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Resumen  

Las descargas directas al medio ambiente causan problemas debido a la disponibilidad 

incontrolada de nutrientes. El consumo energético en el tratamiento de aguas residuales debe 

ser optimizado para promover la sostenibilidad. También, los nutrientes pueden ser 

recuperados como recurso para la producción de fertilizantes para la agricultura en el marco de 

la economía circular. La nitrificación parcial combinada con la oxidación anaeróbica del amonio 

-anammox- (NPA) permite la eliminación totalmente autótrofa del nitrógeno de las aguas 

residuales, lo que implica un ahorro significativo de energía con respecto a las alternativas 

convencionales. Además, la mineralización bioinducida de fósforo puede ser una opción 

interesante para recuperar este nutriente. Este trabajo trata de la puesta en marcha del proceso 

NPA en un SBR utilizando biomasa granular para el tratamiento del sobrenadante de un digestor 

anaerobio de biogás (centrato) producido en la línea secundaria de una depuradora municipal. 

Este estudio se lleva a cabo en el marco del proyecto de I + D: “DIGESTAKE” (COMRDI-16-0061).  

La puesta en marcha del NPA SBR se consigue exitosamente y se mantiene en marcha durante 

200 días de operación. Se consigue llegar a un potencial de eliminación de amonio de 300 mg N 

L-1 d-1. Las emisiones de N2O se identifican como potencialmente significantes y se caracteriza 

el crecimiento de biomasa granular. El contenido final en solidos suspendidos dentro del reactor 

alcanza el valor de 2739 mg L-1 (95% volátiles). Aun así, la mineralización bio-inducida de fósforo 

no ha podido ser conseguida ya que para promover este proceso se aconsejaría adicionar 

cantidades extra de calcio o magnesio dentro del reactor.  

Resum 

Les descàrregues directes en el medi ambient causen problemes a causa de la disponibilitat 

incontrolada de nutrients. El consum energètic en el tractament d'aigües residuals hauria de ser 

optimitzat per a promoure la sostenibilitat. També, els nutrients poden ser recuperats com a 

recurs per a la producció de fertilitzants per a l'agricultura al marc de l'economia circular. La 

nitrificació parcial combinada amb l'oxidació anaeròbica de l'amoni -anammox- (NPA) permet 

l'eliminació totalment autòtrofa del nitrogen de les aigües residuals, això implica un estalvi 

significatiu d'energia respecte les alternatives convencionals. A més a més, la mineralització bio-

induïda del fòsfor pot ser una opció molt interessant per a recuperar aquest nutrient. Aquest 

treball tracta de la posada en marxa del procés NPA en un SBR utilitzant biomassa granular per 

al tractament del sobrenedant d'un digestor anaerobi de biogàs (centrat) produït a la 

línia secundària d'una depuradora municipal. Aquest estudi es porta a terme en el marc del 

projecte de R & D "DIGESTAKE" (COMRDI-16-0061). 

 

La posada en marxa del NPA SBR s'aconsegueix exitosament i es manté en marxa durant 200 

dies d'operació. S'aconsegueix arribar a un potencial d'eliminació d'amoni de 300 mg N L-1 d-1. 

Les emissions de N2O s'identifiquen potencialment significatives i es caracteritza el creixement 

de la biomassa granular. El contingut final en sòlids suspesos dins del reactor arriba al valor de 

2739 mg L-1 (95% volàtils). Encara així la mineralització bio-induïda del fòsfor no s'ha 

pogut aconseguir, ja que per promoure aquest procés s'aconsellaria addicionar més quantitat 

de calci o magnesi dins el reactor. 
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Abstract 

Direct wastewater discharges to the environment will cause problems due to the uncontrolled 

availability of nutrients. Energy consumption in wastewater treatment must be optimized to 

promote sustainability. Moreover, nutrients can be recovered as a resource to produce 

agricultural fertilizers in the framework of the circular economy. Partial nitrification combined 

to anaerobic ammonium oxidation -anammox- (PNA) allows for fully autotrophic nitrogen 

removal from wastewater, which implies significant energy savings with respect to conventional 

treatment alternatives Additionally, phosphorus bio induced mineralization may be an 

interesting way for the recovery of this nutrient. This work deals with the start-up of a PNA 

process in one SBR using granular biomass for the treatment of the anaerobically digested sludge 

dewatering centrate produced in the side stream of a municipal wastewater treatment plant. 

