

potential, since extremely high NLRs (up to 77 g N m-3 d-1) have been observed at laboratory 

scale in this type of reactors (Jin et al., 2013; Ma et al., 2013; Tang et al., 2011). 

1.5.1.2 One-stage systems 

A second type of partial nitritation-anammox systems are the one-stage reactors. In these 

systems, a co-culture of AOB and anammox bacteria is established under microaerobic 

conditions to avoid inhibition of anammox bacteria by oxygen and to achieve appropriated 

conditions to obtain partial nitritation (Strous and Jetten, 1997).  

Different commercial names were given to this process, such as CANON: Completely Autotrophic 

Nitrogen removal Over Nitrite process (Third et al., 2001), OLAND: Oxygen-Limited Autotrophic 

Nitrification-Denitrification (Kuai and Verstraete, 1998), DEMON: deammonification  (Hippen et 

al., 1997; Wett, 2007) and SNAP: Single-stage Nitrogen removal using anammox and Partial 

nitritation (Furukawa et al., 2006).The difference among them mainly lies in the organisms that 

were originally assumed to be responsible for anaerobic ammonium oxidation. In both the 

OLAND-process and the aerobic/anoxic deammonification process nitrifiers were erroneously 

assumed to perform this ammonium oxidation under microaerobic conditions (Helmer et al., 

1999; Kuai and Verstraete, 1998). In the CANON process anammox bacteria were assumed to be 

responsible. However, later studies confirmed with fluorescence in-situ hybridization (FISH) 
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analyses (Helmer et al., 2002; Pynaert et al., 2003) that anaerobic ammonium oxidation in all 

reactors was performed by anammox organisms, although Pynaert et al. (2003) did not exclude a 

specific role for the aerobic ammonium oxidizers 

One-stage partial nitritation-anammox reactors have been implemented at full scale for the 

treatment of high-loaded ammonium industrial wastewaters at temperatures around 30-35ºC, 

such as reject water (Joss et al., 2009; Weissenbacher et al., 2010), landfill leachate (Hippen et 

al., 2001) or other industrial wastewaters (Abma et al., 2010). 

Different reactor-types have been used to perform these one-stage nitritation-anammox 

process, such as rotating biological contactors (RBC) (Hippen et al., 2001), SBR (Joss et al., 2009; 

Wett, 2007), granular sludge reactors (Abma et al., 2010), activated sludge (Desloover et al., 

2011) or moving bed bioreactors (MBBR) with Kaldnes rings as biomass carrier (Rosenwinkel and 

Cornelius, 2005). 

SBR technology is the most commonly applied and, among SBR technologies, DEMON 

configuration is the most popular with more than 80% of all SBR systems (Lackner et al., 2014). 

DEMON uses hydrocyclones to adjust the SRT for ammonium oxidizing bacteria and anammox 

bacteria separately and to separate the slow growing anammox bacteria from incoming solids 

(Wett et al., 2010). 

In biofilm or granular biomass, the AOB are active in the outer layers of the biofilm, producing a 

suitable amount of nitrite for the anammox bacteria that are active in the inner layers (see 

Figure 1.7). This way the anammox bacteria are protected from oxygen, which is consumed in 

the outer layers (Wyffels et al., 2004). 

 

Figure 1.7: Schematic representation of CANON process in biomass aggregates. AMX stands for anammox. 
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1.5.2 Application of the partial nitritation - anammox process in the mainstream of 

urban WWTPs. 

Two main factors differentiate and challenge the application of the partial nitritation – anammox 

process to the treatment of the mainstream of an urban WWTP: lower  ammonium influent 

concentrations (< 100 mg N-NH4
+ L-1) and lower wastewater temperatures, especially in winter. 

On one side low temperature may lead to lower specific activities and growth rates for both 

anammox bacteria and AOB (Dosta et al., 2008); and in the other side, both low winter 

temperatures and low ammonium concentrations favors NOB proliferation, hindering to 

maintain stable partial nitritation. Note that specific winter wastewater temperatures will 

strongly depend on the geographical location of the WWTP, being around 15 ºC in Spain, or 8 ºC 

in northern Europe. In contrast, in equatorial regions such as Brazil or Singapore, the wastewater 

temperature remains quite constant during all the year (28 – 32 ºC). Therefore, in these regions 

temperature is not expected to be a drawback for a good partial nitritation- anammox process 

performance.  

The performance of one-stage partial nitriation-anammox reactors with pretreated municipal 

nitrogenous wastewater at low temperatures (12.5 – 15 ºC) has been tested with SBR (Hu et al., 

2013; Winkler et al., 2012) or RBC (de Clippeleir et al., 2013) as a first approach. In many of the 

studies, the known weak point of those trials is that nitrite oxidizing bacteria (NOB) develop in 

the long term operation, triggering the production of nitrate, and decreasing importantly the N-

removal performance with anammox (de Clippeleir et al., 2013; Winkler et al., 2011b). 

1.6 Mathematical modeling of biofilm reactors 

The mathematical modeling can be considered a very useful tool for analyzing complex 

ecosystems, such as activated sludge or granular sludge systems, where lots of parameters, 

processes and reactions are involved. In that sense, mathematical models represent an 

important and fundamental tool to know in detail the processes developed inside the granules. 

Furthermore they can provide a solid foundation for design and operation without the time 

consumption and materials expense of the experimental approach.  

For the conventional floc-based activated sludge systems, the International Water Association 

(IWA) has provided a consistent framework for the description of biological processes: the 

Activated Sludge Model (ASM, Henze et al. (2000)). The Activated Sludge Model no. 1 (ASM1) 

was developed by mid-1980s, and allowed simulating the biological organic matter removal, 

nitrification and denitrification processes. Later, in the mid-1990s, since the EBPR process was 

becoming popular and the understanding of the process was increasing, the Activated Sludge 
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Model no.2 (ASM2) was published including the EBPR process. However, the ASM2 model was 

expanded into version ASM2d model, where denitrifying PAOs were included. Finally, in late-

1990s, the IWA decided to develop a new modeling platform, the ASM3, based on recent 

developments in the understanding of the activated sludge processes. In ASM3, the decay 

processes from ASM1 were replaced by an endogenous respiration processes, a more realistic 

approach under a microbiological point of view. The matrix structure and organization of ASM 

models makes an easy integration of these models into several simulation programs, such as 

AQUASIM, WEST or MATLAB. 

Biofilm reactors are much complex systems than activated sludge, since many physical, chemical 

and biological processes occur simultaneously inside the biofilm. The biological process 

proposed in the ASM models can describe the biological reactions occurring in a biofilm reactor 

(i.e. nitrification, denitrification, etc.), but not other physical and chemical processes, such as 

substrates diffusion into the biofilm, or biofilm growth. Therefore, additional considerations 

must be taken into account for a correct description of the overall processes (Wanner et al., 

2006). 

Biofilm models typically require defining the different compartments representing the different 

sections of a biofilm system (i.e. bulk liquid, gas phase, boundary layer, biofilm or substratum). 

In each compartment, the relevant components (e.g. substrates, products, biomass, inert 

components, etc.) as well as their transformation, transport and transfer process are defined. 

Finally, all processes affecting each component in each compartment have to be mathematically 

linked together into a mass balance equation (Wanner et al., 2006).  

The implementation of all this complexity is impractical and almost impossible without 

conducting simplifying assumptions. According to the simplifying assumptions conducted, the 

IWA Task Group on Biofilm Modelling grouped the different models into four distinct categories: 

analytical (Pérez et al., 2005), pseudo-analytical (Sáez and Rittmann, 1988), 1d numerical 

(Wanner and Reichert, 1996) and 2d/3d numerical (Eberl et al., 2004; Picioreanu et al., 2000).  
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Figure 1.8: Transport processes considered in Wanner and Reichert (1996) 1d numerical biofilm model. Thick arrows 
refer to particulate, thin arrows to dissolved components. Picture obtained from Wanner and Reichert (1996). 

Analytical and pseudo-analytical approaches contain more simplifying assumptions and, 

therefore, its applications are more limited. However, these models are easier to resolve and 

they can be implemented into a spreadsheet. Analytical and pseudo-analytical models can 

provide good results with simple systems (e.g. only one process, such as nitrification or COD 

removal, dominates de biofilm) or with moderately complex systems (e.g. multi-substrate 

component + multi-species biofilm systems) if significant a priori knowledge of biofilm 

composition is available (Wanner et al., 2006). In contrast, numerical models are more flexible 

and can provide good results in complex biofilm systems, but require higher computational 

power, especially for 2d/3d numerical models. The choice of the model type is dependent on the 

model adequacy to the modeling objectives.  

For granular reactors, 1d numerical models allow for good description of the performance of 

these biofilm systems while simulations can be resolved in a reasonable time with current 

personal computers power. Perhaps for these reasons, 1d numerical model have been 

extensively used to model the performance of granular reactors. Beun et al. (2001) and Ni et al. 

(2008b) developed 1d mathematical models describing the COD and N-removal via the 

nitrification and heterotrophic denitrification processes. Beun et al. (2001) showed that 

nitrification, denitrification and COD removal can occur simultaneously in a granular sludge SBR. 

De Kreuk et al. (2007b) introduced the biological phosphorus removal and studied the individual 

influence of some parameters (i.e. temperature and granule size) over the nutrient removal. 

Vázquez-Padín et al. (2010) showed that the biomass characteristics could be successfully 



Chapter 1 

25 

described if a porosity profile across the granules depth was taken into account. Later, Su et al. 

(2012) modeled the variations in size and density of granules due to growth, detachment or 

breakage, to optimize the size and density of granules. 

For nitrifying granular reactors, the understanding of the partial nitritation process has been 

deeply studied through mathematical modeling. Pérez et al. (2009) concluded that the higher 

oxygen affinity for AOB was the key parameter for exclusion of NOB in a biofilm reactor. They 

also found that inhibition of NOB by free ammonia did not substantially contribute to the 

compartmentalization in biofilm reactors. Brockmann and Morgenroth (2010), using Monte 

Carlo filtering, corroborated that competition for oxygen was the main mechanism for displacing 

NOB from the biofilm, and preventing re-growth of NOB in the long-term. Also found that the 

mechanisms for washout of NOB from biofilms are different from suspended cultures where the 

difference in maximum growth rate is a key mechanism. Jemaat et al. (2013) demonstrated that 

the use of a control strategy to maintain the adequate ratio between oxygen and ammonium 

concentrations in the reactor bulk liquid was convenient to repress NOB activity in the biofilm 

(automatic control for partial nitrification to nitrite in biofilm reactors, ANFIBIO). Also, their 

modeling results estimated that even at 15 ºC full nitritation could be achieved with nitrifying 

granules. 

For anammox granular reactors, Hao et al. (2002a) first modeled the performance of a one-stage 

partial nitritation-anammox reactor, and later studied the effect of different process parameters 

over partial nitritation-anammox process (Hao et al., 2002b, 2005; Hao and van Loosdrecht, 

2004). Volcke et al. (2010) studied the effect of particle size on the performance of anammox 

reactor, and its relation with oxygen penetration depth. Later, Volcke et al. (2012) studied also 

the effect of particle size but considering a particle size distribution. They observed that NOB 

were present in the smallest granules, while they were outcompeted by anammox bacteria in 

larger granules. Vangsgaard et al. (2012) calibrated a model describing nitritation-anammox 

process from experimental data collected during SBR cycles using a pragmatic Monte Carlo 

based fitting method, and found that the optimal loading ratio between oxygen and ammonia 

was 1.9 g O2 g
-1 N. For ratios above the optimum, anammox were inhibited and NOB developed, 

while for ratios below the optimum AOB activity was oxygen-limited. 
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As mentioned in the introduction section, two different systems have been proposed for the 

treatment of urban wastewater with granular sludge. First, aerobic GSBR, which perform the 

same nutrient removal process occurring in activated sludge systems but taking advantage of 

the abovementioned granular sludge properties. Second, an anammox-based sewage treatment, 

which could allow obtaining a more sustainable (energy-neutral or even energy-positive) 

wastewater treatment. The main motivation of this thesis is improving the knowledge of these 

granular biomass systems towards confirming granular biomass as a real alternative to urban 

wastewater treatment with activated sludge.  

Subsequently, several specific objectives were proposed for each of the abovementioned 

granular systems. 

For GSBR systems, the specific objectives were: 

 To start-up a pilot-scale GSBR for the treatment of a low-strength wastewater. 

 To evaluate the stability of granular biomass and the efficiency in C, N and P removal in 

the long term operation of the GSBR. 

 To search for control strategies that allows enhancing the nitrogen removal in a GSBR. 

For the anammox-based sewage treatment, this thesis was focused in the two-step systems, and 

two different specific objectives were proposed: 

 To evaluate the feasibility of the partial nitritation step in with a low strength 

wastewater at low temperatures. 

 To explore the microbial population shifts in an anammox reactor after a temperature 

shock using 454-pyrosequencing analysis. 
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3.1 Introduction 

Aerobic granular sludge was developed as an alternative technology to conventional activated 

sludge processes for the wastewater treatment. The morphological structure of aerobic granular 

sludge (i.e. high particle diameter and density) provides two main advantages if compared to 

activated sludge processes: (i) the ability of settling faster, which ease the retention of biomass 

(Adav et al., 2008; Liu and Tay, 2004); and (ii) the existence of substrate profiles across the 

granule radius, which allows simultaneous aerobic, anoxic and anaerobic processes into the 

same granule (de Kreuk et al., 2005a; Mosquera-Corral et al., 2005; Yilmaz et al., 2008). Both 

characteristics contribute to reduce the required reactor capacity producing more compact 

designs, or to treat higher wastewater loading rates, when compared to conventional activated 

sludge systems. Furthermore, since aerobic granules can be separated from wastewater in the 

same reactor vessel, external settling units become unnecessary (de Bruin et al., 2004). 

Recently, a significant number of studies devoted to the activity, morphology and operation of 

aerobic granules at lab-scale have been published. High shear stress and short settling times are 

key parameters for selecting fast-settling biomass and to promote granulation (Beun et al., 2002; 

Tay et al., 2004). Also, a feast-famine regime in the reactor improves the stability of granules (de 

Kreuk and van Loosdrecht, 2004; Tay et al., 2001b), whereas granules become increasingly 

filamentous when feast periods prevail over famine periods in an SBR (McSwain et al., 2004). 

Dissolved oxygen (DO) concentration in granular reactors is also an important parameter, since 

low DO concentrations affect negatively to the formation and stability of aerobic granules due to 

oxygen diffusion limitation (McSwain and Irvine, 2008; Mosquera-Corral et al., 2005). To obtain 

simultaneous removal of nitrogen (N) and phosphorus (P) using aerobic granules, de Kreuk et al. 

(2005a) proposed the introduction of an anaerobic feeding phase for selecting polyphosphate-

accumulating organisms (PAO) from heterotrophic bacteria. Furthermore, stability is enhanced 

in PAO enriched granules due to the fact that their maximum growth rate is lower compared to 

conventional heterotrophic biomass (Picioreanu et al., 2000). In granular systems with enhanced 

biological phosphorus removal (EBPR), the precipitation of P-salts in the core of the granules is 

commonly observed (de Kreuk et al., 2005a; Mañas et al., 2011; Yilmaz et al., 2008). In those 

studies, it was suggested that precipitated P-salts were apatite (Ca5(PO4)3(F,Cl,OH)) and struvite 

(NH4MgPO4·6H2O), whose formation was induced by the high P concentrations measured during 

P-release devoted to PAO activity. Furthermore, this precipitation can represent an important 

percentage of the total P-removal (de Kreuk et al., 2005a; Mañas et al., 2011). It has been 

proposed that the formation of apatite passes through an intermediate, the surface complex 
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hidroxy-dicalcium-phosphate (Ca2HPO4(OH)2 ,HDP), which determines the solubility of 

phosphate in the wastewater (Maurer et al., 1999). The solubility of HDP decreases at high pH 

values and Ca2+ concentrations.   

Results obtained with granular aerobic reactors at lab-scale are promising but more information 

about the stability of granules and their performance at large scale is needed in order to 

establish aerobic granulation as a feasible treatment to remove nutrients from wastewater. 

Most of current studies at pilot or industrial scale were carried out with high-strength 

wastewaters (Bartrolí et al., 2010; Jungles et al., 2011; Liu et al., 2010) and only few of them 

treating low-strength wastewaters (Coma et al., 2010; de Kreuk and van Loosdrecht, 2006; Ni et 

al., 2009). However, to the best of our knowledge, there is a lack of information about long term 

performance of granular reactors at pilot scale, removing simultaneously carbon (C), nitrogen 

(N) and phosphorus (P) from low-strength wastewaters. In this context, this study presents the 

results of operation, during almost one year, of a pilot-scale granular sequencing batch reactor 

(GSBR) treating a low-strength wastewater. The stability of granules and the efficiency in C, N 

and P removal at long-term were also evaluated. 

3.2 Materials and methods 

3.2.1 GSBR pilot plant description 

The GSBR consisted in a bubble column of 2 m high and of 25 cm of diameter, with a working 

volume of 100 L. The height (H) to diameter (D) ratio was H/D = 7.2 (Figure 3.1). The volumetric 

exchange ratio was 55%. Conventional operation of sequential batch reactor was applied with 

180 min per cycle and with a hydraulic retention time of 5.4 h. Each cycle was divided in four 

phases: static feeding (60 min), aeration (114 min), settling (3 min) and discharge (3 min). The 

feeding phase was considered static, since there was neither aeration nor stirring. The 

combination of a static feeding phase followed by an aeration period has demonstrated to be 

suitable for removing both N and P using aerobic granules at lab-scale (de Kreuk and van 

Loosdrecht, 2004). During aeration phase, compressed air was supplied at a constant flow rate 

from the bottom of the column through a membrane aerator. The feeding was supplied through 

a diffuser placed in the bottom of the reactor, 6 cm above the membrane aerator. Temperature 

was maintained at 25 ºC. Dissolved oxygen (DO) and pH, which were online monitored but not 

controlled along the whole experimental period with Hach-Lange probes, ranged typically from 6 

to 8 mg O2 L
-1 and from 7.0 to 7.7, respectively. The GSBR cycle control and monitoring was 

performed through specific software developed in Labview® 8.0 (National Instruments). The 

communication between the PC and the GSBR hardware was performed using a compact field 
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point (cFP) system (National Instruments, Spain), which had a cFP-1804 as the Ethernet interface 

and several input/output modules (cFP-AI-110 and cFP-RLY-421).  

 

Figure 3.1. Picture of the GSBR pilot plant for the treatment of a low-strength wastewater. 