This study has been carried out in the framework of the R & D project “DIGESTAKE” (COMRDI-

16-0061).  

The start-up of the PNA SBR was successfully achieved after 200 days. Final ammonium removal 

rate reached was about 300 mg N L-1 d-1. The emission of N2O was identified as potentially 

significant. The growth of granular biomass was characterized. Final suspended solids content 

in the reactor was 2739 mg L-1 (95% volatile). However, phosphate bio induced mineralization 

was not significantly achieved. The addition of an extra amount of calcium or magnesium ions 

inside the reactor is advised to promote such process.  

Keywords: anaerobic digester centrate, anaerobic ammonium oxidation (anammox), partial 

nitritation, autotrophic nitrogen removal, dissolved oxygen, granular biomass, bio-induced 

phosphate precipitation.  
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1. Introduction  

1.1 Wastewater treatment plants and environmental concerns linked to nutrient discharges 

The uncontrolled discharge of nutrients in the environment can cause impacts on the water 

bodies such as eutrophication (excessive primary production), toxicity (for some aquatic 

animals), or dissolved oxygen depletion.  

Conventionally, raw wastewaters produced in cities and industries arrive to wastewater 

treatment plants (WWTPs) through the sewage system. Aside from the mainstream water 

treatment line, a WWTP also includes the side stream sludge treatment line, where sludge is 

dragged, thickened, and anaerobically digested. During anaerobic digestion biogas is formed, 

which can be used as a renewable energy source owing to its content in methane (the standard 

biogas composition is assumed as 65% CH4 and 35% CO2). The effluent from the digester (termed 

as digestate) is subsequently dewatered. The solid fraction can be used as fertilizer and the liquid 

fraction is normally sent back to the headwork of the plant for further treatment. When using 

centrifugation for digested sludge dewatering, the liquid fraction is usually termed as centrate. 

The centrate represents a small proportion of the total water flowrate arriving at the WWTP but 

concentrates an important fraction of nutrients such as nitrogen (N) and phosphorus (P).  

 

1.2 Bioreactors for wastewater treatment  

A biological reactor is a device that allows the controlled transformation of substrates by living 

organisms or biochemical active substances derived from these organisms. Bioreactors can 

operate under aerobic or anaerobic conditions, considering suspended or entrapped growth, 

granule or biofilm formation.  In the field of wastewater treatment, microbial metabolism mostly 

implies the biodegradation of organic compounds to CO2. After treatment, the suspended sludge 

grown inside these bioreactors is separated from cleaned water by decantation. Part of the 

sludge is kept inside the system to maintain the desired solids retention time (SRT). One example 

of bioreactor configuration, which is quite flexible and can be applied under anaerobic and 

aerobic conditions using suspended or granular biomass is the sequencing batch reactor (SBR). 

The performance of a SBR is repeated over time, according to an operation schedule (cycle). 

Basic steps of one cycle are filling, reaction, settling and withdrawn (Figure 1.1). Many variations 

can be introduced in the running cycle of an SBR depending on the bioprocess to be 

implemented.   

 

 

 

 

Figure 1.1. Steps of one cycle in a conventional SBR. 

Some advantages of the SBRs with respect to continuous flow reactors are: 

- Achievement of low inhibitory substrate concentrations inside the reactor (Dapena-Mora et 

al., 2007). 

FILLING 

REACTION 

SET 

WITHDRAWN 
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- Easy operation and automation based on timing or real-time control using specific probes. 

(Andreottola et al., 2001).  

- Sludge retention inside the bioreactor without needing an external settler (Strous, et al., 1988).  

This fact implies less surface requirements since all processes take place sequentially in the same 

tank.  

1.3 Nitrogen removal from wastewater  

The conventional technique used in WWTPs for N removal is the nitrification-denitrification 

(N/DN) process. This biochemical route allows for converting ammonium (NH4
+) to nitrate (NO3

-

) via nitrite (NO2
-) as intermediate by aerobic nitrification. Thereafter, during heterotrophic 

denitrification, nitrate is anoxically converted to nitrogen gas (N2) under presence of organic 

carbon © and absence of oxygen (O2). This process is suitable for wastewater with high organic 

carbon-to-nitrogen ratio (C/N). However, wastewaters with low C/N ratios, such as centrates, 

are not suitable for N/DN because of the lack of biodegradable organic C. Thus, N removal from 

centrates can alternatively be approached by anaerobic ammonium oxidation (anammox). That 

allows for a completely autotrophic process through the simultaneous conversion of ammonium 

and nitrite to N2. Since ammonium is the most abundant N form in anaerobic centrates and no 

nitrite is available, it will be necessary to implement a partial nitrification step as a pre-treatment 

for the generation of nitrite (Dapena-Mora et al., 2007). Combined partial nitrification-anammox 

(PNA) is totally autotrophic, so that the process does not require organic C (Mulder, 2003), 

aeration requirements are significantly reduced since only part of the ammonium must be 

oxidized to nitrite (Siegrist et al., 2008), and the amount of sludge produced is also much lower 

(van Loosdrecht and Salem, 2006).  

1.3.1 Nitrification  

Nitrification is a two-step aerobic process where ammonium is first oxidized to nitrite by 

ammonium-oxidizing bacteria (AOB), and subsequently, nitrite is oxidized to nitrate by nitrite 

oxidizing bacteria (NOB). Both bacterial groups are autotrophic, so the C source used is inorganic 

(carbon dioxide, CO2). Thanks to the oxidation-reduction reactions involved, these organisms 

obtain the energy needed for growing from the N compounds (Magrí, 2007). The global reaction 

for the nitrification process can be written as follows (Eq. 1.1):   

 

NH4
+ + 1.86º2 + 1.98HCO3

- → 0.02C5H7NO2 + 0.98NO3
- + 1.88H2CO3 + 1.04H2O (Eq. 1.1) 

 

Discovery 

The anammox process was discovered in a denitrifying reactor by Mulder and collaborators at 

the beginning of the 90s. Van de Graaf et al. (1995) proved experimentally that anammox is a 

biological process showing that ammonium removal was proportional to the biomass available. 

 

 

Biochemistry of the process 

Anammox is an autotrophic process in which ammonium works as electron donor and nitrite 

works as electron acceptor. Both nitrogenated species are converted by 89% in N2, 11% in 

nitrate, and less than 1% in biomass, as shown in Eq. 1.2 (Strous et al., 1998): 
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NH4
+ + 1.32NO2

- + 0.066HCO3
- + 0.13H+ → 1.02N2 + 0.26NO3

- + 0.066CH2O0,5N0,15 + 2.03H2O (Eq. 

1.2) 

 

According to Equation 1.2, nitrite-N requirements for the anammox reaction are 57% of the 

total N. Biomass yield in terms of volatile suspended solids (VSS) is 0.114 g VSS g-1 NH4
+-N (or 

0.049 g VSS g-1 N). 

 

Anammox bacteria 

All known anammox bacteria belong to the phylum of Planctomycetes. Five different genera 

have been described growing in human-made or natural environments: Candidatus Brocadia, 

Ca. Kuenenia, Ca. Anammoxoglobus, Ca. Jettenia and Ca. Scalindua (Jetten et al., 2001; Kartal et 

al., 2007; Schmid et al., 2005; Jetten et al., 2009). Anammox bacteria are slow-growing 

organisms. The maximum specific grow rate (µm) will depend on the species available and 

culture conditions applied as summarized by Zhang et al. (2017), usually ranging from 0.06 d-1 

(B. anammoxidans) to 0.33 d-1 (B. sinica). This is equivalent to doubling times from 2 to 11 days; 

doubling time Dt is calculated as Dt = ln2 · µmax -1. By combining maximum growth rate and 

biomass yield according to Strous et al. (1998), the maximum anammox activity is expected as 

high as  544 mg NH4
+-N · g-1 VSS · d-1.  