 

The GSBR influent was a synthetic low-strength wastewater containing: 220 mg L-1 sodium 

acetate, 139 mg L-1 sodium propionate, 93 mg L-1 sucrose, 153 mg L-1 NH4Cl, 14.5 mg L-1 KH2PO4, 

37.1 mg L-1 K2HPO4, 44 mg L-1 MgSO4, 70 mg L-1 CaCl2, 19 mg L-1 KCl, as well as, a solution with 

trace elements. The resulting inflow concentrations were: Chemical oxygen demand (COD): 400 

mg O2 L
-1, N-NH4

+:40 mg N L-1 and P-PO4
3-: 10 mg P L-1. The feed was kept in a refrigerated tank at 

7 ºC, provided with a mechanical stirrer to guarantee homogeneity of the feed mixture.  

3.2.2 Analytical methods 

Total organic carbon (TOC) was measured with an OI Analytical TOC analyser (Model 1020A) 

equipped with a non-dispersive infrared detector and a furnace maintained at 680ºC. COD was 

determined spectrophotometrically using Hach Lange standard LCK COD kits. Ammonium was 
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analysed by means of a continuous flow analyser based on a potentiometric determination of 

ammonia. Nitrate and nitrite concentrations were analysed with ionic chromatography using an 

ICS-2000 Integrated Reagent-Free IC system (DIONEX Corporation) which performs ion analyses 

using suppressed conductivity detection. Phosphate was measured by a phosphate analyser 

(Hach Lange PHOSPHAX sc). Mixed liquor total suspended solids (TSS), mixed liquor volatile 

suspended solids (VSS) and sludge volumetric index (SVI) were analysed according to APHA 

(2008). The density of the granules was measured using the dextran blue methodology adapted 

from Beun et al. (2002). Photos of granules were obtained with a MZFLIII Magnifying Glass (Leica 

microsystems), and were used to determine the granules particle size by image analysis. The 

elemental composition of granules in terms of Ca, Na, P, K and Mg was performed using an 

Inductively Coupled Plasma Mass Spectrometer (Thermo Elemental, Xseries II). 

3.2.3 2.3. Fluorescence in situ hybridization (FISH) 

FISH coupled with confocal laser scanning microscopy (CLSM) was used to assess the relative 

abundances of ammonia-oxidizing bacteria (AOB), nitrite-oxidizing bacteria (NOB), PAO and 

glycogen accumulating organisms (GAO) in the granules. Crushed granules were hybridized using 

simultaneously the Cy3-labeled specific probe and Cy5-labeled EUBmix probe (general probe). 

Specific probe used for AOB detection was Nso190 (Mobarry et al., 1996) whereas for NOB 

detection the probe was NIT3 (Wagner et al., 1996). For PAO detection a PAOmix probe made of 

a mixture of AO462, PAO651 and PAO846 probes (Crocetti et al., 2000), was used. For GAO 

detection a GAOmix probe was used, including GAOQ431 and GAOQ989 probes (Crocetti et al., 

2002).  EUBmix probe consisted of the mix of probes EUB338, EUB338 II and EUB338 III (Amann 

et al., 1990; Daims et al., 1999). A Leica TCS SP5 AOBS microscope at a magnification of 63x 

(objective HCX PL APO ibd.B1 63x 1.4 oil) equipped with two He-Ne lasers with light emission at 

561 and 633 nm was used for biomass quantification. For every pair of probes (general and 

specific), at least 40 images from different microscopic fields were taken to perform the 

quantification. Detailed information about FISH quantification can be found elsewhere (Jubany 

et al., 2009b). 

3.3 Results and discussion 

3.3.1 Time course of granules properties 

The GSBR was inoculated with floccular activated sludge from a municipal wastewater treatment 

plant (WWTP) from Barcelona area. A conservative settling time (15 min) was initially used for 

biomass acclimation to the influent. Initial airflow rate was 25 NL min-1. From day 6 to 23, the 

settling time was progressively reduced, from 15 min to 4 min, to increase the hydraulic 
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pressure selection to select fast settling biomass, favoring granules development. However, at 

these conditions, granules did not develop, and big flocs were the predominant biomass 

structures in the reactor with a high SVI30 (200 mL g-1, Figure 3.2A, granulation start-up). It was 

found that the superficial air velocity in the GSBR was 0.8 cm s-1, lower than the minimum 

required to obtain granulation, which is suggested to be 1.2 cm s-1, according to Tay et al. (2004). 

Consequently, the aeration was doubled from 25 to 50 NL min-1, meaning an increase of the 

superficial air velocity to 1.6 cm s-1. After that, the SVI30 rapidly decreased from 200 mL g-1 on 

day 23 to 60 mL g-1 on day 28 (see Figure 3.2A) as consequence of the breakage of the flocs. 

Thereafter, granules started to develop. Settling time was also reduced from 4 to 3 min on day 

43. Complete granulation was observed after day 51 when SVI5/SVI30 was lower than 1.05 (Figure 

3.2A, granulation start-up). The time required to achieve biomass granulation was close to that 

reported in similar GSBRs at lab-scale (43 days; (Kishida et al., 2006)) or even lower (90-100 days; 

(Coma et al., 2010; Mañas et al., 2011)).  

 

Figure 3.2. Time course profiles of sludge volumetric index (A) and solids concentration (B) during the whole 
experimental period. 
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As shown in Figure 3.2B, from day 90 to 120, granules concentration in the reactor increased 

rapidly from 4 to 15 g TSS L-1. Interestingly, the mineral fraction of the granules also increased 

rapidly from 11% to 41% in that period (Figure 3.2B). Furthermore, the P-removal was very high, 

even achieving 100% of P-removal efficiency on day 120 (Figure 3.4). The reason for this rapid 

increase of the mineral fraction is not completely known, however, pH could have played an 

important role. During those days the pH measured in the GSBR was higher, increasing from 

7.5±0.1 to 8.1±0.2. At these pH conditions, and given the Ca2+ concentration in the influent (at 

least 54 mg Ca L-1), the phosphate solubility was below 1 mg P L-1 (Maurer et al., 1999), being 

possible the precipitation of P-salts, and its further accumulation in the core of the granules. 

More details about the mineral content of the granules are given in section 3.3.2. 

Besides the increase of the mineral fraction in the granules, an overgrowth of finger-type and 

filamentous structures over the granules (see Figure 3.3A) was observed after an accidental 

increase of 70% of the applied organic loading rate at day 110. During this episode, SVI5/SVI30 

increased from 1.05 to 1.30 (Figure 2A), since granules lost compactness, due the presence of 

finger-type and filamentous structures (Figure 3A). Also, the breakage of part of the granules 

was observed, producing a rapid decrease of biomass concentration in the reactor (Figure 3.2B, 

days 120 to 140).  

 

Figure 3.3. Pictures of the granules in the GSBR corresponding to: (A) finger-type and filamentous structures overgrowth at day 120; 
(B) granules on period I; (C) granules on period II; (D) inorganic core observed in granules. Observations were performed with a 

MZFLIII (Leica microsystems) magnifying glass. 
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According to Picioreanu et al. (2000), irregular biofilm structures tend to be formed when the 

values of the ratio between biomass growth rate to diffusive transport (G) are high. The organic 

matter overload in the reactor caused, on one side, a DO concentrations 50% lower (from 6 to 3 

mg O2 L
-1) during the feast phase due to higher substrate consumption, and on the other side, 

the TOC/O2 bulk liquid concentrations ratio increased from 15 to 57. Consequently, higher values 

of G were applied favoring the tendency to form sharp-edged biofilms. Mosquera-Corral et al. 

(2005) observed similar overgrowth of filamentous structures onto the granules surface in a 

GSBR operating with similar influent concentrations when working at low DO concentrations 

(c.a. 3.5 mg O2 L
-1) and TOC/O2 bulk liquid concentrations ratio approximately higher than 26. 

After the breakage and biomass washout episode, mature granules grew and prevailed in the 

reactor from day 150 onwards.  

To help on the discussion of the experimental data, the reactor operation with mature granules 

was divided in: (i) period I, from day 150 to 250 and (ii) period II, from day 250 to 330. Granular 

biomass properties for periods I and II are summarized in Table 3.1. On period I, the average TSS 

concentration was 12 ± 4 g L-1. Sludge was regularly purged (from days 180 to 230) to maintain a 

global sludge retention time (SRT) (taking into account biomass purged and solids in effluent) 

around 20 days (19±4 days). Contribution of biomass purged to the SRT from days 180 to 230 

was 20% whereas the rest was due to solids in the effluent. On period II the average TSS 

concentration was 7 ± 3 g L-1 and no biomass purge was carried out since an increase of the 

solids concentration in the effluent during this period caused a decrease of the SRT to 11 ± 3 

days.  The solids concentrations in the GSBR pilot plant were in the range of the TSS 

concentrations reported in other GSBR pilot plants treating low-strength wastewaters (9-10 g L-1,  

(de Kreuk et al., 2005a); 8-10 g L-1, (Ni et al., 2009)).  

Table 3.1. Characterization of the granules developed in the GSBR for periods I and II. 

 Period I Period  II 

Average diameter (mm) 2.4 2.4 

Granule density (g TSS L-1) 114±5  123±2 

SVI30 (mL g-1) 13±6 17±4 

SVI5/SVI30 1.0 1.0 

Total solids concentration in the GSBR (g TSS L-1) 12±4 7±3 

Inorganic content (%) 35-40 42-48 

Apparent SRT (days) 19±4 11±3 

Average diameter (mm) 2.4 2.4 
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The ash content of granules in period I varied from 35 to 40 %. A general increasing trend of the 

inorganic content of the granules was detected from day 190 onwards, since the VSS/TSS ratio 

progressively decreased (Figure 3.2B), this continued in period II. In fact, precipitated salts were 

noticed in the granules core (Figure 3.3D). To assess the nature of the precipitates found in the 

granules, the elemental content of some cations in the granules was determined for periods I 

and II (see Table 3.2). Then, the Mg/P and Ca/P mass ratios for each period were calculated and 

compared with the theoretical Mg/P mass ratio of struvite (0.79 g Mg g-1 P), and with the apatite 

theoretical Ca/P mass ratio (2.16 g Ca g-1 P). It was found that the Mg/P ratios for periods I and II 

were 0.03 and 0.06 g Mg g-1 P, respectively and the Ca/P ratios were 1.75 and 1.86 g Ca g-1 P, 

respectively (Table 3.2). Therefore, the Ca/P experimental ratios were closer to the theoretical 

one of apatite than the Mg/P ratios of struvite, indicating that the precipited salts in the granules 

could be somehow similar to apatite. Mañas et al. (2011) performed specific analysis of the 

mineral core of his granules and determined that the precipitate (Ca/P = 2.10 g Ca g-1 P ) was 

hydroxyapatite, one particular formulation of apatite. If apatite was the main mineral found in 

the core of the granules, and considering that a fraction of polyphosphates will be accumulated 

by PAO, one would expect a Ca/P ratio in the biomass slightly lower than the Ca/P ratio for 

apatite (2.16 g Ca g-1 P), as it was indeed experimentally measured (1.75-1.86 g Ca g-1 P).   

Table 3.2. Elemental analysis of several cations in the granules by means of an Inductively Coupled Plasma Mass 
Spectrometer for periods I and II. Ca/P and Mg/P weight ratios are also included. 

 Period I Period  II 

Ca (g kg-1) 57±5 86±5 

P (g kg-1) 32.6±0.2 46.2±0.2 

Mg (g kg-1) 0.93±0.01 3.00±0.01 

K (g kg-1) 0.72±0.03 2.90±0.02 

Na (g kg-1) 0.37±0.05 0.52±0.04 

Ca/P (g Ca g-1 P) 1.75 1.86 

Mg/P (g Mg g-1 P) 0.03 0.06 

  

In contrast to biomass concentration and inorganic content, the values of SVI30, density and size 

of granules did not change significantly between periods I and II. The SVI30 values ranged 

between 13 and 16 mL g-1 TSS, the granule density between 68 and 75 g VSS L-1 and the average 

size of granules was 2.4 mm (see Table 3.1). SVI30 of granules was similar to that obtained by 

other authors with lab-scale GSBR treating low-strength wastewaters (16-24 mL g-1, (de Kreuk et 

al., 2005a); 17 mL g-1, (Lin et al., 2003)) but, lower than the SVI30 achieved at pilot scale with low-

strength wastewaters (38 mL g-1, (de Kreuk and van Loosdrecht, 2006); 35 mL g-1, (Ni et al., 
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2009)). In both periods (I and II) granular sludge was more than 90% of the total suspended 

solids in the reactor. The granule density measured in the GSBR was also similar to the 78-89 g 

TSS L-1 or 62 g VSS L-1 reported at lab-scale by de Kreuk et al. (2005a) and Cassidy and Belia 

(2005), respectively. However, total density (in TSS basis) was high (114-123 g TSS L-1) than those 

bibliographic values as a consequence of the high mineral content of the granules. In contrast, 

average size of granules obtained in this study (2.4 mm, Table 3.1) was higher than the 

diameters reported at lab-scale (1.2-1.3 mm, (de Kreuk et al., 2005a; Lin et al., 2003)) or even at 

pilot scale (0.2-0.8 mm, (Ni et al., 2009)). Granules size is known to be dependent on shear-stress 

and therefore, on aeration rate, obtaining higher particle size at lower aeration rates (Tay et al., 

2004). High aeration rates are used in lab-scale granular reactors to ensure enough shear stress 

for granulation (2.4-2.5 cm s-1, (de Kreuk et al., 2005a; Lin et al., 2003)). In our case, the shear 

stress was estimated at 0.087 Nm-2 (following the methodology established by Ren et al. (2009)). 

This value of shear stress was around 30% lower than that estimated for the reactor conditions 

in the study presented by de Kreuk et al. (2005a). Therefore, the lower air velocity (1.6 cm s-1) 

used in this work would explain the difference in granule size.  

3.3.2 Carbon and nutrients removal 

Lab-scale studies have demonstrated the possibility of performing simultaneous nitrification, 

denitrification and phosphorus removal with granular sludge (de Kreuk et al., 2005a; Yilmaz et 

al., 2008). The COD storage capacity of granules, together with the oxygen penetration across 

the granules, will determine the capacity of performing simultaneous nitrification and 

denitrification (SND) during the aerobic phase. The more biological nitrogen removal (BNR) is 

performed through SND during aerobic phase, the less oxidized nitrogen species will remain at 

the end of the cycle; at the same time, less organic matter will be consumed for heterotrophic 

denitrification during static feeding phase and more organic matter will be available for being 

stored and therefore, to perform EBPR with PAO. 

The TOC, N and P effluent concentrations, as well as, their removal efficiencies, calculated from 

the C, N and P mass balances in the reactor are presented in Figure 3.4. The TOC removal 

efficiencies remained, in general, higher than 80%. During the start-up or periods with significant 

biomass loss, the C removal efficiencies maintained higher than 70%.  

For N removal, similar nitrification efficiencies were observed in both periods being, in general, 

higher than 75% (Table 3.3). Furthermore, this nitrification was 80% to nitrite (partial 

nitrification) in both periods (Table 3.3). Stable BNR via nitrite with granular biomass has not 

been reported in other GSBR treating low-strength wastewaters (Coma et al., 2010; de Kreuk et 
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al., 2005a; Ni et al., 2009). This could be due to the higher granule size obtained in the present 

study (2.4 mm) compared to 0.2-0.8, 0.8 and 1.3 mm reported by Ni et al. (2009), Coma et al. 

(2010), and de Kreuk et al. (2005a), respectively. The higher the granule size, the lower the 

specific granular surface; consequently, a reduced oxygen flux towards the biofilm is obtained 

for a given biomass amount, favoring partial nitrification due to oxygen limitation (Bartrolí et al., 

2010). The DO was not controlled in the GSBR. Typically, during the feast phase at the beginning 

of the cycle, DO was around 6 mg O2 L
-1, rising during the famine phase up to 8 mg O2 L

-1, which 

is close to saturation. BNR via nitrite was therefore accomplished despite using high DO 

concentrations. Bartrolí et al. (2010) (among other studies) demonstrated the possibility of 

obtaining full nitritation (i.e. 100% oxidation of ammonia to nitrite) at high DO concentration in 

biofilm reactors by maintaining ammonium in excess. In their study, with nitrifying granules with 

an average size of 0.9 mm, they required a DO to ammonium concentrations ratio (DO/TAN) 

lower than 0.3 mg O2 mg-1 N-NH4
+ to obtain full nitritation. In our case, it is clear that ammonium 

was always in excess (Figure 3.4), and the DO/TAN ratio at the end of the cycle ranged from 

0.45-0.90 mg O2 mg-1 N-NH4
+. This low DO/TAN concentrations ratio could be the reason why 

BNR via nitrite was detected.  Also the distribution of AOB and NOB populations in the GSBR 

(Table 3.3) confirmed the partial nitrification. In both periods, the ratio of the AOB and NOB 

fractions was in the range 5-8, which in significantly above the theoretical ratio of growth yield 

coefficients (YAOB/YNOB = 2.25, from Jubany et al. (2008)), indicating that NOB were disfavoured. 

Table 3.3. Performance of the GSBR for nutrient removal and quantification of the bacterial populations through FISH 
analysis for periods I and II. 

 Period I Period II 

% Ammonia removal 75-90% 80-90% 

Partial nitrification to nitrite 80% 80% 

Complete nitrification to nitrate 20% 20% 

Nitrification rate (g N L-1 d-1) 0.12-0.15 0.13-0.14 
Denitrification (% of total nitrogen nitrified) 90% 60% 
Occurred during static feeding phase 11% 83% 

Occurred during aerobic reaction phase 89% 17% 

Denitrification rate (g N L-1 d-1) 0.11-0.14 0.078-0.084 

P-removal  60-70% 45-55% 

P uptake rate (mmol P g-1 VSS h-1) 0.016 0.011 

P release during static feeding phase (mmol P mmol-1 C) 0.145 0.011 

AOB fraction (%) 4±2 10±3 

NOB fraction (%) 0.5±0.5 2±0.6 

PAO fraction (%) 10±3 5±2 

GAO fraction (%) 11±4 2.4±0.8 
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Figure 3.4. Time course profiles of the influent and effluent concentrations of carbon, nitrogen and phosphorus 
compounds along the whole experimental period, as well as, the removal efficiencies. 