Key parameters influencing the anammox process  

-Biomass retention inside the reactor: when working with suspended or granular biomass, the 

time of settling is important because a too short time will result in loss of biomass, and 

consequently, in a lower reactor activity.  

 

-Temperature: anammox biomass activity is directly correlated with temperature. Maximum 

temperature for anammox bacteria growth was found at 40±3ºC. Recent experiments show that 

one-stage PNA-SBRs are more resilient to temperature changes that when the anammox 

bacteria is cultivated alone in dedicated reactors under absence of oxygen (Lotti et al., 2015).  

 

-pH Optimal pH range for anammox bacteria is between 6.7 and 8.3, but anammox activity was 

also observed in a wider range (Tomaszewski et al., 2017).  

 

-Oxygen: Anammox bacteria are anaerobic organisms which means that they are inhibited by 

the presence of dissolved oxygen (DO). However, this inhibition is reversible which is a key 

aspect for one stage PNA applications- (Cema et al., 2011).  

 

-Organic matter: presence of organic C in the system will promote the growth of heterotrophic 

denitrifies which are faster and grow at higher biomass yields than anammox bacteria. Thus, an 

excessive presence of biodegradable organic C will negatively impact on the anammox process. 

Growth of heterotrophic denitrifies will also affect the reaction ratios measured in the PNA 

system owing to the extra consumption of nitrate or nitrite.  

 

-Nitrogen substrates: Nitrite is an essential substrate for the anammox reaction, but it has a 

potential inhibitory effect over the process .Thus, high concentrations of nitrite should be 

avoided. Inhibitory concentrations vary a lot depending on the experimental conditions tested 
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(between 10 mg N/L and 350 mg N/L according to Dapena-Mora et al., (2007). Moreover, the 

accumulation of nitrite in SBRs at the end of the reaction period may imply sludge flotation 

during the settling period, and because of that, loss of biomass during the withdrawn of the 

treated effluent.  

 

1.3.3 Partial nitritation-anammox systems 

The PNA process can be configured in two consecutive reactors operating both processes 

consecutively, or in only one reactor under limited aeration. The following reaction (Eq. 1.3) 

shows the simplified stoichiometry for a single-stage process without considering the biomass 

(Connan et al., 2018). Oxygen is consumed at a rate of 2 g O2 g-1 NH4
+-N and nitrate is produced 

at a ratio of 0.11 g NO3
--N g-1 NH4

+-N. Different researches on the anammox topic under different 

operational conditions have resulted in the removal rates shown in Table 1.1.  

NH4
+ + 0.86O2  →  0.44N2 + 0.11NO3

- + 1.45H2O + 1.08H+ (Eq. 1.3) 

Table 1.1 Summary of experimental works found in the literature using one-reactor granular PNA-SBR and 

its performance. 

Reference Influent Volume Temperature NRR 
Units  (L) (ºC) g N L-1 d-1 

Joss et al. (2011) BDS sewage sludge 0.4-
1400·103 

15-35 0.35-0.55 

Figueroa et al. 
(2012) 

Pre-treated swine manure 1.5 18-24 0.46 

Akaboci., et al 
(2018) 

Sidestream wastewater 8 33±1 1.1 

 

1.4 Nitrous oxide emissions  

 

It is known that conventional biological treatments used to remove N from wastewaters may 

emit important amounts of gases such as nitrous oxide (N2O) (Kampschreur et al., 2009). The 

N2O is a powerful greenhouse gas with a global warming potential 300-fold stronger than CO2. 

In one-stage PNA reactors, emissions of N2O may occur under both aerobic and anoxic 

conditions, being usually related to chemical hydroxylamine oxidation, hydroxylamine oxidation 

by AOB, aerobic denitrification by AOB, or heterotrophic denitrification (Campos et al., 2016). 

Oppositely, according to their metabolism, the anammox bacteria are not directly involved in 

the production of N2O (Strous et al., 2006).  