 

Denitrification efficiency varied from 90% in period I to 60% in period II. More detailed data 

about nutrients removal in the granular biomass was obtained with specific batch experiments, 

as well as, SBR cycle studies. Time course of COD, N and P concentrations in the bulk liquid for 
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two typical cycles from periods I and II are shown in Figure 3.5. In period I, 19 mg N-NH4
+ L-1 were 

removed during the aeration phase. Only 2.5 mg N-NO2
- L-1 and less than 1 mg N-NO3

- L-1 

remained at the end of the cycle (Figure 3.5B). In period II, 15.5 mg N-NH4
+ L-1 were removed and 

9 mg N-NO2
-
 L

-1 and 3 mg N-NO3
- L-1 remained at the end of the cycle (Figure 3.5D). In addition, 

both nitrite and nitrate were fully consumed after the static feeding period, as can be expected, 

since there was COD addition without aeration (Figures 3.5A and 3.5C). Therefore, from the 

mass balance along the cycles, 89% of denitrification occurred during the aerobic phase in 

period I whereas only 17% of denitrification occurred in that phase in period II.   

The COD and N-loading rates applied in the GSBR through the whole operational period were: 

1.74 g O2 L-1 d-1 and 0.17 g N L-1 d-1, respectively. These loading rates are above the average 

loadings applied in conventional municipal WWTPs based on activated sludge (1.0 g O2 L
-1 d-1 and 

0.10 g N L-1 d-1; (Tchobanoglous et al., 2003)).  

Regarding P-removal, 60-70% and 45-55% of the influent P was removed during periods I and II 

(Table 3.3), respectively. The P-release to C-uptake ratio is a good indicative of the EBPR activity 

(Pijuan et al., 2009). The experimental values were 0.145 and 0.011 mmol P mmol-1 C for periods 

I and II, respectively (Table 3.3). These values are low in comparison with other EBPR systems, 

where this ratio was between 0.250-0.320 mmol P mmol-1C, depending on the carbon source  

(Pijuan et al., 2009). The causes for those low P-release to C-uptake ratios could be: (i) the 

precipitation of P-salts detected in the GSBR and (ii) the COD consumption during the feeding 

not linked to PAO activity, (i.e. heterotrophic denitrification or GAO activity). 

On the other side, the PAO and GAO fractions measured with FISH (Table 3.3) provided further 

information to understand the low EBPR activity, but also the denitrification in the GSBR. In 

period I, PAO (10% ± 3%) and GAO (11% ± 4%) populations would have competed for COD 

uptake, resulting in low EBPR activity, but providing SND capability to the system with the stored 

COD. In contrast, lower PAO fraction (5% ± 2%) was measured in period II, which is in accordance 

with the lower EBPR measured (Table 3.3), but also a lower GAO fraction (2.4% ± 0.8%) was 

detected, which would also explain the lower SND measured.  

On one side, the precipitation of P-salts in the core of the granules was evident, as 

abovementioned. It was not possible to accurately assess the contribution of precipitation to the 

total P-removal, since the time course Ca2+ and Mg2+ concentrations in the bulk liquid were not 

measured. At the pH (7.5±0.1) and temperature (25ºC) conditions in the GSBR, and with the 

influent calcium concentration (at least 54 mg Ca L-1), the solubility of phosphate was below 12 
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mg P L-1 (Maurer et al., 1999). Therefore, P-precipitation could occur during the P-release, 

especially in period I, where 19 mg P-PO4
3- L-1 were measured at the end of the static feeding. In 

period II only 11 mg P-PO4
3- L-1 were measured at the end of the static feeding, and probably the 

precipitation was lower than in period I. In fact, the accumulation of inorganics in period II was 

lower, as depicted form the slope of the VSS/TSS ratio in Figure 3.2B. 

 

Figure 3.5. Time course profiles of COD, ammonia, nitrite, nitrate and phosphate concentrations in the bulk liquid for 
two typical GSBR cycles. Period I: A and B Period II: C and D. Initial values (at 0 minutes) correspond to the theoretical 

concentration that each compound would have after the feeding phase considering no biodegradation. 
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of the granules was probably a cause of this process. Furthermore, the presence of an inorganic 
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mineral content could be purged selectively by performing the granules withdrawn from the 

bottom of the reactor, since those granules will have higher settling velocity. However, this 

strategy should be carefully evaluated, since could enhance GAO proliferation (no P-release, 

therefore, lower P-precipitation) in front of PAO population (Winkler et al., 2011a). 

Nevertheless, and despite granules destabilization, COD and N removal efficiencies prevailed 

high, being this work a step forward towards the use of granular technology for the treatment of 

low-strength wastewater. 

 

3.4 Conclusions 

A GSBR at pilot scale was operated during almost a year performing organic matter, N and P 

removal from a low-strength wastewater at high loading rates.  

The BNR with mature granules in the GSBR was via nitrite, and simultaneous nitrification and 

denitrification was achieved. 

Short COD overloading events can lead to overgrowth of filamentous structures onto the 

granules producing breakage of granules which ends up in a severe biomass washout. 

Long term operation of granular biomass with EBPR leads to the accumulation of inorganic 

particles in the granules as a result of P-salts precipitation, and causing instability of the mature 

granules. This accumulation can be very fast at high pH values. 
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4.1 Introduction 

Recently, aerobic granular sequencing batch reactors (GSBR) have been successfully used for the 

treatment of municipal and industrial wastewater effluents (Arrojo et al., 2004; Beun et al., 

1999; Coma et al., 2011; de Kreuk and van Loosdrecht, 2006; Figueroa et al., 2011; Wang et al., 

2007; Yilmaz et al., 2008). Granules have a compact, dense and thick structure which provides 

good settling and retention capacities (Adav et al., 2008; Liu and Tay, 2004). Granular sludge 

reactors operate at higher loading rates using more compact reactor designs, if compared with 

activated sludge (de Kreuk et al., 2005a; Isanta et al., 2012; Jungles et al., 2011). Moreover, the 

morphological structure of aerobic granular sludge provides the existence of substrate profiles 

across the granule depth, enabling simultaneous aerobic and anoxic processes into the same 

bioparticle. For these reasons, GSBRs have shown a very good performance in organic matter 

and nitrogen (N) removal (Beun et al., 2001; de Kreuk et al., 2005a; Mosquera-Corral et al., 

2005). 

High N-removal is achieved when the aerobic and anoxic zones of the granules are correctly 

balanced (de Kreuk et al., 2007b). This balance depends on many variables, some of them are 

associated to the granules characteristics (i.e., particle size, density, porosity), whereas others 

are related to the operational conditions of the reactor (DO concentration, NLR, influent C/N 

ratio). Experimental campaigns devoted to study the individual effect of these variables is often 

very challenging and time-consuming, since a change in one of them may affect the others. For 

example, studying the effect of influent loading rate over nutrients removal efficiency may be 

affected by variations in the size of the granules. Also, changing the DO concentrations 

manipulating the air-flow rate may also cause a change in the density of the granules (Tay et al., 

2004). Therefore, it is difficult to experimentally assess, in an independent manner, the effects of 

each variable on N-removal efficiency. Furthermore, some parameters, especially those related 

to biomass characteristics, are not easy to control and tend to fluctuate even in steady state 

(Chen et al., 2011; Isanta et al., 2012), hindering its study. 

Automatic control strategies are a good tool both for optimization of the performance of 

wastewater treatments and to apply corrective actions in front of influent or biomass 

disturbances (Olsson, 2012). Two operational modes are commonly reported for N-removal with 

aerobic granular sludge: i) GSBRs with a completely aerated reaction phase (de Kreuk et al., 

2005a; Figueroa et al., 2011; Isanta et al., 2012; Mosquera-Corral et al., 2005). In that 

operational mode, simultaneous nitrification-denitrification is the main N-removal pathway and 

ii) GSBRs with one or several anoxic periods (Adav et al., 2009; Chen et al., 2011; Kishida et al., 
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2006; Yilmaz et al., 2008). These anoxic periods are introduced for enhancing denitrification. 

Although, in general, these configurations showed good N-removal performance, none of these 

studies used automatic control strategies. In fact, the use of automatic control strategies in 

GSBRs is still scarce. Some of the examples are: (i) to control the length of cycle as a function of 

the ammonium concentration for nitritation of high-strength ammonium wastewaters with a 

very low influent C/N ratio (Torà et al., 2013); (ii) to control the length of the cycle by means of 

ORP, DO and pH curves for winery (López-Palau et al., 2012) and synthetic wastewaters (Yuan 

and Gao, 2010). 

To overcome the challenges associated to experimental set-ups, the mathematical modeling has 

been proven to be a useful tool for analyzing complex systems, such as the GSBR. In that sense, 

some researchers developed mathematical models describing the COD and N-removal via the 

nitrification and heterotrophic denitrification processes (Beun et al., 2001; Ni and Yu, 2010; Su 

and Yu, 2006). De Kreuk et al. (2007) introduced the biological phosphorus removal and studied 

the individual influence of some parameters (i.e. temperature and granule size) over the 

nutrient removal. Vázquez-Padín et al. (2010) showed that the biomass characteristics could be 

successfully described if a porosity profile across the granules depth was taken into account. 

Later, Su et al. (2013) modeled the variations in size and density of granules due to growth, 

detachment or breakage, to optimize the size and density of granules. 

Most of the efforts of these studies were focused on understanding the behavior of the GSBR, 

but not in finding the best practical strategy to be implemented with the aim to improve the N-

removal. In this study, a mathematical model describing the steady state operation of a GSBR 

treating diluted swine wastewater was calibrated and validated with different sets of 

experimental data. This model was then exploited to assess the impact of easily measurable 

parameters on the N-removal efficiency. The selected parameters were DO concentration, 

granule size, NLR and influent C/N ratio. From the results of the exploitation, a control strategy 

to improve the N-removal in GSBRs was proposed and evaluated through modeling. 

4.2 Materials and Methods 

4.2.1 Characteristics of the GSBR operation  

Experimental data for the modeling were obtained from a 1.5 L GSBR treating diluted swine 

wastewater. The reactor cycles were distributed as fill (3 min), aeration (171 min), settling (1 

min) and discharge (5 min). The hydraulic retention time was 6 h. The reactor was operated at 

room temperature (23 ± 2 ºC), while the pH was not controlled and ranged from 7.5 – 8.5. Air 
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was supplied through an air diffuser at the bottom of the reactor at a constant flow-rate (3.5 L 

min-1), and the DO concentration varied in the range 2 – 6 mg O2 L
-1.  

Activated sludge collected from a municipal WWTP was used as inoculum. Five days after the 

start-up most of the inoculum biomass washed out from the reactor and first granules appeared. 

On day ten, the average diameter of the granular biomass was 1.87 mm and the volatile solids 

content inside the reactor was 1.27 g VSS L-1 (Figueroa et al., 2011). 

After the start-up, the GSBR operational strategy consisted in stepwise decrease of the dilution 

ratio of the swine wastewater with tap water. Experimental data from the operational periods A 

and C from the GSBR (see Figure 4.1) were used for modeling purposes. In period A, the dilution 

ratio of swine wastewater with tap water was 1:25, resulting in an influent composition of 600 

mg O2 L-1 of readily-biodegradable chemical oxygen demand (COD), 60 mg O2 L-1 of non-

biodegradable COD and 103 mg N L-1 of ammonium (Table 4.1). For period C, the dilution ratio of 

swine wastewater with tap water was 1:15, resulting in an influent composition of 1000 mg O2 L
-

1 of readily-biodegradable COD, 116 mg O2 L
-1 of non-biodegradable COD and 200 mg N L-1 of 

ammonium (Table 4.1). More details about the performance of the reactor can be found in 

Figueroa et al. (2011).  

 

Figure 4.1. Time course concentrations of ammonium, nitrite and nitrate as experimentally measured in the lab-scale 
GSBR. Experimental data obtained in period A were used for the calibration of the model. Results of the model at the 

operating conditions established in period C were used to validate the model.  
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Table 4.1. Experimental data related to the influent composition and biomass characteristics in Periods A and C, used 
as model inputs to simulate the GSBR operation for the calibration and validation. 

 Period A 

(Calibration) 

Period C 

(Validation) 

Influent characteristics   

Readily-biodegradable COD (mg O2 L
-1

) 600 1000 

Non–biodegradable COD (mg O2 L
-1

) 60 116 

Ammonium (mg N L
-1

) 103 200 

Influent C/N ratio (g O2 g
-1

 N) 5.8 5 

   

Granules characteristics   

Volume-weighted average granule size (mm) 3.55 3.13 

Biomass concentration (g VSS L
-1

) 5 11.5 

Density (g VSS L
-1

granule) 25 37 

Number of granules 12806 29301 

 

4.3 Model development 

The modeling platform used to develop the mathematical model was AQUASIM (Reichert, 1998). 

The biofilm reactor compartment (based on Reichert (1998) mixed-culture biofilm model) 

provided by AQUASIM was used to simulate the mass transfer and biological conversion 

processes occurring in the granules. The description of the biofilm in AQUASIM is one-

dimensional, and only the perpendicular direction to the substratum is resolved (Reichert, 1998). 

4.3.1 Biological processes 

The model included six soluble compounds: oxygen (SO2), ammonium (SNH4), nitrite (SNO2), nitrate 

(SNO3), readily-biodegradable organic substrate (SS) and non-biodegradable organic substrate (SI); 

and five types of particulate compounds: ammonium-oxidizing bacteria (XA), nitrite-oxidizing 

bacteria (XN), heterotrophic bacteria (XH), storage products (XSTO) and inert particulate organic 

material (XI). Kinetics and stoichiometry of the biological processes were defined using the 

Activated Sludge Model No.3 (ASM3) platform (Henze et al., 2000). However, the ASM3 presents 

several limitations for describing systems operating in batch mode or with nitrite accumulation. 

To overcome these limitations, two modifications were introduced: (i) the model considered 

simultaneous growth and storage of organic matter by heterotrophic bacteria (Sin et al., 2005), 

(ii) nitrite was included as nitrification intermediate (Jubany et al., 2008), since there was an 

evident accumulation of nitrite in the GSBR (Figure 4.1). Therefore, nitrification becomes a two-

step process. Firstly, ammonium is oxidized to nitrite by ammonium-oxidizing bacteria (AOB), 
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and secondly, nitrite is oxidized to nitrate by the nitrite-oxidizing bacteria (NOB). Furthermore, 

since nitrite was included in the model, all the anoxic processes, heterotrophic and autotrophic, 

(i.e. AOB and NOB endogenous respiration) were possible either from nitrite or from nitrate 

(Kaelin et al., 2009). Separate anoxic reduction factors were used for XA, XN and XH (Kaelin et al., 

2009). Additionally, the anoxic processes from nitrate had a lower reduction factor to avoid an 

overall denitrification rate higher than the aerobic consumption rate of COD (Kaelin et al., 2009). 

The hydrolysis of slowly biodegradable COD (XS) to SS by XH was not taken into account. Given 

that the raw swine wastewater was stored several weeks without continuous mixing before 

being diluted and entering the reactor, it was considered that most of XS decanted in the storage 

tank. Therefore, the overall impact of the hydrolysis of the remaining XS on the behavior of the 

GSBR was considered negligible. Further details of kinetics and stoichiometry of the developed 

model are summarized in Tables A4.1, A4.2 and A4.3 in the Aappendix of this chapter. 

4.3.2 SBR operation 

To simulate the feeding and effluent withdrawal periods of the GSBR, the biofilm reactor 

compartment was linked to a completely mixed liquid compartment whose volume can vary 

during the simulation (see Figure 4.2 and Vázquez-Padín et al. (2010) for further details). The 

completely mixed compartment received the feeding and effluent withdrawal operations. The 

biofilm reactor had a constant volume (0.75 L) and contained the total amount of granules and 

part of the bulk liquid. The rest of the bulk liquid was in the completely mixed reactor 

compartment (0.76 L). Both compartments were interconnected with a recirculation flow-rate to 

ensure good liquid mixing.  

 

Figure 4.2. Schematic diagram of the GSBR set-up as implemented with the AQUASIM compartments. A biofilm 
reactor compartment reactor was connected to a mixed reactor compartment with a high recirculation flow to ensure 

same bulk liquid concentration of dissolved and particulate compounds. Feeding and discharge operations are 
performed through the mixed reactor compartment. 
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In the experimental set-up, during the periods without mixing (settling, discharge and feeding), 

the mass transfer of soluble compounds from the bulk liquid to the biofilm pore water becomes 

reduced, resulting in a lower biological activity of the granules. Furthermore, the GSBR was fed 

from the top of the reactor; therefore, the settled granules did not mix with the new media until 

the aeration started. To mimic the real operation of the reactor, a reduction factor applied to 

the diffusivity of soluble compounds into the pore water of granules, similarly to de Kreuk et al. 

(2007), was used with the aim to minimize the biological reactions during the non-aerated 

periods. This reduction factor was noted as µD. 

4.3.3 Granules description 

Biofilm area was described as a function of the granule radius, to correctly simulate the biofilm 

geometry. Total biofilm area was defined as a function of granule size and number of granules 

(see Jemaat et al. (2013) for further details). The granule size used as model input was the 

volume-weighted average diameter experimentally determined in the lab-reactor. The number 

of granules was determined dividing the total volume of granules by the volume of a single 

granule, taking into account the experimentally determined density and total solids 

concentration. As in Vázquez-Padín et al. (2010), a detachment rate (uDet) was used to keep a 

constant biofilm thickness in steady state at a predefined value (Eq. 1).  

     (
    

  
      )                                                                      

Being uF the growth velocity of the granules (m d-1), r the simulated granule radius (m) and Rm 

the experimental mean radius (m). Attachment of biomass onto the biofilm surface has been 

neglected. For the sake of simplicity external mass transfer has been neglected. The porosity of 

the biofilm was fixed as 80% and kept constant during all the simulations. 

4.3.4 Model calibration and validation strategy 

The operational conditions applied for period A as well as the biomass characteristics at the end 

of that period were used to calibrate the model (Table 4.1). Then, the concentrations of N-

compounds and COD of a simulated cycle in steady-state were compared with an experimental 

cycle of the GSBR at the end of this period. To ensure steady conditions, each simulation lasted 

for at least 148 days, corresponding to 20 h of computing time on an Intel Core2Quad CPU at 

2.66GHz. Results in terms of biofilm (biofilm thickness and biomass fractions in the biofilm 

depth) and N-compounds concentrations in the bulk liquid were inspected to check that 

constant values were achieved. 
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The same procedure was applied for validation, but using the experimental conditions and 

biomass characteristics of period C (Table 4.1) and the same kinetic and stoichiometric 

parameters than in calibration (Table A4.2 in Apendix of this chapter). The wastewater treated in 

period C had a slightly lower influent C/N ratio to that in the calibration (period A) but the NLR 

and organic loading rate were almost double. Due to these differences, the selection of this 

operational period for validation purposes is justified. 

4.3.5 N-removal assessment strategy 

For the assessment of the N-removal in the GSBR, four relevant and easily measurable 

parameters at industrial scale (DO concentration, granule size, NLR and influent C/N ratio) were 

selected, seeking to improve operational strategies. With that purpose, five scenarios were 

defined: Period A, C/N_Low, C/N_High, NLR_1.5 and NLR_2.0 (Table 4.2). Period A scenario 

presented the characteristics of the GSBR operation in the experimental period A (Figure 4.1). 

For scenarios C/N_Low, C/N_High, the conditions of Period A were taken as a basis, and the 

influent COD was modified to obtain an influent C/N ratio of 4 g O2 g
-1 N (C/N_Low) and 10 g O2 

g-1 N (C/N_High). For scenarios NLR_1.5 and NLR_2.0, the conditions of period A were also taken 

as modeling basis, and the length of the cycle time was modified to 120 min (NLR_1.5) and 90 

min (NLR_2.0) to increase the applied NLR. The reduction of the cycle time was applied to the 

aerobic phase, keeping the same feeding, settling and discharge times used in period A.  

Table 4.2. Characteristics of the scenarios used for the model exploitation  

 CODinfluent 

(mg O2 L
-1

) 

NH4
+

influent 

(mg N L
-1

) 

C/N 

(g O2 g
-1

 N) 

VSS 

(g L
-1

) 

HRT 

(h) 

NLRV 

(g N L
-1

 d
-1

) 

NLRS 

(g N g
-1 

VSS d
-1

) 

Period A 600 103 5.8 5 6 0.41 0.082 

C/N_High 1030 103 10 5 6 0.41 0.082 

C/N_Low 412 103 4 5 6 0.41 0.082 

NLR_1.5 600 103 5.8 5 4 0.61 0.123 

NLR_2.0 600 103 5.8 5 2 0.82 0.164 

 

The conditions of each scenario were simulated until steady state for different DO 

concentrations and granule sizes. Four different granule sizes were used (0.5, 1.0, 2.0 and 3.5 

mm) to cover the typical range of granule sizes found in the literature (Chen et al., 2011; de 

Kreuk et al., 2005a; Figueroa et al., 2011; Isanta et al., 2012). Regarding the DO variations, six 

different DO concentrations, between 0.5 and 8 mg O2 L
-1, were tested. DO concentrations lower 

than 0.5 mg L-1 were not used since they are not expected to be applied in a real GSBR (Beun et 
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al., 2002; Mosquera-Corral et al., 2005). The combination of both variables resulted in 24 

different simulations for every scenario. For easy comparison between scenarios, the 

simulations were performed with the same volume (and mass) of granules. Therefore, the 

number of granules used in each simulation was set according to the selected granule size.  

4.4 Results and Discussion 

4.4.1 Model calibration 

All kinetic parameters were obtained from the bibliography with the exception of the maximum 

growth rate of XH (µmax,H), the maximum growth rate of XA (µmax,A) and the storage rate constant 

(kSTO), that were determined to provide a good description of N-compounds and COD 

concentration. For the sake of simplicity, the maximum growth rate of XN (µmax,N) was assumed 

to be equal to µmax,A, as expected at the temperature used in the experiments (23 ± 2 ºC) (Sin et 

al., 2008). Best results were obtained for a µmax,H of 5.2 d-1, a µmax,A of 1.32 d-1 and a kSTO of 13.2 d-

1. All three values were slightly higher than the typical values found in the literature for 

conventional wastewater treatment plants (2 – 3 d-1, 0.8 – 1.1 d-1 and 5 – 12 d-1, respectively 

(Henze et al., 2000; Kaelin et al., 2009)). However, maximum growth rates are known to be 

higher in reactors with alternating feast-famine conditions, as the GSBR here modeled. In fact, 

Munz et al. (2011b) found that µmax,A ranged from 0.9 - 1.4 d-1 at 20 ºC for an SBR with the 

abovementioned conditions. Apart from these three kinetic parameters, the diffusivity reduction 

factor (µD, section 4.3.2) was also calibrated. Several values of µD were tested in previous 

simulations and best results were obtained for a µD of 0.01 (Figure 4.3).  

 

Figure 4.3. Example of the effect of using a reduction factor on the diffusion coefficient of soluble compounds on 
model COD predictions during the first 60 minutes of a cycle. The reduction factor (µD) is only active during the first 3 
minutes of each cycle (minute 0 to 3 in the graph), which corresponds to the static (non-aerated) feeding phase of the 

GSBR. 
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The profiles of COD, ammonium, nitrite and nitrate predicted by the calibrated model are shown 

in Figures 4A and 4B. During the first 20 min of the cycle, COD was consumed (feast phase) and 

the nitrate remaining from the previous cycle was denitrified. The use of the µD factor was 

crucial for a correct description of the COD concentration just after the feeding phase (Figure 

4.3). During the famine phase (after the COD consumption), the nitrification became the main 

biological process. Nitrate was the nitrification product, although a slight accumulation of nitrite 

occurred from minute 30 to 150 (Figure 4.4A).  

 

Figure 4.4. Time course concentrations of N-species (A,C) and COD (B,D) in a cycle as measured experimentally 
(symbols) compared to those predicted by the model (lines). A and B Figures correspond to the calibration and C and 

D Figures correspond to the validation. 
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The model was able to correctly describe all the processes occurring during the cycle. First, the 

COD consumption and subsequent denitrification of the nitrate occurring during the feast phase. 

And second, the nitrification and nitrate accumulation during the famine phase. Also the nitrite 

accumulation was adequately predicted by the model, although this accumulation was slightly 

higher than the experimentally observed. However, the N-total was correctly described by the 

model. 

4.4.2 Model validation 

In the experimental cycle from period C used for the model validation, COD was consumed 

during the first minutes of the cycle and all the nitrate and nitrite remaining from the previous 

cycle were denitrified. However, this feast phase was longer than in period A, since lasted for 30 

min (Figure 4.4D). During the famine phase, ammonium was not fully consumed, since a final 

accumulation of 10 mg N-NH4
+ L-1 was observed. Nitrate and nitrite at the end of the cycle were 

similar.  The model correctly described the feast phase, since the predicted COD, ammonium, 

nitrite and nitrate concentrations were similar to the experimental ones (Figure 4.4C). During 

the famine phase, the COD and nitrate profiles were also adequately predicted by the model. In 

contrast, the model did not completely describe the ammonium and nitrite profiles of the 

famine phase. The model overestimated the nitrite concentrations and underestimated the 

ammonium concentration (see Figure 4.4C). However, the general trends of both compounds 

were correctly predicted with the simulation results.  

Considering the complexity of the system and the uncertainty of some of the experimental data 

used as model inputs (e.g. granule size distribution, granules density) it could be considered that 

the model satisfactorily described the performance of a GSBR treating swine wastewater. 

Moreover, it is noteworthy that only three kinetic parameters were calibrated while the rest 

were obtained from literature and, of course, none of these parameters was changed in the 

validation. Therefore, the model was ready to start performing other simulations to gain deeper 

insight into the treatment process. 

4.4.3 Assessment of Nitrogen removal 

4.4.3.1 Effect of the DO and the granule size  

The coupled effect of DO and granule size over N-removal was studied using Period A scenario 

(see details in Table 4.2). The model results for Period A are presented in Figure 4.5. For each 

granule size tested, there was a DO concentration at which N-removal was maximized (DOopt). At 

DO concentrations higher than the DOopt, ammonium was completely oxidized at the end of the 

cycle and the N-removal efficiency decreased as DO concentration was increased. N-removal 
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efficiencies at the same DO concentration were higher as higher was the granule size. At DO 

concentrations below the DOopt, the N-removal efficiency decreased rapidly for lower values of 

the DO concentration, and ammonium was not completely oxidized at the end of the cycle and 

accumulated in the effluent.  

The DOopt was 2 and 1 mg O2 L
-1 for the granule size of 3.5 and 2.0 mm, respectively, and 0.5 mg 

O2 L
-1 for the 1.0 or 0.5 mm, indicating that the DOopt value increased with granule size. Note that 

for two of the granule sizes (1.0 and 0.5 mm), the DOopt was obtained at the lowest DO 

concentration used (0.5 mg O2 L
-1), so the decrease of the N-removal at DO concentration lower 

than the DOopt could not be observed, although it probably occurred at lower DO concentrations.  

At the conditions of period A, granules with a granule size between 1 and 2 mm presented 

better N-removal efficiencies (76 – 80%) than granules with larger (74%) or smaller sizes (71%) at 

their DOopt (Figure 4.5). Noticeably, the variations in N-removal at the DOopt of the different 

granule sizes were lower than 9%, despite the large range of granule sizes tested (0.5 – 3.5 mm). 

Hence, in Period A conditions, applying the adequate DOopt concentration resulted in high N-

removal efficiencies independently of the granule size.  

4.4.3.2 Effect of the influent C/N ratio 

Two different scenarios, C/N_Low and C/N_High (see Table 4.2), were used to study the effect of 

the influent C/N ratio over the N-removal. In general, the N-removal efficiencies in both 

scenarios showed similar trends than those found in period A (Figure 4.6). Similarly to Period A, 

a different DOopt value was determined for each granule size. The values of DOopt for each 

granule size in C/N_High and C/N_Low scenarios were very similar to those determined in Period 

A (Figure 4.7A). The limitation of the nitrification occurred at a DO concentration close to the 

DOopt, since, at DO concentration above the DOopt, ammonium was not completely oxidized at 

the end of the cycle (Figure 4.6). Therefore, the influent C/N ratio scarcely influenced the 

conditions at which N-removal was enhanced. However, the N-removal efficiencies obtained at 

the same granule size and DO concentrations were, in C/N_High scenario, higher than those in 

Period A (Figure 4.6). In contrast, the N-removal efficiencies in C/N_Low scenario were lower 

than the corresponding ones in Period A. Therefore, the higher the influent C/N ratio, the higher 

the N-removal efficiency.  
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Figure 4.5. Simulated N-removal efficiencies and effluent ammonium concentrations predicted by the model at 
different DO concentrations in the bulk liquid and at different granule sizes (dp). Simulations were performed under 

the operating conditions defined for Period A scenario, as detailed in Table 4.2. 

 

Figure 4.6. Simulated N-removal efficiencies and effluent ammonium concentrations predicted by the model at 
different DO concentrations in the bulk liquid and at different granule sizes (dp). Simulations were performed under 

the GSBR conditions defined for C/N_Low (left) and C/N_High (right) scenarios, as detailed in Table 4.2. 
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For C/N_High scenario, the higher influent C/N ratio also allowed for good N-removal efficiencies 

at DO concentrations higher than the DOopt. In fact, granules with a granule size higher than 2 

mm and DO concentrations higher than 4 mg O2 L
-1 presented N-removal efficiencies higher than 

60% (Figure 4.6). Maximum N-removal efficiencies of the different granule sizes ranged between 

79 and 85% and, similarly to Period A, granules with sizes between 1 and 2 mm presented the 

best N-removal efficiency (Figure 4.7A). In that case, the differences in maximum N-removal at 

different granule sizes were even lower than those found for period A, being only 6%. Therefore, 

with a high influent C/N ratio, there is no need to pay attention to the granule size if the 

adequate DOopt was applied.  

 

Figure 4.7. Comparison of the maximum N-removal efficiencies and DOopt obtained at the different granule sizes for 
C/N_Low, C/N_High and Period A scenarios (A); and NLR_1.5, NLR_2.0 and Period A scenarios (B). 
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granule size was between 1 and 2 mm. The maximum N-removal efficiency was only 6 % lower 

than that in Period A. 

4.4.3.3 Effect of the NLR 

The effect of the NLR on the N-removal was also evaluated with the model. One of the 

advantages of granular reactors is their ability to treat high loading rates due to their high 

biomass retention capacity (de Kreuk et al., 2005a; Figueroa et al., 2011; Isanta et al., 2012). For 

this reason, the effect of the NLR on the N-removal capacity was studied in two scenarios of 1.5 

and 2-fold higher NLR than that applied in period A, maintaining a constant influent C/N ratio 

(see Table 4.2). 

Simulations results of scenarios NLR_1.5 and NLR_2.0 are presented in Figure 4.8. In general, the 

N-removal performance after increasing the NLR presented similar trends than those found in 

Period A (see Figure 4.8). A DOopt was found for each granule size, where the N-removal was 

enhanced, and nitrification was limited at a DO concentration close to the DOopt value (Figure 

4.8). However, the higher the NLR applied, the higher the DO concentration at which the 

maximum N-removal for each granule size was achieved (i.e., for granule size of 2 mm, the DOopt 

values were 1, 2 and 3 mg O2 L
-1 for scenarios Period A, NLR1.5 and NLR_2.0, respectively, Figure 

4.7B). Therefore, for a given granule size, the value of DOopt increased with NLR. This was 

reasonable, since a reduction of the cycle length resulted in a reduction of the time available for 

nitrification. Accordingly, higher DO concentrations were needed to increase the thickness of the 

aerobic layer and, thus, increase the nitrification capacity. 

Regarding N-removal efficiencies, the increase of the NLR affected differently the N-removal 

according to the granule size. At the DOopt, the N-removal efficiency of granules larger than 1 

mm decreased with NLR (Figure 4.7B). This decrease of N-removal was (4 – 6 %), depending on 

granule size, but the N-removal efficiency at the DOopt maintained higher than 70% in all cases 

(Figure 4.7B). In contrast, for a granule size of 0.5 mm the N-removal at the DOopt increased with 

NLR, achieving 80% of N-removal efficiency in the NLR_2.0 scenario. Therefore, in case of an 

increase of NLR, the lower the granule size, the better the achieved N-removal. Nevertheless, if 

the DO concentration is maintained at a value close to the DOopt, good N-removal efficiencies 

could be obtained independently of the granule size. 
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Figure 4.8. Simulated N-removal efficiencies and effluent ammonium concentrations predicted by the model at 
different DO concentrations in the bulk liquid and at different granule sizes (dp). Simulations were performed under 

the GSBR conditions for NLR_1.5 (left) and NLR_2.0 (right) scenarios, as detailed in Table 4.2. 
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removal was enhanced (Figure 4.9). Therefore, it is possible to enhance N-removal simply 

controlling DO concentration and effluent ammonium concentration. This is very interesting 

from an operational point of view, since both, DO and ammonium concentrations, are two 

variables commonly measured on full scale wastewater treatment plants (Olsson, 2012) and 

could easily be controlled. In contrast, granule size is practically uncontrollable in current 

systems (de Kreuk et al., 2007b), and influent C/N ratio and NLR are related to the wastewater, 

and therefore subject to variability.  

 

Figure 4.9. Schematic representation of the effluent concentration of N-species and N-removal obtained at different 
DO concentrations. The DOopt value and the DO range with high N-removal efficiency are highlighted with a dotted 

line and grey band, respectively.  

 

4.4.4.2 A novel control strategy for enhancing N-removal 

A control strategy was proposed based on determining the DO concentration ensuring a slight 

accumulation of ammonium at the end of each GSBR cycle, which have been found the key to 

achieve high N-removal efficiencies. The proposed control strategy had a cascade control 

structure, with a primary control loop of ammonium concentration at the end of the cycle, and a 

secondary control loop of DO concentration along the aerobic phase of the GSBR (Figure 4.10). 
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primary ammonium control loop would only act once per cycle. Therefore, after measuring the 

ammonium concentration at the end of the cycle, the control loop would establish the DO set-

point for the next cycle. The ammonium set-point for the primary loop was set to 5 mg N-NH4
+ L-

1. This set-point was justified by the precision of the current on-line ammonium measurement 

devices, but also by the importance of having enough range to measure the error between the 

on-line and set-point ammonium concentrations, in order to calculate the control action (Figure 

4.9). DO concentration in the reactor should be sufficiently close to the value of DOopt as to 

obtain high N-removal efficiencies when using 5 mg N-NH4
+ L-1 as ammonium set-point. 

The short term effectiveness of the proposed control strategy over the N-removal efficiency was 

simulated with the model using the conditions applied in Period A with a granule size of 2 mm. 

To simulate the primary ammonium control loop (Figure 4.10), a proportional (P) controller was 

used (Stephanopoulos, 1984). The gain of the P controller was set to 0.25 mg O2 mg-1 N-NH4
+. 

The secondary control loop (Figure 4.10) was assumed to have a fast response because the 

control of DO in the model was described with a high gas-liquid oxygen transfer rate (see the 

details Jemaat et al. (2013)). 

 

 

Figure 4.10. Block-diagram of the cascade control strategy proposed to enhance the N-removal. The primary loop only 
acts once per cycle, using the ammonium concentration at the end of one cycle (effluent concentration) to establish 

the DO set-point value of the next cycle. The secondary loop is only active during the aerobic phase of the GSBR cycle, 
and DO set-point is maintained constant during the whole aerobic phase.  

 

Before applying the control strategy, the model was run until steady state with a DO 

concentration of 4 mg O2 L
-1, obtaining complete nitrification at the end of the cycle and 48% of 

N-removal efficiency (see Figure 4.11). Then the control strategy was activated. During the first 

36 h after the control activation (12 cycles) the primary ammonium control loop progressively 

reduced the DO set-point of the secondary DO control loop, until 1 mg O2 L-1. At that DO 

GSBR PROCESS
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concentration, ammonium concentration started to accumulate for the first time in the effluent 

(Figure 4.11). During the next 36 h, the ammonium in the effluent oscillated in the range 1 – 9 

mg N-NH4
+ L-1, producing DO set-point variations between 0.75 and 1.1 mg O2 L

-1 (Figure 4.11). 

Seventy-two hours after the start-up of the control strategy, the ammonium concentration in 

the effluent was finally stabilized at 5 mg N-NH4
+ L-1, with a DO concentration of 1.0 mg O2 L

-1. N-

removal efficiency after the activation of the control strategy increased from 48% to 75% during 

the first 36 h (Figure 4.11), showing the effectiveness of the control strategy. Moreover, the N-

removal efficiency remained stable at 75 ±2 % during the next 36 h (Figure 4.11), despite the 

oscillations of the ammonium in the effluent, showing the robustness of the control strategy.  

 

Figure 4.11. DO concentration during aerobic phase, effluent ammonium concentration (end of the cycle) and N-
removal efficiencies before and after applying the proposed cascade control strategy in the GSBR. The ammonium set-

point was 5 mg N-NH4
+
 L

-1
. Since the secondary DO control loop was supposed to be fast and efficient, the 

represented DO concentration after the control strategy activation is equal to the DO set-point value. 

 

The most successful approaches to improve N-removal in GSBR previously reported (Chen et al., 

2011; de Kreuk et al., 2007b) were based on changing the cycle structure of the reactor (i. e. 

adding anoxic periods, dividing the feeding, etc). Here, the proposed control strategy was much 

simpler, because its implementation maintains the cycle structure, and only the DO set-point 

was directly manipulated. Furthermore, since the ammonium set-point was established 

independently of the influent or granular sludge characteristics (e.g. size), automation of the 

control system is possible and robust, providing stability to the long term operation of the GSBR.  
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4.4.4.3 Microbiological risks 

The experimental results showed that the enhancement of the N-removal implied, in most 

cases, to impose low DO concentrations (lower than 2 mg O2 L-1). Working at such low DO 

concentrations is advantageous, since the aeration costs could be reduced considerably. 