 

1.5 Bio-induced phosphorous mineralization.  
 

Phosphorus is an essential nutrient for life, but uncontrolled discharges into the environment 

may lead to pollution events and eutrophication. Converting this problem into an opportunity is 

challenging and bio-induced precipitation is a good chance for leading wastewater treatment 

towards a new scenario based on resource recovery and circular economy. Biomineralization 

refers to the process by which bacteria trigger formation of inorganic minerals. There are three 

main types of bacterial mineralisation, distinguished by how bacterial cells take control of the 

physicochemical characteristics of the mineral. These three types are: (I) biologically induced 
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mineralization (BIM), which occurs as a response to changes in mineral saturation in the fluid 

owing to cellular metabolic activity; (II) biologically controlled mineralization (BCM), which is an 

intracellular phenomenon; and (III) biologically influenced mineralization or organic matrix 

mediated mineralization (Frankel, 2005). Phosphorus usually is precipitated from wastewater as 

a calcium (Ca) phosphate (PO4
3-) or as a magnesium (Mg) phosphate. Struvite (MgNH4PO4·6H2O) 

is a mineral formed by magnesium, ammonium and phosphate in equal molar concentrations 

(Le Corre et al., 2009). It may precipitate naturally inside pipes in WWTPs, especially after 

anaerobic digestion of the waste sludge, negatively affecting pumping owing to a potential 

decrease of pipeline effective diameter, or even causing pipeline blockage. Yet, the struvite 

precipitation process can be engineered to convert it into an opportunity for P recovery. 

 

2. Objectives  
 

The main goals for this Bachelor’s thesis are: 

1) Start-up of a lab scale sequencing batch reactor (SBR) to operate in a single stage, the partial 

nitritation and anammox process (PNA) for treating the anaerobic centrate produced in a 

municipal WWTP. At the end of the start-up period, the PNA-SBR should maintain stable 

performance and satisfactory N removal rate. The emission of N20 from the bioreactor will 

be measured. Growth of granular biomass must be achieved.  

2) Study of the occurrence of phosphate precipitation within the bioreactor when treating raw 

centrate owing to a biologically induced mineralization. This phenomenon can represent an 

opportunity for the recovery as a resource of the P contained in wastewaters. 

The Bachelor’s thesis has been carried out in the framework of the R&D project DIGESTAKE 

funded by ACCIÓ-Generalitat de Catalunya and the RIS3CAT Community Water (reference code 

is COMRDI 16-10061). More details about the project can be found at Colprim et al. (2018). This 

project aims at the recovering, valorization and reuse of resources from anaerobic digestates 

generated in urban wastewater treatment plants in the framework of the circular economy. The 

experimental work has been carried out at the LEQUIA facilities in the Science and Technology 

Park of the UdG. Also, the research work has been accomplished in parallel with the Bachelor’s 

thesis of another student of the UdG, this is Guillem Coma (Biotechnology Degree), using similar 

experimental approach.  

3. Materials and methods 

3.1 Single-stage PNA process 

3.1.1 Bioreactor set-up 

The set-up used in this study for the PNA-SBR was the same than Johansson et al. (2017). Its 

configuration is shown in Figure 3.1. The reactor is made of stainless steel, jacketed and includes 

internal baffles. Its size is 21.5 cm of internal diameter and 51 cm height. The maximum volume 

is about 20 L, but the set initial volume was 10L and the final working volume was variable 

depending on the loading rate applied.  
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Figure 3.1. Scheme of the PNA bioreactor. 

The inflow and outflow rates were controlled by individual peristaltic pumps (SciQ 323, Watson 

Marlow, England). The calibration curves for such pumps were constructed before starting the 

operation of the bioreactor. By increasing the number of revolutions per minute (rpm) of the 

feeding pump the N loading rate applied was gradually increased over time.  Biomass mixing 

inside the reactor was achieved by a mechanical stirrer (RZR 2051 Control, Heidolph, Germany) 

equipped with a double marine helix impeller (the rotor speed was set at 250 rpm).  

Aeration was provided using the compressed air line available in the laboratory. Air was 

introduced inside the bioreactor through a porous stone diffuser placed at the bottom of the 

reactor. The airflow rate was manually adjusted by means of a precision gas mass flow meter 

with a working range of 0-500 mL min-1 (MC-500SCCM-D/5M, Alicat Scientific Inc., USA). 

Additionally, air supply during aerobic periods was controlled according to DO set point.  