However, low DO concentrations may lead to some risks associated to the granules stability. 

Many authors have pointed out that working at such low DO concentrations may induce an 

overgrowth of filamentous microorganisms over the granules, which in most cases ended up in 

granules breakage (Isanta et al., 2012; Mosquera-Corral et al., 2005). Also the use of low 

aeration rates induced granules instability and final breakdown (Tay et al., 2004). Thus, it may be 

necessary to further study the stability of the granular sludge at the optimal conditions for N-

removal. 

4.5 Conclusions 

A mathematical model able to describe the operation of a GSBR was successfully calibrated and 

validated. The subsequent model exploitation revealed that N-removal was always enhanced 

when the DO applied produced a slight ammonium accumulation in the effluent (e.g. 5 mg N-

NH4
+ L-1). Furthermore, this occurred independently of granule size, influent C/N ratio or NLR. 

Accordingly, we proposed a cascade ammonium and oxygen control strategy that successfully 

automates finding the adequate DO concentration to enhance N-removal. The control strategy 

will set the appropriate DO set-point at whatever values of granule size, influent C/N ratio or 

NLR. Therefore, high N-removal efficiencies (between 70 – 85%, in most cases) will be assured by 

the control strategy against disturbances in those variables, which are common during the 

reactor operation. This is one of the first control strategies proposed for aerobic granular 

reactors and future research in pilot plant to confirm these results would be desirable. 
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4.6 Appendix 

Table A4.1: kinetic equations. 
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Table A4.1: (continued). 

Process Equation 
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Table A4.2: Kinetic and stoichiometric parameters 

Symbol Definition Value Units Reference 

bA Aerobic endogenous respiration rate 

of XA 

0.18 d
-1 

Jubany et al. (2008) 

bN Aerobic endogenous respiration rate 

of XN 

0.16 d
-1 

Jubany et al. (2008) 

bH Aerobic endogenous respiration rate 

of XH 

0.26 d
-1 

Henze et al. (2000) 

bSTO Aerobic respiration rate for XSTO 0.26 d
-1 

Henze et al. (2000) 

DNH4 Diffusion coefficient of SNH4 in water 1.9·10
-4 

m
2
 d

-1 
Pérez et al. (2005) 

DNO2 Diffusion coefficient of SNO2 in water 1.47·10
-4 

m
2
 d

-1 
Assumed 

DNO3 Diffusion coefficient of SNO3 in water 1.47·10
-4 

m
2
 d

-1
 Assumed 

DO2 Diffusion coefficient of SO2 in water 1.72·10
-4 

m
2
 d

-1
 Assumed 

DS Diffusion coefficient for SS 1·10
-4 

m
2
 d

-1
 Perez et al. (2005) 

fX Production of XI in endogenous 

respiration 

0.2
 

- Henze et al. (2000) 

iN,Xi N content of XI 0.04 kg N kg
-1

 COD Reichert et al. (2001) 

iN,BM N content of biomass, XH, XA, XN 0.07
 

kg N kg
-1 

COD Koch et al. (2000) 

ηH Reduction factor for anoxic activity 

for XH 

0.6
 

- Henze et al. (2000) 

ηH,NO3 Reduction factor for anoxic activity 

over nitrate for XH 

0.3
 

- Assumed 

ηA Reduction factor for anoxic activity 

for XA 

0.25
 

- Munz et al. (2011b) 

ηA,NO3 Reduction factor for anoxic activity 

for XA 

0.125 - Assumed 

ηN Reduction factor for anoxic activity 

for XN 

0.16
 

- Munz et al. (2011b) 

ηN,NO3 Reduction factor for anoxic activity 

for XN 

0.08 - Assumed 

kLa Oxygen mass transfer coefficient 1.5 min
-1

 Assumed 

KSTO Saturation constant for XSTO 1 kg COD kg
-1 

COD 

Henze et al. (2000) 

 SO2 saturation constant for XA 0.4 g O2 m
-3 

Munz et al. (2011b) 

 

A
O2K
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Table A4.2: (continued) 

Symbol Definition Value Units Reference 

 
SNH4 saturation constant for XA 1 g N-NH4

+
 m

-3 
Henze et al. (2000) 

 
SNO2 saturation constant for XA 1 g N-NO2

-
 m

-3 
Henze et al. (2000) 

 
SNO3 saturation constant for XA 0.5 g N-NO3

-
 m

-3 
Henze et al. (2000) 

 SNO2 saturation constant for XN 1 g N-NO2
-
 m

-3 
Henze et al. (2000) 

 SO2 saturation constant for XN 0.61 g O2 m
-3 

Munz et al. (2011b) 

 
SNO3 saturation constant for XN 1 g N-NO3

-
 m

-3 
Henze et al. (2000) 

KSs Saturation constant for SS 10 g COD m
-3 

Koch et al. (2000) 

 SO2 saturation constant for XH 0.2 g O2 m
-3 

Henze et al. (2000) 

 SNO2 saturation constant for XH 0. 5 g N-NO2
-
 m

-3 
Henze et al. (2000) 

 SNO3 saturation constant for XH 0. 5 g N-NO3
-
 m

-3 
Henze et al. (2000) 

 
SNH4 saturation constant for XH 0.01 g N-NH4

+
 m

-3 
Henze et al. (2000) 

μA,max Maximum growth rate of XA 1.32 d
-1 

Calibrated 

μN,max Maximum growth rate of XN 1.32 d
-1 

Assumed 

μH,max Maximum growth rate of XH 5.2 d
-1 

Calibrated 

kSTO Storage rate constant 13.2 d
-1 

Calibrated 

ρA Maximum density for XA 350 kg COD m
-3 

de Kreuk et al. (2007) 

ρN Maximum density of XN 350 kg COD m
-3 

de Kreuk et al. (2007) 

ρH Maximum density for XH 150 kg COD m
-3 

Xavier et al. (2007) 

ρSTO Maximum density of XSTO 1·10
8
 kg COD m

-3 
de Kreuk et al. (2007) 

ρI Maximum density of XI 400 kg COD m
-3 

Assumed 

YA Yield of XA per SNH4 0.18 kg COD kg
-1

 N Jubany et al. (2008) 

YN Yield of XN per SNO2 0.08 kg COD kg
-1

 N Jubany et al. (2008) 

YH Yield of XH per SS 0.57 kg COD kg
-1 

COD
 

Sin et al. (2005) 

YHSTO Yield of XH per XSTO 0.68 kg COD kg
-1 

COD 

Sin et al. (2005) 

YSTO Yield coefficient for storage on 

substrate 

0.80 kg COD kg
-1 

COD 

Sin et al. (2005) 

 

A
NH4K

A
NO2K

A
NO3K

N
NO2K

N
O2K

N
NO3K

H
O2K

H
NO2K

H
NO3K

H
NH4K
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Table A4.3: Stoichiometric matrix of soluble and particulate components 
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5.1 Introduction 

For the achievement of sustainable (energy-neutral or even energy-positive) wastewater 

treatment plants the use of anammox for sewage treatment has been proposed (Kartal et al., 

2010). The performance of one-stage nitrogen (N) removal of pretreated municipal nitrogenous 

wastewater has been tested with sequencing batch reactors (SBR) as a first approach (Hu et al., 

2013; Winkler et al., 2011b). In many of the studies, the known weak point of those trials is that 

nitrite-oxidizing bacteria (NOB) develop in the long term operation, triggering the production of 

nitrate, and decreasing importantly the N-removal performance with anammox (de Clippeleir et 

al., 2013; Winkler et al., 2011b). Even in the treatment of the sidestream (reject water), with 

more advantageous conditions for anammox-based N-removal, the development of NOB in one-

stage granular reactors was a problematic issue during the maintenance routines, like short-

term aeration pulses, which are thought to lead to healthy NOB population (Joss et al., 2011). 

A two-stage N-removal system operating in continuous mode could be thought also as an 

appealing solution for sewage treatment (Regmi et al., 2014). In fact, a two-stage N-removal 

system was proposed as a potential alternative (nitritation with activated sludge (Ma et al., 

2011); nitritation with granular reactor (Torà et al., 2013)). In the past, poor results were 

reported, and little attention had been paid to partial nitritation with biofilm reactors either 

because such a process was thought difficult to be maintained in the long term (Fux et al., 2004; 

Garrido et al., 1997) or because trials yielded not the expected results (Bernet et al., 2005). 

However, stable nitritation in biofilm reactors operating in continuous mode have been reported 

for the specific treatment of the sidestream (Torà et al., 2013) and other types of rich 

ammonium wastewaters (Bartrolí et al., 2010; Bougard et al., 2006; Tokutomi, 2004) at 

temperatures over 20ºC. Also the process have been deeply studied through mathematical 

modeling (Brockmann and Morgenroth, 2010; Jemaat et al., 2013; Pérez et al., 2009). The 

success of such a treatment relays in the use of a control strategy to maintain the adequate ratio 

between oxygen and ammonium concentrations in the reactor bulk liquid, as to repress NOB 

activity in the biofilm (automatic control for partial nitrification to nitrite in biofilm reactors, 

ANFIBIO; Bartrolí et al. (2010); Jemaat et al. (2013)). However, when applying such a strategy to 

the mainstream, two different challenges could be outlined: (i) the partial nitritation reactor 

would need to produce the adequate ratio between ammonium and nitrite concentrations as to 

feed a subsequent anammox reactor and (ii) to the best of our knowledge, a stable partial 

nitritation reactor (achieving an effluent with a nitrite/ammonium ratio of 1), with floccular, 

attached or granular biomass, at temperatures lower than 15 ºC and treating low-strength 
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ammonium wastewaters has not been reported. Only some studies achieved stable full 

nitritation in SBRs at these conditions but treating low nitrogen loading rates (NLR: 0.05-0.10 g N 

L-1 d-1, Gu et al. (2012); Yuan and Oleszkiewicz (2011)). Other reactors operated at higher NLRs 

showed sudden deterioration of the nitritation at temperatures lower than 15 ºC (Yamamoto et 

al., 2006). 

Here, we would like to demonstrate the feasibility of partial nitritation in a granular reactor 

operating in continuous mode at low temperatures, treating a wastewater with low N 

concentrations. Microbiological analyses and mathematical modeling tools will be used to better 

understand the experimental results.    

5.2 Materials and Methods 

5.2.1 Reactor set-up, inoculum and wastewater 

An airlift reactor with working volume of 2.5 L was used in this study (see scheme in Figure 5.1.). 

Compressed air was supplied through an air diffuser placed at the bottom of the reactor and 

manually manipulated to maintain the dissolved oxygen (DO) concentration in the bulk liquid in 

the range 1 – 5 mg O2 L-1. The DO concentration in the bulk liquid was measured on-line by 

means of a DO electrode (DO 60-50, Crison Instruments, Spain). The pH was measured online 

with a pH probe (pH 52-10, Crison Instruments, Spain) and automatically controlled at 8.0±0.1 by 

dosing a Na2CO3 0.5 M solution. Temperature was controlled at different values in the 

experiments, 30.0±0.1, 20.0±0.1, 15.0±0.1 and 12.5±0.1 ºC by means of a cooling system (E100, 

LAUDA, Germany) and an electric heater (HBSI 0.8m, HORST, Germany) connected to a 

temperature controller (BS-2400, Desin Instruments, Spain). The total ammonia nitrogen (TAN = 

N-NH4
+ + N-NH3) in bulk liquid was controlled varying the inflow rate.  Before day 71, the TAN 

control was made manually based on the off-line bulk liquid TAN concentration measurement. 

From day 71 to day 250, the TAN control was automated by using an on-line TAN probe (NH4Dsc 

probe with a Cartrical cartridge, Hach Lange, Germany) using a proportional controller. From day 

250 onwards, the TAN control was again made manually to check the feasibility of implementing 

this technology without a TAN on-line sensor.    

The airlift reactor was inoculated with nitrifying granular sludge that had been stored at 4ºC for 

7 months after collection from a granular sludge pilot reactor treating the sidestream of a 

municipal WWTP through nitritation in stable conditions for several months. The nitrifying 

granules had an average particle size of 0.5 mm (Torà et al., 2013). 
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Figure 5.1. Schematic diagram of the reactor set-up showing the peripheral instrumentation and control loops. 

 

The biofilm airlift reactor was fed with a synthetic influent mimicking the pretreated municipal 

wastewater from an anammox-based WWTP (Kartal et al., 2010). The pretreatment of the 

wastewater would consist of a classical WWTP primary treatment followed by the removal of 

the organic matter in a very high-loaded activated sludge reactor. The ammonium concentration 

of the wastewater also accounts for the ammonium coming from the sidestream produced after 

the digested sludge dewatering. Therefore, the resulting mineral medium contained, in average, 

70 mg N-NH4
+ L-1 (Hu et al., 2013), added as NH4Cl. The synthetic wastewater also contained 45 

mg L-1 KH2PO4, 90 mg L-1 MgSO4, 40 mg L-1 CaCl2 and 1 mL of trace elements solution per L of 

influent (Guerrero et al., 2011).  

5.2.2  Analytical methods 

Liquid samples were periodically withdrawn from the reactor effluent to determine the 

concentrations of TAN, total nitrite nitrogen (TNN = N-NO2
- + N-HNO2)  and nitrate. Ammonium 

concentration was measured with an ammonium analyzer (AMTAX sc, Hach Lange, Germany). 

Nitrate and TNN concentrations were analyzed with ionic chromatography using an ICS-2000 

Integrated Reagent-Free IC system (DIONEX Corporation, USA) which performs ion analyses 

using suppressed conductivity detection. Mixed liquor total suspended solids (TSS) and mixed 

liquor volatile suspended solids (VSS) were analyzed according to Standard Methods (APHA, 
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2008). Average particle size was measured by a laser particle size analysis system (Malvern 

MasterSizer Series 2600, Malvern instruments Ltd., UK). The average settling velocity was 

measured by recording the time taken for at least 40 individual granules to fall from a certain 

height in a measuring cylinder filled with the synthetic medium described in the previous 

section. 

5.2.3 Fluorescence in situ hybridization (FISH) 

FISH technique coupled with confocal laser scanning microscopy was used to determine the 

relative abundances of ammonia-oxidizing bacteria (AOB), NOB and anammox bacteria (AMX) in 

the granules. Hybridizations were carried out using at the same time a Cy3-labeled specific 

probe and Cy5-labeled general bacteria probe. The general probe was a 1:1:1 mixture of 

EUB338I, EUB338II, and EUB338III for all Bacteria (Table 5.1). Specific and general probe 

sequences are also listed Table 5.1. A Leica TCS SP2 AOBS confocal laser scanning microscope at 

a magnification of x63 (objective HCX PL APO ibd.B163 x1.4 oil) equipped with two HeNe lasers 

with light emission at 561 and 633nm was used for biomass quantification. The detailed 

procedure and additional information related to FISH quantification can be found elsewhere 

(Jubany et al., 2009b). 

Table 5.1. 16S rRNA-targeted oligonucleotide probes, target microorganisms, and references used in this study to 
determine the relative abundance of microbial population with the FISH technique. 

Probe Sequence (from ‘5 to ‘3) Specificity Reference 

EUB338 I GCTGCCTCCCGTAGGAGT Most bacteria Amann et al. (1990) 

EUB338 II GCTGCCTCCCGTAGGAGT Planctomycetales Daims et al. (1999) 

EUB338 III CGCCATTGTATTACGTGTGA Verrucomicrobiales Daims et al. (1999) 

NSO190 CGATCCCCTGCTTTTCTCC All AOB Mobarry et al. (1996) 

NIT3 CCTGTGCTCCATGCTCCG Nitrobacter spp. Wagner et al. (1996) 

NTSPA662 GGAATTCCGCGCTCCTCT genus Nitrospira Daims et al. (2001) 

AMX368 CCTTTCGGGCATTGCGAA All Anammox bacteria Schmid et al. (2005) 

 

 

5.2.4 Mathematical modeling 

A one-dimensional biofilm model was developed to simulate the nitrifying biofilm airlift reactor 

performance based on Wanner and Reichert (1996) and implemented in the software package 

AQUASIM (Reichert, 1998), v.2.1d.  
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5.2.4.1 Biological Processes 

The biomass species described as particulate compounds in the biofilm matrix were three: AOB, 

NOB and inert biomass. Nitrification was defined as a two-step process with a first oxidation of 

ammonium to nitrite by ammonia-oxidizing bacteria (AOB) and a subsequent oxidation of nitrite 

to nitrate by nitrite-oxidizing bacteria (NOB). The kinetics for each of the processes considered in 

this model i.e. growth and decay of each kind of bacteria (Table A5.1), the stoichiometry of the 

process (Table A5.2) and the kinetic parameter values (Table A5.3) are presented in the 

Appendix of this chapter. All the kinetic parameters were taken from literature.  

The values corresponding to the maximum specific growth rates of autotrophic bacteria (max,AOB 

and max,NOB) were calculated with the equations proposed by Jubany et al. (2008):  

)1066.1/10()10/1005.2(1
1028.1),( 79

)273/(818312

max, 








pHpH

T

AOB

e
TpH

      (5.1) 

)1066.1/10()10/1005.2(1
1069.6),( 79

)273/(52957

max, 








pHpH

T

NOB

e
TpH

      (5.2) 

On the other hand, the decay rate expression for both AOB and NOB were calculated with the 

equations proposed by Munz et al. (2011a) and modified with a temperature correction: 

)273/(818311
, 1021.3)( T

AOBAER eTb 
          (5.3)  

)273/(818310
, 1034.1)( T

AOBANAER eTb 
          (5.4) 

)273/(52956
, 1071.9)( T

NOBAER eTb 
          (5.5) 

)273/(52955
, 1066.4)( T

NOBANAER eTb 
          (5.6) 

5.2.4.2 Granules description 

Biofilm area was described as a function of the granule radius, to correctly simulate the biofilm 

geometry (for further details see Jemaat et al. (2013)). Total biofilm area was defined as a 

function of granule size and number of granules. A detachment rate was used to keep a constant 

biofilm thickness in steady state at a predefined value. Detached biomass from the biofilm was 

considered as active following the same kinetics defined for the biomass in the biofilm. 

Attachment of biomass onto the biofilm surface has been neglected. For the sake of simplicity 



Stable partial nitritation for low strength wastewater at low temperatures in an aerobic granular reactor 

82 

external mass transfer has been neglected. The porosity of the biofilm was fixed as 80% and kept 

constant during all the simulations. Initial fractions of particulate compounds were 10% AOB, 8% 

NOB, 2% heterotrophic biomass. Other parameters related to the biofilm and used in the model 

are detailed in Appendix of this chapter (Table A5.5). 

5.2.4.3 Process control modeling 

The control strategy was also described by the model. Two different closed-loops were used: (i) 

one to maintain the TAN concentration in the bulk liquid of the nitritation reactor (i.e., the 

reactor effluent, considering a well-mixed liquid phase in the reactor) and (ii) a second one to 

control the DO concentration in the bulk liquid.  

TAN concentration was maintained by regulating the inflow rate (as done experimentally in the 

reactor). In the model TAN control loop, an ad hoc expression was developed, because the 

control loop has the inflow rate (Qin) as manipulated variable (Jemaat et al., 2013): 

   
  







 
 a

TAN

TANTAN
QQ

SP

SP
sideside ·1·0,       (5.7) 

where Qin,0 is known as the bias of the control action, i.e. the default value of flow-rate. The 

controller will always act either increasing or decreasing Qin around Qin,0. [TAN] is the total TAN 

concentration in the bulk liquid phase. [TAN]SP is the TAN concentration set point. The 

proportional gain of the controller (a), could be easily tuned depending on the particular 

operating conditions. The principle of the performance of the expression is similar to that 

applied in a conventional proportional control law.  

The closed DO control loop was used to keep in the simulations the same DO applied in the 

experiments. For the mathematical description of the DO control loop, aeration was introduced 

as a dynamic process only active in the bulk liquid phase. A high value for the volumetric gas-

liquid oxygen transfer coefficient (kLa= 104 d-1) was selected. The oxygen solubility used was 

equal to the DO set point (Jemaat et al., 2013; Pérez et al., 2009):  

 ][][·][
DODOak

dt

DOd
SPL         (5.8) 

where [DO] is the dissolved oxygen concentration in the bulk liquid, and [DO]SP is the DO 

concentration set point. As a set point the experimental DO was used.  
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5.2.4.4 Modeling strategy 

For the description of the experiments, experimental data like pH, temperature, reactor volume, 

biomass concentration, granule size and characteristics of the influent were input to the model. 

Also the TAN set point imposed in the experiments and the measured DO concentration were 

inputs for the model. The main model outputs are the values of TNN and nitrate concentrations 

in the effluent for each of the temperatures tested (20, 15 and 12.5 ºC) and flow-rate. To 

adequately simulate the start-up period, first a granular sludge was developed in the reactor for 

a period of 600 days at 30 ºC. To simulate the storage of the granular sludge before inoculation 

of the reactor, the reactor temperature was set to 5.5 ºC for 200 days (i.e. equivalent to the 7 

months the granular sludge has been stored). DO was maintained at 0.01 mg O2 L
-1 and the TAN 

in the bulk was set to only 0.05 mg N L-1, to simulate the conditions in the storing fridge. After 

this period, the conditions used in the real start-up were imposed in the simulation, pursuing a 

fully dynamic description of the experiments. 

To investigate the mechanisms leading to stable partial nitritation at low temperatures, 

additional simulations were run. The impact of the oxygen affinity constant of NOB (KO2,NOB) was 

investigated. NOB repression was investigated when (i) the oxygen affinity constants of NOB and 

AOB were assumed equal (KO2,NOB = KO2,AOB = 0.74 mg N L-1), and (ii) assuming NOB with a higher 

oxygen affinity, KO2,NOB < KO2,AOB (0.16 and 0.74 mg N L-1, respectively). Also, the model 

predictions at lower bulk ammonium concentration were explored to determine the importance 

of the ammonium concentration in NOB repression.  

5.3 Results and Discussion 

5.3.1 Reactor start-up 

After the inoculation, the reactor was first left overnight in batch mode with an initial TAN 

concentration of 192 mg N L-1 and the temperature was set to 30 ºC to wake up the biomass. 

The day after, the continuous operation was started with an initial NLR of 0.27 g N L-1 d-1. During 

the first 36 days, the temperature was progressively reduced from 30 to 20 ºC, whereas the NLR 

was increased from 0.27 to 1.4 g N L-1 d-1 (Figure 5.2). Only during the first days of operation a 

significant amount of the ammonium was oxidized to nitrate (up to 18 mg N-NO3
- L-1 on day 2, 

see Figure 5.2C). However, the nitrate production progressively decreased to only 0.4 mg N-NO3
- 

L-1 on day 35. From day 35 onwards, stable partial nitritation to nitrite was maintained in the 

reactor (Figure 5.2), see details in the next section. 



Stable partial nitritation for low strength wastewater at low temperatures in an aerobic granular reactor 

84 

From day 0 to 16, a fast decrease of the biomass concentration from 2.9 to 1.3 g VSS L-1 

occurred, while the particle size increase from 0.5 on day 0 to 1.2 mm on day 45 (Figure 5.2A).  

5.3.2 Reactor performance at low temperatures 

On day 36 the reactor temperature was decreased first to 20 ºC for a period of 40 days, then to 

15 ºC during 70 days and finally to 12.5 ºC during 300 days. Therefore, the reactor was operated 

during more than 12 months at a temperature equal than or below 15 ºC. 

 

Figure 5.2. Performance of the continuous granular airlift reactor treating a synthetic municipal mainstream 
wastewater. (A) Biomass concentration and particle size; (B) Nitrogen Loading Rate (NLR) and Ammonium Oxidation 

Rate (AOR); (C) Nitrogen compounds concentrations throughout the operational period and temperature. 
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As shown in Figure 5.2, stable partial nitritation was successfully maintained at any of the 

temperatures tested by maintaining a very low DO/TAN concentrations ratio in the bulk liquid of 

the reactor (i.e. very strong oxygen limiting conditions) to repress NOB activity (Bartrolí et al., 

2010; Jemaat et al., 2013). Low effluent nitrate concentrations were measured; 0.3±0.1 and 

0.4±0.1 mg N-NO3
- L-1 at 20 and 15 ºC, respectively. When the temperature was decreased to 

12.5 ºC, the effluent nitrate concentration slightly increased to an average value of 2.5±0.7 mg 

N-NO3
- L-1. Interestingly, the nitrate production did not increase further and remained rather 

stable. Note how an effluent nitrate concentration of 2.5±0.7 mg N-NO3
- L-1 only means a 3.6 % 

of the influent ammonium oxidized to nitrate.  

The average TNN/TAN concentrations ratio in the reactor effluent was 1.0±0.2 from days 40 to 

150 and 1.2±0.3 from days 150 to 450. This ratio is suitable for a subsequent anammox step.  

The ammonium oxidation rate (AOR) showed a decreasing trend with temperature during the 

first 200 days but AOR slightly increased after 100 days operating at 12.5 ºC (Figure 5.2B). This 

gain was probably due to the increase of the biomass concentration from day 200 onwards 

(Figure 5.2A). The specific ammonium oxidation rate (sAOR) achieved at 12.5 ºC (0.2±0.1 g N g-1 

VSS d-1) was considerably high compared with other reported nitrifying systems (Gu et al., 2012; 

Yuan and Oleszkiewicz, 2011). The sAOR at 12.5 ºC, 15 ºC (0.32±0.06 g N g-1 VSS d-1) and 20 ºC 

(0.55±0.04 g N g-1 VSS d-1) are comparable with the sAOR achieved in other nitrifying granular 

reactors also operated with a similar control strategy at 20 ºC (0.63±0.05  g N g-1 VSS d-1; Jemaat 

et al. (2013)) and 30 ºC (1.4±0.1 g N g-1 VSS d-1; Bartrolí et al. (2010)), and much higher than the 

0.03 g N g-1 VSS d-1 reported by Hu et al. (2013) in a one-stage anammox reactor at 12ºC. The 

influence of the temperature in the nitritation process can be fitted to an Arrhenius-type 

equation (rnitT1 = rnitT2· θ
(T1-T2)), achieving a temperature coefficient of θ=1.13±0.03 which is in the 

range of the coefficients for nitrifying reactors in two-stage systems (Carrera et al., 2003). 

The size of the nitrifying granules quickly increased from the initial 0.5 mm to more than 1.2 mm 

in only 45 days. After that, the particle size showed a decreasing trend to a stable size around 0.7 

mm (Figure 5.2A). The biomass concentration progressively increased from 1.1 g VSS L-1 on day 

77 to 2.1 g VSS L-1 on day 450 (Figure 5.2A).  The settling velocity of the granules had a rather 

constant value at ca. 25±2 m h-1 at any of the temperatures tested. 

On day 99 (at 15 ºC) a failure of the feeding pump left the reactor without feeding for 6h. Also 

on day 115, an electricity cut left the reactor with neither feeding nor pH control during 3h, but 

with the aeration and temperature control correctly working. Those days have been plotted with 
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a NLR of 0 g N L-1 d-1 (Figure 5.2B). In both cases, the DO concentration in the reactor increased 

to 8 mg O2 L-1 for 1-2 h after the accident due to the decrease of the AOB activity once 

ammonium was consumed. Both the high oxygen concentration and the ammonium depletion 

enhanced the nitrate production during the accidental periods, consequently, 4.5 and 2.6 mg N-

NO3
- L-1 were measured on days 99 and 115, respectively. However, in all cases, the day after the 

restoring the operational conditions, the nitrite and nitrate concentrations in the reactor were 

very similar to those measured before the operational accident, indicating that the operational 

strategy of applying a low DO/TAN concentrations ratio to repress NOB activity was robust. 

From day 250 onwards, the TAN control was switched from automatic to manual mode but the 

process remained stable. The slight oscillations in the TNN/TAN concentrations ratio around 

days 260 and 360 (Figure 5.2C) can be attributed to changes in the biomass concentration rather 

than control problems. The successful operation of the partial nitritation process with manual 

control at 12.5 ºC during more than 200 days demonstrated the high stability of this technology.   

5.3.3 Microbial characterization of granules 

Biomass samples from days 72 (20 ºC), 147 (15 ºC), 211 (12.5 ºC) and 391 (12.5 ºC) were 

analyzed using the FISH-CLSM technique to quantify the AOB, NOB and anammox biomass 

fractions at the different temperatures at which the reactor was operated. AOB was found to be 

the predominant microbial population at all temperatures with similar biomass fractions, around 

70±8 %, in biomass samples from day 72, 147 and 211, while slightly increased to 81±12 % on 

day 391 (Table 5.2).  

Table 5.2. Microbial fractions of AOB, NOB and anammox at the different temperatures tested, as determined by 
using the FISH technique. n/d=not detectable. 

 20 ºC 15 ºC 12.5 ºC 

Day 72 147 211 391 

AOB sp. (%) 74±11 67±13 72±8 81±12 

Nitrobacter spp. (%) 17±6 18±8 19±4 1±1 

Nitrospira spp. (%) n/d n/d n/d n/d 

Anammox (%) n/d n/d n/d n/d 

 

The NOB biomass fraction determined by FISH was relatively high and constant, around 18±8%, 

in biomass samples from day 72, 147 and 211 (Table 5.2) despite the NOB activity was effectively 

repressed. However, on day 391, NOB fraction decreased to 1±1, indicating that NOB were 

almost washed out from the nitrifying granules. 
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 Therefore, the long term application of a low DO/TAN concentrations ratio at low temperatures 

tended to wash out NOB, similarly to what Bartrolí et al. (2010) observed at 30ºC in a similar 

nitrifying granular reactor, although this process was much slower at 12.5 ºC (more than 7 

months, Table 5.2) than that at 30ºC (ca. one month, Bartrolí et al. (2010)). 

The main NOB genus at all the temperatures was Nitrobacter, whereas Nitrospira was not 

detected through FISH (Table 5.2). Nitrobacter are r-strategist microorganisms and they have 

higher maximum growth rate and nitrite half-saturation constants than those of Nitrospira which 

are K-strategist microorganisms (Blackburne et al., 2007; Downing and Nerenberg, 2008). Hence, 

Nitrobacter are favored in environments with accumulation of nitrite in the bulk liquid (Kim and 

Kim, 2006; Schramm et al., 2000), such as that in the granular reactor of this study (nitrite 

concentration ca. 30±5 mg N L-1). In contrast, Nitrospira are favored in nitrite limiting 

environments, such as those in one-stage partial nitritation-anammox reactors (de Clippeleir et 

al., 2013; Winkler et al., 2011b) or nitrifying reactors with low nitrite concentration in the bulk 

liquid (Regmi et al., 2014).  

Finally, anammox could not be detected in any of the analyzed samples, neither in the sample on 

day 391, which was taken more than 12 months after the start-up of the nitrifying airlift reactor 

(Table 5.2). 

5.3.4 Model-based assessment of NOB repression at low temperatures 

As it was demonstrated in previous studies, the NOB repression in granular reactors is achieved 

due to the strong oxygen limitation, assured by the control strategy, in which a low DO/TAN 

concentrations ratio is maintained in the bulk liquid  assuring an excess of ammonium in the 

biofilm (Bartrolí et al., 2010; Jemaat et al., 2013). Reasons behind the efficiency of this control 

strategy have been already discussed in depth in those publications (Bartrolí et al., 2010; Jemaat 

et al., 2013), as well as the fundamental aspects of how NOB repression is achieved in biofilm 

reactors (Brockmann and Morgenroth, 2010; Pérez et al., 2009). However, all those studies were 

carried out at temperatures above 20ºC and it is not clear if the same reasons are valid at the 

experimental conditions of this study, because at temperatures below 20ºC, the specific NOB 

growth rate is higher than that of AOB (Hunik et al., 1994). A mathematical model was used to 

confirm the NOB repression mechanism in granular reactors at low temperatures postulated in 

this study. 

5.3.4.1 Model evaluation 

The first 240 days of operation were used for model evaluation. This period was chosen since 

both, the biomass concentration and the granular size achieved stable values (Figure 5.2A). The 
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simulated effluent concentrations of TAN, TNN and nitrate were directly compared with those 

obtained in the experiments (Figure 5.3). The model predicted no nitrate accumulation for the 

three temperatures, as obtained experimentally. The second major output of the model is the 

NLR applied to the reactor, model predictions showed agreement with the experiments as 

shown in the direct comparison of experimental and predicted flow-rates (Figure 5.3). 

Maintaining the same operating conditions at 12.5ºC in long term simulation (i.e. steady state) 

NOB were washed out from the reactor, in agreement with the experimental trend (see NOB 

biomass fraction at day 391 in Table 5.2).  

 

 

Figure 5.3. (A) Experimental and simulated flow-rate in the influent of the granular airlift reactor throughout the first 
240 days. (B) Experimental and simulated nitrogen compounds concentrations throughout the first 240 days at the 

different temperatures tested. 
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5.3.4.2 Importance of the difference in oxygen affinity between AOB and NOB for effective 

NOB repression 

When the oxygen affinity constants of NOB and AOB were assumed equal (KO2,NOB = KO2,AOB= 0.74 

mg N L-1) the model predictions indicate that nitrate accumulates in the effluent because NOB 

repression is not efficient (Table 5.3). When a higher oxygen affinity is considered for NOB 

KO2,NOB < KO2,AOB, (0.16 and 0.74 mg N L-1, respectively), even a higher nitrate concentration was 

found with the model (Table 5.3). The simulation results indicated that if AOB oxygen affinity is 

equal or lower than that of NOB, nitrite oxidizing activity is not effectively repressed despite 

applying low DO/TAN concentration ratios in the bulk liquid, and nitrate is produced. In both 

cases (for KO2,AOB = 0.74 and 0.16 mg N L-1) for long term simulations (i.e. steady state) NOB are 

nor washed out from the reactor, contrary to what is observed experimentally (Table 1) and 

when using KO2,NOB > KO2,AOB. 

Table 5.3. Effluent concentration of N-species on day 237 as predicted by the model for different values of the NOB 
oxygen half-saturation coefficient (KO2,NOB) at 12.5ºC. NOB repression is efficient only for KO2,NOB > KO2,AOB. 

  KO2,NOB 

(mg N L
-1

) 

TAN 

(mg N L
-1

) 

TNN 

(mg N L
-1

) 

Nitrate 

(mg N L
-1

) 

KO2,NOB > KO2,AOB (model evaluation) 1.75 30 37 1.1 

KO2,NOB = KO2,AOB 0.74 30 19 19 

KO2,NOB < KO2,AOB 0.16 30 11 28 

 

Although it is generally accepted that NOB have lower oxygen affinity than AOB (Sin et al., 2008), 

Liu and Wang (2013) recently demonstrated that NOB can become better oxygen competitor 

than AOB under long term low DO conditions and as a result, nitrate is produced. Also, Regmi et 

al. (2014) found that the NOB population in their nitrifying reactor had a lower DO half-

saturation constant than that of AOB and could compete with AOB for oxygen uptake at low DO 

concentrations. Interestingly, both studies found that the dominant NOB genus in their systems 

was Nitrospira instead of Nitrobacter.   

Therefore, a scenario in which NOB have higher oxygen affinity than that of AOB is possible if the 

NOB population is enriched in Nitrospira instead of Nitrobacter (Liu and Wang, 2013; Regmi et 

al., 2014). Thus we hypothesize that a key aspect for achieving stable partial nitritation at 

temperatures below 20ºC could be to select a NOB population composed mainly by Nitrobacter 

instead of Nitrospira. 
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5.3.4.3 Importance of ammonium excess for effective NOB repression 

As previously described, the control strategy applied in this study is based on maintaining a very 

low value of the DO/TAN concentrations ratio in the bulk liquid, thus assuring strong limiting 

conditions required to obtain the NOB repression in the granules. The importance of the oxygen 

affinity has been demonstrated in the previous section but also the importance of the 

ammonium excess in the bulk liquid was assessed with the model.  

A new dynamic simulation was run as to switch from the usual [TAN]SP=30 mg N L-1 to 10 mg N L-

1 and the ammonium and DO concentration profiles in the biofilm were investigated at these 

two different ammonium setpoint values. When decreasing the [TAN]SP to 10 mg N L-1, 

ammonium was still in excess (see Figure 5.4B), but the corresponding Monod term of the 

kinetics changed importantly (Figures 5.5A and 5.5B). 

 

Figure 5.4. Results obtained with the model. (A) Simulated biomass and oxygen biofilm profiles in the granular sludge 
at 12.5 ºC, day 248 when NOB are repressed. (B) Simulated dissolved oxygen (DO) and total ammonia nitrogen (TAN) 
biofilm profiles in the granular sludge at 12.5ºC for a [TAN]SP of 32 and 10 mg N L

-1
, corresponding to days 248, and 

254 respectively in the dynamic simulation. 
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This was the major change since oxygen was kept constant in the bulk at 2.2 mg O2 L-1. At 

[TAN]SP= 10 mg N L-1 the AOB specific growth rate in the biofilm was lower than that of NOB (see 

Figure 5.5D), reversing the previous trend found at [TAN]SP=30 mg N L-1 (see Figure 5.5C). With 

the [TAN]SP= 10 mg N L-1, nitrate increased very fast in the reactor (in a period of only hours, see 

Figure 5.6), which would lead to a stable NOB development in the biofilm.  