Two different sensors were installed inside the reactor allowing the acquisition of data through 

the respective transmitters (Liquisys-M, Endrestss+Hauser, Germany) for DO (Oxymax W COS41, 

Endress+Hauser) and pH (Orbipac CPF82, Endress+Hauser). Data were recorded in the computer 

used for controlling the bioreactor and were available for subsequent off-line analysis. The 

temperature in the bioreactor was controlled below room temperature (25±3ºC) by means of a 

heating circulator (model 8206, Polyscience, USA).  

3.1.2 Cycle design  
 

Initially, the PNA-SBR reaction cycle was designed following Johansson et al. (2017), according 
to a 6 hours schedule which was repeated over time. Thus, the SBR cycle considered a step 
feeding strategy based on 10 aerobic feeding and mixing events (2 min feeding and mixing + 27 
min mixing) distributed along the cycle. Subsequently, an anoxic period (50 min) was considered 
to assure the total consumption of nitrite before biomass settling (15 min) and effluent 
withdrawn (5 min). 

Some modifications in the cycle design were introduced during the experimental period (200 

days) according to the needs of the PNA process (i.e., adjustment of the aeration time or 

shortening of the settling time). Table 3.1 summarizes evolution of time distribution under 

aerobic / anoxic conditions in one cycle. Moreover, Figure 3.2 shows the steps included in one 

operating cycle during days 84-179. 

 



12 
 

Table 3.1. Different patterns applied throughout the experimental period.  

Days Air ON (min/cycle) Air OFF (min/cycle) 

0-83 290-300 60-70 

84-179 261 99 

180-200 315 45 

 

 
Figure 3.2. Reactor cycle layout in period II from Table 3.1 (days 84-179).   

 

3.1.3 Process performance monitoring  

The PNA reactor was run uninterruptedly since December 13th 2018 for 200 days. However, 

during the first month the reactor was operated in a semi-continuous mode. Influent and 

effluent samples were collected three times per week (Monday, Wednesday and Friday) to 

perform ion chromatography analyses. Suspended solids content in the reactor liquid bulk was 

measured once per month. The pH and DO signals continuously monitored using probes were 

available for off-line analysis. Ammonium test strips (MQuant 1.10024.0001, Merck KGaA, 

Germany) as well as nitrite and nitrate test strips (Dosatest 85439.601, VWR International, 

Belgium) were used daily to assess qualitatively the good performance of the reactor. A regular 

6h PNA-SBR cycle was intensively monitored by sampling the reactor each time a new cycle 

event took place (i.e. pump, aeration system or mixer turned on/off). A campaign lasting several 

days was conducted for measuring the emission of N2O form the SBR. 

3.1.4 Calculations related to process performance 

The following formulas were applied in order to follow the biomass activity and control the 

nitrogen loading rates and removal efficiencies of the reactor.  

Hydraulic residence time (HRT) (Eq. 3.1) :      

𝑯𝑹𝑻(𝒅) =
 𝑭𝒊𝒏𝒂𝒍 𝑽𝒐𝒍 (𝑳)

𝑭𝒍𝒐𝒘𝒓𝒂𝒕𝒆 (
𝑳
𝒅

)
 

Nitrogen loading rate (NLR) (Eq. 3.2):  

𝑵𝑳𝑹 (𝒎𝒈 𝑵/𝑳 · 𝒅) =
 𝑻𝑵(𝒊𝒏) (𝒎𝒈/𝑳)

𝑯𝑹𝑻 (𝒅)
 

 

 

Nitrogen removal rate (NRR) (Eq. 3.3): 

𝑵𝑹𝑹 (𝒎𝒈 𝑵/𝑳 · 𝒅) =
 (𝑻𝑵𝟎(𝒆𝒇) − 𝑻𝑵𝒇(𝒆𝒇))(𝒎𝒈/𝑳) ∗ (

𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝑽𝒐𝒍
𝑭𝒊𝒏𝒂𝒍 𝑽𝒐𝒍

)

∆𝒕 (𝒅)
+

(𝑻𝑵(𝒊𝒏) − 𝑻𝑵(𝒆𝒇))(𝒎𝒈/𝑳)