Therefore, despite partial nitritation can be achieved in granular reactors in oxygen limiting 

conditions when the AOB population has a higher affinity for DO than that of the NOB, a certain 

excess of ammonium in the bulk liquid is required to keep the specific AOB growth rate higher 

than that of NOB. 

Figure 5.5. Results obtained with the model at 12.5ºC. Oxygen, ammonium and nitrite Monod terms in the granular 
sludge when maintaining the ammonium concentration in the bulk liquid at 32 mg N L-1 (A) and 10 mg N L-1 (B). 

Specific growth rate of AOB and NOB in the granular sludge at 32 mg N L-1 (C) and 10 mg N L-1 (D).  
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Figure 5.6. Simulations results obtained for a step down in the [TAN]SP from 30 to 10 mg N L-1 while DO was kept 
constant. Nitrate concentration increased very fast after the disturbance because NOB repression is not longer 

efficient.  

 

5.3.5 Suitability of a two-stage autotrophic N-removal system for mainstream 

treatment 

The strategy to split the N-removal in two different reactors has as main advantage that the 

anammox reactor can be operated anoxically, to avoid competition for nitrite by NOB, which is 

one of the main weak points of the use of an one-stage N-removal biofilm reactor to remove 

nitrogen in these conditions (de Clippeleir et al., 2013; Winkler et al., 2011b) (like genuinely 

proposed by Kartal et al. (2010)).  
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The operation of anammox reactors treating pretreated municipal wastewater at temperatures 

below 20 ºC, as the one required in the two-stage N-removal system, has been previously 

demonstrated (Lotti et al., 2014). In that study, a NLR of 0.6 g N L-1 d-1 was achieved at 10 ºC 

using and upflow fluidized granular sludge reactor. Since the average NLR applied in our partial 

nitritation reactor at 12.5 ºC was 0.7±0.3 g N L-1 d-1 (Figure 5.2B), both processes could be easily 

integrated in series, in a two-stage autotrophic N-removal system.  
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5.4 Appendix 

Table A5.1. Kinetic rate expressions  

j Process Process rate (d
-1

) Reference 
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Table A5.2. Stoichiometric Matrix 

j Process SO2 STAN STNN SNO3 XAOB XNOB XI 

1 Growth of XAOB 
-(3.43-

YAOB)/YAOB 
-1/YAOB 1/YAOB  1   

2 Decay of XAOB     -1  1 

3 Growth of XNOB 
-(1.14-YNOB) 

/YNOB 
 -1/YNOB 1/YNOB  1  

4 Decay of XNOB      -1 1 

 Units g O2 m
-3

 g N m
-3

 g N m
-3

 g N m
-3

 
g COD 

m
-3

 
g COD 

m
-3

 
g COD 

m
-3
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Table A5.3. Kinetic parameters (12.5 oC and pH 8.0) 

Symbol Definition Value Unit References 

 Ammonia oxidizing bacteria (AOB)     

max,AOB Maximum specific growth rate 0.36 d-1 Jubany et al. (2008) 

bAER,AOB Decay rate 0.11 d-1 Munz et al. (2011) 

bANAER,AOB Anaerobic decay rate 0.005 d-1 Munz et al. (2011) 

YAOB Growth yield 0.18 g COD g-1 N Jubany et al. (2008) 

KO2,AOB Affinity constant for oxygen 0.74 mg O2 L
-1 Guisasola et al. (2005) 

KS,TAN Affinity constant for TAN 11 mg TAN L-1 Carrera et al. (2004) 

 Nitrite-oxidizing bacteria (NOB)     

max,NOB Maximum specific growth rate 0.47 d-1 Jubany et al. (2008) 

bNOB Decay rate 0.09 d-1 Munz et al. (2011) 

bANAER,NOB Anaerobic decay rate 0.004 d-1 Munz et al. (2011) 

YNOB Growth yield 0.08 g COD g-1 N Jubany et al. (2008) 

KO2,NOB Affinity constant for oxygen 1.75 mg O2 L
-1 Guisasola et al. (2005) 

KS,TNN Affinity constant for TNN 22 mg TNN L-1 Ni et al. (2008a) 
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Table A5.4. Diffusivity coefficients 

Parameter Symbol Value Unit References 

Diffusivity of O2 in water DO2 2.2 ·10
-4 

m
2
 d

-1 
Picioreanu et al. (1997) 

Diffusivity of NH4
+
 in water DTAN 1.9 ·10

-4 
m

2
 d

-1 
Picioreanu et al. (1997) 

Diffusivity of NO2
-
 in water DTNN 1.7 ·10

-4 
m

2
 d

-1 
Picioreanu et al. (1997) 

Diffusivity of NO3
-
 in water DNO3 1.7 ·10

-4 
m

2
 d

-1 
Picioreanu et al. (1997) 

Diffusivity of organic substrate 

in water 
DS 1.0 ·10

-4 
m

2
 d

-1 
Picioreanu et al. (1997) 

Diffusivity coefficient inside 

biofilm 
Ediff 0.5

 
dimensionless

 

Assumed, in the range 

proposed by Bishop et al. 

(1995) 
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6.1 Introduction 

The anaerobic ammonium oxidation (anammox) is widely considered as the most economical 

and sustainable process for nitrogen removal from wastewater, due to its high nitrogen removal 

potential at reduced operating costs (Kartal et al., 2010; Lackner et al., 2014; Van Hulle et al., 

2010). Compared to conventional nitrification-denitrification process, the anammox process 

does not require organic matter for nitrogen removal, and oxygen requirements are reduced 

since only ca. half ammonium needs to be oxidized into nitrite in a previous partial nitritation 

step (Lackner et al., 2014; Van Hulle et al., 2010). 

The main disadvantage of the anammox process is, however, the very slow growth rate of the 

microbes responsible of this process, i.e. the “anammox bacteria”. Due to this slow growth rate, 

anammox bacteria doubling times around 10-14 days have been typically reported at their 

optimum growth temperature, i.e. 35-40 ºC (Dosta et al., 2008; Strous et al., 1999). Also, 

anammox growth rate is reduced ca. 30-40% every 5 ºC of temperature decrease (Dosta et al., 

2008; Strous et al., 1999). Perhaps for this reason, early anammox process implementations 

were generally at temperatures close to the optimum (Abma et al., 2010; Sliekers et al., 2003; 

van der Star et al., 2007; Wett, 2007), in order to minimize the slow growing characteristics of 

anammox bacteria. For some applications, anammox reactors are even heated to enhance the 

anammox growth, such as in some lab-scale rectors (Hu et al., 2013) or industrial reactors (Wett 

et al., 2013). 

Although in natural environments, anammox growth has been reported to occur at 

temperatures as low as −2.5°C in sea ice (Rysgaard and Glud, 2004) and as high as 70°C in hot 

springs and hydrothermal vent areas (Byrne et al., 2009; Jaeschke et al., 2009), in wastewater 

treatment applications anammox growth is limited to a maximum temperature of 43ºC (Strous 

et al., 1999). In fact, Toh et al. (2002) could not cultivate thermophilic anammox biomass at 55ºC 

and Dosta et al. (2008) observed that the exposure of anammox biomass at a temperature of 45 

ºC during a few hours resulted in a complete loss of activity and evidences of cell lysis (Dosta et 

al., 2008). Accordingly, temperature in anammox reactors should be carefully controlled bellow 

ca. 40ºC, especially in those reactors with temperature control using heaters (as 

abovementioned), or in reactors used for the treatment of industrial hot effluents (Lopez-

Vazquez et al., 2014), to avoid the risk of overpassing the maximum permissible temperature of 

anammox bacteria which would lead to an anammox reactor failure. To the best of our 

knowledge, there is lack of information in the literature about the impact of a temperature 

shock over the performance of an anammox reactor.  
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Changes in environmental conditions, such as a temperature shock, have a direct impact in 

microbial communities. The study of these microbial communities and their changes provides 

valuable information to better understand the nutrient removal processes occurring in 

wastewater treatment ecosystems.  Different molecular biology techniques, such as 

fluorescence in-situ hybridization (FISH) (Lotti et al., 2014), denaturing gradient gel 

electrophoresis (DGGE) (Park et al., 2010) or clone library (Hu et al., 2010) have been widely 

used for this purpose. Recently, the second generation of 454-pyrosequencing has been 

developed. This technique offers a high-throughput, fast and economical sequencing platform, 

with exceptional accuracy (Droege and Hill, 2008). With 454-pyrosequencing, thousands of 

operational taxonomic units (OTUs) can be identified in a reasonable period of time. Therefore, 

this technique can provide wider and more complete information about microbial community 

structures than previous conventional molecular biology techniques. For these reasons, 454-

pyrosequencing has gained interest in the study of complex microbial communities such as those 

of wastewater treatment environments (Hu et al., 2012; Ma et al., 2012; Xie et al., 2013; Ye et 

al., 2011). Despite the potential of 454-pyrosequencing, the use of this novel technique with 

anammox reactors is still scarce (Costa et al., 2014; Pereira et al., 2014). 

Hence, we present the performance of an anammox reactor before and after the occurrence of 

a high temperature shock (i.e. up to 46 ºC) which lasted for 8 days. The research was focused on 

exploring the microbial community structure changes during the N-removal recovery process of 

the anammox reactor. With that purpose, 454-pyrosequencing technique was used. 

6.2 Materials and methods 

6.2.1 Experimental set-up description 

The anammox process was carried out in a sequencing batch reactor (SBR) with a working 

volume of 10 L, a diameter of 20 cm and a height of 61 cm. The SBR was operated in cycles of 6 

h, divided in four phases: mixed filling (300 min), mixing (30 min), settling (20 min) and effluent 

withdrawal (10 min). The volumetric exchange ratio was of 25%. Biomass was mixed using a 

mechanical stirrer operated at rotating speed of 72 rpm. Nitrogen gas was flushed into the 

headspace at an average flow rate of 300 mL min-1. The pH was not controlled but ranged 

between 7.5 – 8.5 during one cycle. The temperature before and after the temperature shock 

was maintained constant at 35 ºC. 

The reactor was fed with a mineral medium containing (mg L-1): KHCO3 (100); H2PO4 (50); 

CaCl2·2H2O (100); MgSO4·7H2O (200); FeSO4 (6.3); EDTA (6.3) and 1.25 mL L-1 of a trace elements 
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solution (van de Graaf et al., 1996). The required amounts of nitrite and ammonium in the form 

of NaNO2 and (NH4)2SO4 were added to this mineral medium (as specified in the Results and 

Discussion section, Figure 6.1). 

The SBR was operated for more than 700 days previously to the temperature shock with 

nitrogen loading rate (NLR) ranging from 0.20 – 0.55 g N L-1 d-1. The biomass had an average SAA 

of 0.40±0.05 g N g-1 VSS d-1. 

The temperatures shock lasted from days -8 to 0 and consisted in an increase of the 

temperature in the anammox SBR to 46ºC. 

6.2.2 Analytical methods 

Ammonium was measured by means of an ammonium analyzer (AMTAX, Hach Lange, Germany). 

Nitrate and nitrite concentrations were analyzed with ionic chromatography using an ICS-2000 

Integrated Reagent-Free IC system (DIONEX Corporation, USA) which performs ion analyses 

using suppressed conductivity detection. Mixed liquor total suspended solids (TSS), mixed liquor 

volatile suspended solids (VSS) were measured according to Standard Methods (APHA, 2008).  

Specific Anammox Activity (SAA) was determined in batch assays, measuring the overpressure 

produced by di-nitrogen gas production of anammox bacteria (adapted from Dapena-Mora et al. 

2007). 

Nitrifying activity was determined in an aerobic batch assay, measuring the ammonium, nitrite 

and nitrate concentration over time. DO concentration, pH and temperature were maintained in 

this assay at 0.5-1.0 mg O2 L
-1, 7.5 ± 0.1 and 34 ± 1 ºC, respectively. 

6.2.3 Granular sludge morphology 

The Anammox granules for scanning electron microscope (SEM) observation were washed three 

times with water to remove impurities. For fixation, cells were immersed in 2.5% (vol/vol) 

glutaraldehyde (pH 7.4) for 2 h. The samples were then processed according to conventional 

electron microscopy methods as described in (Julián et al., 2010). Anammox granules were 

observed with an S-570 scanning electron microscope (Hitachi Ltd., Japan) at an accelerating 

voltage of 30 kV. 

6.2.4 Microbial diversity analysis 

6.2.4.1 DNA Isolation 

DNA was extracted from samples using the MoBio PowerBiofilm™ DNA Isolation Kit (MoBio 

Laboratories, USA), following the manufacturer protocol, with the exception of solution BF3, 
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that was added to 200 mL instead of the 100 mL recommended by the manufacturer. The quality 

and quantity of extracted DNA were measured by using a NanoDrop 1000 Spectrophotometer 

(Thermo Fisher Scientific, USA). All DNA samples were adjusted to 25 ng mL-1 for tagged 

pyrosequencing. 

6.2.4.2 Bacteria and anammox specific pyrosequencing for 16S rRNA 

Purified community DNA samples were submitted to the Research and Testing Laboratory 

(Lubbock, TX, USA) for Bacterial Tag-Encoded FLX-Titanium Amplicon Pyrosequencing (bTEFAP) 

and data processing. Samples were amplified for pyrosequencing using a forward and reverse 

fusion primer. The forward primer was constructed with (5’-3’) the Roche A linker 

(CCATCTCATCCCTGCGTGTCTCCGACTCAG), an 8bp barcode and the appropriated forward primer 

selected for bacteria diversity assay (530F: GTGCCAGCMGCNGCGG) or for anammox specific 

diversity assay (Amx368F: TTCGCAATGCCCGAAAGG; (Cornish Shartau et al., 2010). The reverse 

fusion primer was constructed with (5’-3’) a biotin molecule, the Roche B linker 

(CCTATCCCCTGTGTGCCTTGGCAGTCTCAG), and the proper reverse primer for bacteria diversity 

assay (1100R: GGGTTNCGNTCGTTR) or for anammox specific diversity assay (Amx820R: 

AAAACCCCTCTACTTAGTGCCC; Cornish Shartau et al. (2010)). Amplifications were performed in 

25 µl reactions with Qiagen HotStar Taq master mix (Qiagen Inc, Valencia, California), 1µl of each 

5µM primer, and 1µl of template. Reactions were performed on ABI Veriti thermocyclers 

(Applied Biosytems, Carlsbad, California) under the following thermal profile: 95ºC for 5 min, 

then 35 cycles of 94ºC for 30 sec, 54ºC for 40 sec, 72ºC for 1 min, followed by one cycle of 72ºC 

for 10 min and 4ºC hold.  

Amplification products were visualized with eGels (Life Technologies, Grand Island, New York). 

Products were then pooled equimolar and each pool was cleaned with Diffinity RapidTip 

(Diffinity Genomics, West Henrietta, New York), and size selected using Agencourt AMPure XP 

(BeckmanCoulter, Indianapolis, Indiana) following Roche 454 protocols (454 Life Sciences, 

Branford, Connecticut). Size selected pools were then quantified and 150 ng of DNA were 

hybridized to Dynabeads M-270 (Life Technologies) to create single stranded DNA following 

Roche 454 protocols (454 Life Sciences). Single stranded DNA was diluted and used in emPCR 

reactions, which were performed and subsequently enriched. Sequencing following established 

manufacture protocols (454 Life Sciences, Branford, Connecticut).   

6.2.4.3 Biodiversity analysis and phylogenetic classification 

Quality of data obtained from sequencing was evaluated and denoised and chimeras were 

removed from the data set at Research and Testing Laboratory. USEARCH was used for 
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dereplication, clustering (4% divergence) and consensus sequence generation and poor reads 

were then eliminated (Edgar, 2010). For general bacteria diversity analysis, reads shorter than 

250 bps and larger than 673 bps were trimmed. The same was done for Anammox specific 

diversity analysis but for reads shorter than 274 bps and larger than 675 bps. Chimera detection 

and removal was performed by executing UCHIME (Edgar et al., 2011) in de novo mode on the 

clustered data. In order to determine the identity of each remaining sequence, the sequences 

must first be quality checked and then clustered into Operational Taxonomic Units using the 

UPARSE algorithm (Edgar, 2013). Each OTU is then identified using the USEARCH global 

alignment algorithm (Edgar, 2010) and a database of high quality sequences derived from NCBI 

maintained by Research and Testing Laboratory.  

For each OTU, the top six matches from the high quality database were kept and confidence 

values were assigned to each taxonomic level by taking the number of taxonomic matches that 

agree with the best match at that level and dividing that by the number of high quality sequence 

matches that were found. Each OTU was then assigned taxonomic information using the lowest 

common taxonomic level whose confidence value was above 51%. OTUs that received no 

matches against the high quality sequences are identified as “no hit” After resolving the number 

of sequences per OTU, the percentage of each organism was individually calculated for each 

sample. Data obtained provided relative abundance information within and among individual 

samples. Relative abundances of reads were calculated by taxonomic level for each library. 

Values represent the percentage of reads of sequences obtained at each taxonomic identity 

(according to the degree that of similarity described above) within the total set of readings from 

the library.  

Indices of biological diversity were calculated for both libraries (Table 6.1 and Figure A6.1-A6.3 in 

the Appendix of this chapter) indicating both libraries were comparable in terms of abundance 

percentages and that good coverage of diversity was reached. 

6.2.4.4 Anammox doubling time estimation 

An indirect estimation of the doubling time of the anammox biomass in the SBR was calculated 

from the variation rate of the nitrogen removal rate (NRR) (Park et al., 2010; van der Star et al., 

2007). The variation rate of the NRR (µNRR) was determined with the least-squares method from 

the logarithm of NRR with respect to time: 

ln NRRi = ln NRR0 + µNRR·t       Eq. (6.1) 

Where NRR0 and NRRi are the initial NRR and at time = t (d), respectively  
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Then, the doubling time was calculated as: 

doubling time = ln(2)/µNRR       Eq. (6.2) 

6.3 Results and discussion 

6.3.1 Nitrogen removal recovery after the temperature shock 

During the temperature shock (days -8 to 0 in Figure 6.1), a progressive accumulation of 

ammonium and nitrite was observed in the reactor. Simultaneously, the NRR decreased from 

0.250 to 0.023 g N L-1 d-1. The color of the supernatant at the end of the temperature shock (day 

0) presented a slight orange color (data not shown), suggesting the lysis of anammox cells. On 

day 7, a SAA test was performed, but not measurable activity was obtained (Table 6.2). Similar 

results were found by Dosta et al. (2008) when, after performing two consecutive SAA tests at 

45 ºC to an anammox culture, almost no activity was measured and the supernatant presented 

an slight orange color. These authors suggested that this orange color could be due to the 

release of cytochrome c after the lysis of anammox cells due to the temperature shock. 

Table 2. Anammox activity of the biomass before and after the temperature shock event 

 Day 7 Day 55 Day 166 

NRR (g N L-1 d-1) 0 0.166 0.383 

SAA (g N g-1 VSS d-1) 0* 0.150±0.005 0.381±0.040 

*Below detection limit of the method 

To enhance the anammox activity recovery, the ammonium and nitrite influent concentrations 

were decreased to minimize any substrate inhibition of the anammox bacteria (Jin et al., 2012). 

From day 7 onwards, a progressive increase of the NRR was observed in the reactor. As depicted 

in Figure 6.2, from days 0 to 22 the ratio of nitrate production to ammonium consumption 

showed higher values than the 0.26 g N-NO3
- g-1 N-NH4

+ expected according to anammox 

stoichiometry (van de Graaf et al., 1996). However, from day 22 onwards the nitrate to 

ammonium stoichiometric ratio stabilized on 0.25±0.05 g N-NO3
- g-1 N-NH4

+. The average nitrite 

to ammonium ratio was stable at 1.3±0.1 g N-NO2
- g-1 N-NH4

+ during all the experimental period, 

including the temperature shock (Figure 6.2). 

On day 40, nitrite effluent concentration was lower than 3 mg N-NO2 L
-1, and NRR did not vary 

from days 32 to 40 (see Figure 6.1), which suggested that anammox growth rate was limited by 

low substrate concentration. Accordingly, the ammonium and nitrite influent concentrations 

were progressively increased, which allowed the NRR increase to 0.25 g N L-1 d-1 on day 70. This 
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NRR was similar to the obtained just before the temperature shock. Also on day 70, the SAA of 

the anammox granules was of 0.15 g N g-1 VSS d-1. This SAA was lower than the average 

0.40±0.05 g N g-1 VSS d-1 measured before the temperature shock. Similar SAA values to that 

obtained previous to the temperature shock (i.e. 0.38±0.04 g N g-1 VSS d-1) could not be 

measured until day 166 

 

Figure 6.1. Time course of nitrogen removal performance measured in the anammox reactor before and after the 
temperature shock event (highlighted with a gray band). (A) nitrogen loading and removal rate; (B) influent and 

effluent ammonium, nitrite and nitrate concentration. 

 

The doubling time of anammox biomass was calculated from NRR growth rate data. Two 

different doubling times could be calculated until day 70 (Figure 6.3). From days 10 to 38, the 

doubling time was 10.4 days (Figure 6.3), which is in the range of the 10 – 14 days of average 
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duplication time of anammox cells at 35ºC, as typically reported in the literature (Strous et al., 

1999). In contrast, form day 31 to 70 the doubling time was 17.2 days, which is higher than that 

expected at 35ºC. Probably, on that second period the growth rate was slightly limited by 

substrate concentrations, since from day 31 onwards the effluent nitrite concentration was most 

of the time around 2-5 mg N-NO2
- L-1 (see Fig 6.4) . 

 

Figure 6.2. Time course of nitrite to ammonium and nitrate to ammonium conversion ratios in the anammox reactor 
calculated form effluent N-species concentration.  The temperature shock event is highlighted with a gray band. 

 

 

Figure 6.3. Indirect estimation of the anammox biomass average doubling time from nitrogen removal rate data.  
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Figure 6.4. Effluent nitrite concentration from day 30 onwards 

 

6.3.2 SEM images 

The morphological differences between the anammox granules on days 13 and 42 after the 

temperature shock were inspected with SEM. Granules on day 13 presented a moderately rough 

surface (Figure 6.5A). When granules were inspected at a higher magnification, a consortium of 

rod, coccus and filamentous bacteria seemed to be growing over an apparently inert substratum 

(Figure 6.5C) without any colony structure.  

For granules taken on day 42, a much rougher surface could be observed compared with 

granules from day 13 (Figure 6.5B). At a higher magnification, the bacteria in the image seemed 

to grow in colonies and the inert substratum was not observed (Figure 6.5D). It seems like the 

temperature shock killed most cells from the granule and then, new cells were growing in 

colonies over the structure of the old granule.  

The small rounded cells could presumably be anammox cells, since they are typically visualized 

under the microscope as small coccoid cells with a diameter of about 0.8 µm (Kartal et al., 2013). 

If this is the case, the number of anammox cells in the picture taken on day 42 (Figure 6.5D) 

seemed to be greater than that in picture from day 13 (Figure 6.5C).  
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Figure 6.5. SEM images of the anammox granules on days 14 and 50 after the temperature shock.  

 

6.3.3 Effect of temperature shock over microbial community diversity 

6.3.3.1 Microbial diversity in anammox granules using 530F-1100R primers 

The microbial community structure in the anammox reactor after the temperature shock was 

analyzed through the bTEFAP approach using the primers 530F-1100R. Three amplicon libraries, 

namely AMX_13, AMX_45 and AMX_166, were constructed with biomass samples obtained 13, 

45 and 166 days after the temperature shock, respectively. A total of 17770 (AMX_13), 12568 

(AMX_ 45) and 20940 (AMX_166) sequence reads were obtained. After quality analysis and 

removal of low quality sequences, 43964 sequences were annotated, corresponding to 14725 

high-quality V4-V6 tags of the 16S rRNA-gene in library AMX_13, to 11200 in library AMX_45 and 
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to 18039 in AMX_166, with average lengths of 419, 411 and 504 bp per sequence, respectively. 

Later, unique OTUs were clustered in taxa and finally, 66 (AMX_13), 51 (AMX_45) and 24 

(AMX_166) genera were estimated. Species similarities were found for a total of 1793 (AMX_13), 

1297 (AMX_45) and 548 (AMX_166) clusters. Table A6.1 in the appendix of this chapter shows 

the complete results of relative abundance of bacteria at genus level obtained with 

pyrosequencing for AMX_13, AMX_45 and AMX_166. 

Chao1, Shannon and E indexes estimated at 97% of similarity for the three biomass samples (see 

Table 6.1) showed a progressive diminution of microbial diversity as the reactor progressively 

recovered the anammox activity after the temperatures shock, since the values of these indexes 

in AMX_13 were higher than that of AMX_45, and much higher than in AMX_166. These results 

suggest that the temperature shock increased the microbial diversity in the reactor. Such 

increase of diversity of bacteria just after the temperature shock was reasonable, since many 

opportunistic bacteria could grow on lysis products from died cells during the temperature 

shock. 

Table 6.1.Indexes of richness Chao1, diversity Shannon (H’) and E of Eubacteria at 97% of similitude for libraries 
AMX_13, AMX_45 and AMX_166 and day at which biomass samples were obtained after the temperature shock. 

Library Day Number of reads Chao1 Shannon (H') E 

AMX_13 13 14725 2388 6.38 0.85 

AMX_45 45 11200 1807 5.84 0.82 

AMX_166 166 18039 630 3.56 0.56 

 

In AMX_13 library, corresponding to the reactor just after the temperature shock, β-

Proteobacteria was the most abundant group at class level with 14% of total sequences while 

Planctomycetia was only 7%, indicating a low anammox abundance (Figure 6.6). Other classes, 

such as Actinobacteria (7%), δ-Proteobacteria (6%) or Clostridia (4%), presented significant 

abundances showing a high microbial diversity after the temperature shock. As known, 

Planctomycetia class contains all known anammox bacteria, while β-proteobacteria class 

contains several groups of nitrifying, denitrifying and other N-cycle related microorganisms, 

among many others.  

At genus level, any predominant group was observed, and a very diverse number of genera 

presented relative abundances between 1-7% (Figure 6.7). Many of these genera, (i.e. 

Pelobacter, Zooglea, Eubacterium, Chlorflexus or Clostridium, among others), contained bacteria 

capable of performing anaerobic metabolism, which could presumably degrade organic products 
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from cell lysis that took place during the temperature shock. Anammox bacteria genera Brocadia 

and Candidatus Kuenenia only had a 3% of abundance each (Figure 6.7). Two strictly aerobic 

genera, Nitrospira and Derxia had significant abundances, 4% and 7% respectively (Figure 6.7) in 

spite of the anoxic conditions of the reactor.  

 

Figure 6.6. Microbial diversity at class level of libraries AMX_13, AMX_45 and AMX_166 obtained using primers 530F-
1100F. Relative abundance is defined as the number of sequences affiliated with that taxon divided by the total 

number of sequences per sample (%). Classes making up less than 1% are defined as “Others”. 

 

In AMX_45, a similar community structure than that in AMX_13 was observed at both class and 

genus levels, with two main differences (Figures 6.6 and 6.7). On one side, the Planctomycetacia 

class increased its abundance from 7% on AMX_13 to 35% in AMX_45 (Figure 6.6). In fact, 

Brocadia genus represented 33% overall reads, indicating a clear anammox bacteria recovery 

from days 13 to 45 (Figure 6.7). On the other side, at both class and genus level, most of all the 

other groups presented lower abundances in AMX_45 than those observed in AMX_13 (Figures 

6.6 and 6.7). The only non-anammox genus whose abundance increased from AMX_13 to 

AMX_45 was Anaeromyxobacter (2% overall reads in AMX_45), a group of anaerobic bacteria 

(Figure 6.7). 

In AMX_166 library, corresponding to the fully recovered reactor, Planctomycetia was clearly the 

most abundant class, accounting for 46% of total reads, followed by β-proteobacteria with 9% of 

total reads (Figure 6.6). The clear the predominance of Planctomycetia class in AMX_166 

suggested that the reactor was enriched in anammox bacteria (Figure 6.6). 
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Figure 6.7. Microbial diversity at genus level of libraries AMX_13, AMX_45 and AMX_166 obtained using primers 530F-
1100F. Relative abundance is defined as the number of sequences affiliated with that taxon divided by the total 

number of sequences per sample (%). Genera making up less than 1% are defined as “Others”.  

 

As shown in Figure 6.7, results at genus level confirmed the enrichment of the reactor in 

anammox biomass, since 99% of reads within Planctomycetia class corresponded to Brocadia, 

while the other 1% corresponded to Candidatus Kuenenia, both, two known anammox genera. 

Accordingly, 46% of total reads where identified as anammox bacteria. Apart from Brocadia, 

only genera Nitrosospira (4%) and Derxia (3%) and Petrimonas (2%), presented abundance above 

1% of total sequences (Figure 6.6). Nitrosospira genus are ammonium-oxidising bacteria (AOB), 

while Derxia genus contains N-fixing microorganisms. Both, Nitrosospira and Derxia are strictly 

aerobic bacteria. Petrimonas genus are anaerobic fermentative bacteria.  

Total AOB in AMX_166 accounted 6% of total sequences (as the sum of Nitrosospira, 

Nitrosomonas and Nitrococcus genera). However, the ammonium to nitrite stoichiometric ratios 

measured in the reactor (see Figure 6.2) were quite similar to those typically reported in the 

literatures for anammox reactors (Strous et al., 1998; van der Star et al., 2007), suggesting that 

AOB in the anammox granules were not very active. The AOB activity of the granular biomass 

from the anammox reactor was checked with a batch assay performed on day 160. During first 

24h, a nitrite formation rate of 0.9 ± 0.4 mg N L-1 d-1 was measured while nitrate formation was 

not detected. The batch assay was left 24 additional hours and the AOB activity increased in the 
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range of one order of magnitude, to 10 ± 2 mg N L-1 d-1 while nitrite-oxidizing bacteria (NOB) 

activity remained undetected. These results confirmed, on one side, that AOB were present in 

the reactor with a very low activity whereas NOB were not present. But on the other side, the 

AOB activity test suggested that AOB could be rapidly reactivated if enough oxygen is supplied. 

The DO sources that allowed the growth of aerobic bacteria in the anammox reactor were the 

DO in the feeding (ca. 3-4 mg O2 L-1) and air entering the reactor during discharge phases. 

Probably, the N2 flushed into the anammox reactor (ca. 0.3 L min-1) was not enough to totally 

displace the oxygen entering the head-space volume of the reactor (10 L), preventing to 

maintain fully anaerobic conditions. In fact, an average and relatively constant DO concentration 

of 0.4 mg O2 L
-1 was measured during two different SBR cycles on days 150 and 160 using a DO 

probe (WTW, Germany) mounted on one of the free ports of the reactor. Despite oxygen 

presence, AOB activity did not probably go further in the reactor, unlike in the batch assay, due 

to strong external boundary layer resistance caused by the low stirring speed (72 rpm) in the 

anammox reactor. The presence of AOB in an anoxic anammox reactor has been reported 

previously (Kindaichi et al., 2007). These authors suggested that AOB could remain due to the 

ability of some AOB of reducing nitrite to N2O or NO gases under oxygen-limiting conditions.  

6.3.3.2 Anammox diversity in biomass samples using Amx368F-Amx820R 

As shown in Figure 6.7, total anammox bacteria accounted for 7%, 35% and 46% of total 

sequences in libraries AMX_13, AMX_45 and AMX_166, respectively, indicating that the biomass 

in the reactor progressively enriched in anammox bacteria as the reactor recovered the N-

removal capacity after temperature shock. These results were consistent with the N-removal 

capacity observed in the reactor, and with SAA measured in the anammox granules (Table 6.2).  

An anammox-specific primer (Amx368F-Amx820R) was used to more precisely determine the 

anammox community in the biomass samples. Relative abundances at species level are shown in 

Figure 6.7. Sequence reads from the three biomass samples could be classified into 5 groups: 

Brocadia anammoxidans, Brocadia fulgida, Brocadia sp., Candidatus Kuenenia sp. and 

unclassified. As shown in Figure 6.6, B. anammoxidans was clearly identified as the most 

abundant anammox specie in the fully recovered reactor sample with 95% of total reads (Figure 

6.8, AMX_166), as well as in AMX_45 library, with 93% of total reads (Figure 6.8, AMX_45). In 

contrast, in AMX_13 library, just after the temperature shock, Ca. Kuenania sp. was the most 

abundant specie (61%), while B. anammoxidans accounted for 32% of total sequences (Figure 

6.8, AMX_13). Other 6% of sequences were classified as B. fulgida in AMX_13.  
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Figure 6.8. Relative abundance of anammox species for libraries AMX_13, AMX_45 and AMX_166 obtained using 
Amx368F-Amx820R specific primer. Relative abundance is defined as the number of sequences affiliated with that 

taxon divided by the total number of sequences per sample (%). 

 

The niche differentiation between Brocadia and Candidatus Kuenenia genera is still not clear. 

According to several studies, the genus Brocadia would presumabily be an r-strategist (i.e., 

better growth rate but lower substrate affinity) (Oshiki et al., 2011; Puyol et al., 2013), while the 

genus Candidatus Kuenenia could be a K-strategist (i.e., lower growth rate but better substrate 

affinity) (van der Star et al., 2008). In this study, ammonium was clearly in excess during all the 

reactor operation. Nitrite was also not completely consumed during all the reactor operation 

(around 4.0±1.9 mg N-NO2 L
-1 from days 40 to 140, and higher than 4.0 mg N-NO2 L

-1 from day 

140 to 166; see Figures 6.1 and 6.4 for further details). This continuous excess of substrate 

would favor the proliferation of a r-strategist population, i.e., a Brocadia-like anammox genus, as 

experimentally obtained. Also, the slight excess of nitrite at the end of the cycle could be an 

indication that the anammox population had a high nitrite half-saturation coefficient, which 

would be in accordance with the hypothesis that Brocadia-like populations are r-strategist. For 

example, Puyol et al., (2013) reported a nitrite half-saturation coefficient of 5 mg N-NO2 L
-1 for a 

Brocadia spp.-dominated anammox culture.  
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6.4 Conclusions 

 The microbial community structure changed during the N-removal recovery process, 

from a very diverse microbial community just after the temperature shock, to an 

anammox enriched community in the fully recovered reactor.  

 Anammox abundance results were in agreement with the N-removal performance 

results and SAA measured in the reactor during the recovery process.  

 Anammox population shifted from Candidatus Kuenenia sp. just after the temperature 

shock to Brocadia anammoxidans. This population shift was in agreement with the 

hypothesis of different kinetic strategies (i.e. either r or K-strategist) of Brocadia and 

Candidatus Kuenenia genera, as shown in the literature. 
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6.5 Appendix 

 

Figure A6.1. Rarefaction curves for libraries AMX_13. OTUs were defined at 3% and 5% 

distances, respectively. 

 

Figure A6.2. Rarefaction curves for libraries AMX_45. OTUs were defined at 3% and 5% 

distances, respectively. 
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Figure A6.3. Rarefaction curves for libraries AMX_166. OTUs were defined at 3% and 5% 

distances, respectively. 
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In this chapter, the overall conclusions and the main achievements of this research are 

presented.  

 

For Granular Sequencing Batch Reactors: 

 A pilot scale GSBR treating a low-strength wastewater was successfully started-up and 

operated during almost a year. 

 Biological nutrient removal in the pilot scale GSBR was successfully achieved, and N-

removal was mainly via nitrite. 

 Mature granules with good properties could be maintained during more than 5 months. 

However, short COD overloading events and, probably, the accumulation inorganic 

particles in the core of the granules caused instability of the granular biomass. 

 A novel control strategy that enhanced N-removal in a GSBR was proposed by means of 

model-based study. This control strategy was only based on online measurement of DO 

and ammonium at whatever values of granule size, influent C/N ratio or NLR. This 

control strategy was patented. 

 

For an anammox-based urban wastewater treatment: 

 Stable partial nitritation at low temperatures (i.e. 12.5 ºC) was demonstrated to be 

feasible using a granular airlift reactor applying a low DO/TAN concentrations ratio in 

the bulk liquid. 

 Using a model-based study, the higher oxygen affinity of AOB compared to that of NOB 

was confirmed to be the key to obtain stable partial nitritation in granular reactors at 

low temperatures. Additionally, a certain excess of ammonium in the bulk liquid was 

demonstrated to be required to keep the specific AOB growth rate higher than that of 

NOB at the conditions of the study. 

 The above described achievements open the door for applying a two-stage system 

(partial nitritation + anammox) in the mainstream treatment. 

 Temperature shock in an anammox reactor caused an irreversible loss of activity.  

 454-pyrosequencing analysis was successfully used to monitor microbial community 

structure changes in the anammox reactor after the temperature shock. Pyrosequencing 

results were in accordance with macroscopic results in the reactor.  
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