𝑯𝑹𝑻 (𝒅)
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Nitrogen removal efficiency (NRE) (Eq. 3.4):  

 

𝑵𝑹𝑬 (−) =

 ((𝑻𝑵𝟎(𝒆𝒇) − 𝑻𝑵(𝒆𝒇))(𝒎𝒈/𝑳) ∗ 𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝑽𝒐𝒍 (𝑳)) + ((𝑻𝑵(𝒊𝒏) − 𝑻𝑵(𝒆𝒇))(𝒎𝒈/𝑳) ∗ 𝑭𝒍𝒐𝒘𝒓𝒂𝒕𝒆 (
𝑳
𝒅

) ∗ ∆𝒕(𝒅))

(𝑻𝑵𝟎(𝒆𝒇)(𝒎𝒈/𝑳) ∗ 𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝑽𝒐𝒍 (𝑳)) + (𝑻𝑵(𝒊𝒏)(𝒎𝒈/𝑳) ∗ 𝑭𝒍𝒐𝒘𝒓𝒂𝒕𝒆 (
𝑳
𝒅

) ∗ ∆𝒕(𝒅))

 

 

Similarly, rates and efficiencies were also calculated for ammonium instead of total N. 

Moreover, the NRE was calculated only considering the N concentration in the liquid phase 

(without taking into account accumulation) according to the following equation: NRE = 1-

TN(ef)/TN(in). 

 

3.2 Inoculum source  

 

Both, the nitrifying and anammox sludge used as inoculum were collected from a landfill site 

where the leachate formed is treated in a two-stage PNA system (technology PANAMMOX 

developed by LEQUIA). This landfill site is situated in Reus (CORSA, Catalonia). More information 

about this treatment plant is reported by Anfruns et al. (2013). Initially, the PNA bioreactor was 

seeded with 5.5 L of nitrifying sludge (1.02 g VSS L-1) and 10 L of anammox sludge (0.91 g VSS L-

1). After sludge mixing, settling and supernatant withdrawal, the volume was led to 10 L (pH = 

8.01). Once at this point, the bioreactor started operating automatically. The main 

characteristics of the leachate treated at CORSA are shown in Table 3.2. The lower conductivity 

of the anaerobic centrate with respect to the landfill leachate already suggested the need to 

consider an adaptation period when starting-up the lab-scale single-stage SBR. 

3.3 Anaerobic centrate source  

The anaerobic centrate was collected at Terri WWTP (located at Cornellà de Terri). This plant 

treats municipal and industrial sewage with capacity for 18650 population equivalent (PE). The 

sludge line includes one anaerobic digester (volume of 3450 m3). The biogas produced is used 

for generating electricity and thermal energy. After the anaerobic digester, the digestate 

produced is centrifuged to separate solid and liquid fractions. The liquid fraction (centrate) is 

sent back to the headwork of the plant for further treatment. 

The centrate used in the experiments was collected regularly (approximately once per month) 

using drums of 25 L. These drums have been stored at LEQUIA’s facilities at room temperature 

until being used. Just after reception, and before storage, the centrate was usually decanted to 

ensure absence of solids not separated by centrifugation in the WWTP. Final centrate 

characteristics are shown in Table 3.2. Difference in composition, and particularly in salinity, 

between both wastewaters suggest the need of a period for biomass adaptation. Therefore, for 

first days, salinity in the centrate was adjusted by adding sea salt. 
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Table 3.2. Characterization of the leachate from the landfill site (CORSA, Reus) where both PN 

and Anammox inoculums were collected, and of the anaerobic centrate (Terri WWTP, Cornellà 

de Terri).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4 Sludge activity tests  

3.4.1 Specific anammox activity test 

The specific anammox activity (SAA) test was conducted in airtight glass vials (0.25 L). A known 

amount of PNA sludge was introduced inside the flask. Next, the vial was sealed hermetically 

and the air accumulated in the headspace was displaced using synthetic N2 to ensure anaerobic 

conditions. Vials were incubated at 25ºC and magnetically stirred (Figure 3.3). The 

concentrations of ammonium and nitrite were adjusted initially. Subsequently, the evolution 

over time was followed by regularly sampling the bulk liquid through a rubber stopper using a 

syringe with a needle (about one sample per hour was collected). The test lasted approximately 

6 hours and was conducted in duplicates. Samples were analyzed using ion chromatography. 

This procedure was adapted from Connan et al. (2017). Results were interpreted according to 

linear regression analysis and referred to the solids content within the vial.  

Figure 3.3. SAA test. Glass vials placed on a magnetic table inside the incubator at 25ºC. 

Parameters Units Leachate (CORSA, Reus) Centrate (WWTP Terri) 

pH - 8.3 8.0 

EC (25ºC) mS cm-1 35.2 8.6 

SAL (NaCl) g L-1 21 5 

ALK (CaCO3) mg L-1 7750 3800 

TSS mg L-1 318 205 

VSS mg L-1 160 204 

BOD mg O2 L-1 - 75 

COD mg O2 L-1 4140 262 

TKN  mg L-1 2124 1038 

NH4
+-N mg L-1 1558 918 

NO2
--N mg L-1 0 1 

NO3
--N mg L-1 1 1 

K+ mg L-1 1757 197 

Ca2+ mg L-1 254 106 

Mg2+ mg L-1 381 23 

Cl- mg L-1 9400 388 

PO4
3-P mg L-1 5 15 

SO4
2--S mg L-1 128 17 
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3.4.2 Specific PNA activity test under aerobic conditions 

During this test in the PNA-SBR (at 25ºC), the feeding pump was unplugged while keeping the 

aeration system uninterruptedly plugged (at 160 mL/min). The reaction volume was kept 

constant at 10 L. Samples from inside the reactor were regularly collected (about one sample 

per hour). The experiment lasted approximately 6 hours. Samples were analyzed using ion 

chromatography to characterize the evolution over time of the N species. Results were analyzed 

according to linear regression analysis and referred to the solids content within the bioreactor. 

According to the air flowrate supplied, saturation concentration of DO in water (SO2,sat) at 5 mS 

cm-1 (7.8 g O2/L), theoretical oxygen requirements for PN (RO = 2 g O2 g-1 NH4
+-N) and ammonium 

removal rate (ARR) achieved, the oxygen gas-liquid mass transfer coefficient (kLaO2)(eq. 3.5) was 

estimated following Mauricio-Iglesias et al. (2015): 

𝑘𝐿𝑎𝑂2 =
𝑅𝑂·𝐴𝑅𝑅

𝑆𝑂2,𝑠𝑎𝑡
      (Eq. 3.5) 

 

3.5 Physicochemical analyses 

3.5.1 pH, conductivity, alkalinity and turbidity 

The pH off-line was measured using a pH-meter (BASIC 20+, Crison Instruments, Spain) and the 

electrical conductivity and salinity were measured using a conductometers (BASIC 30+, Crison 

Instruments). Total alkalinity, i.e. the capacity of water to neutralize acid pH, also known as 

buffering capacity, was measured by acid titration with HCl solution 0.1N until final pH 4.3. 

Finally, when needed, turbidity was measured with a RFID spectrophotometer (DR3900, Hach, 

Germany) at a wavelength of 550 nm.  

3.5.2 Suspended solids (total and volatile) 

Total suspended solids (TSS) and volatile suspended solids (VSS) within the bioreactor were 

measured roughly once per month according to the procedure described by APHA et al. (2005). 

The materials and equipment used include filters, filtration funnel, Kitasato flask, vacuum pump, 

analytical balance, lab heating stove (105ºC), muffle furnace (550ºC), and glass desiccator.  

 

3.5.3 Chemical oxygen demand and biochemical oxygen demand  

The chemical oxygen demand (COD) was measured by the potassium dichromate method, using 

the kit LCK714 (Hach) and measuring the final color after acid digestion with the 

spectrophotometer DR3900. On the other hand, the biochemical oxygen demand (BOD) was 

estimated after a 5-day incubation at 20ºC using the OxiTop measuring system (WTW, 

Germany). Both methods are described by APHA et al. (2005). 

3.5.4 Ion chromatography 

 

Cations (NH4
+, Na+, K+, Mg2+, Ca2+) and anions (NO2

-, NO3
-, Cl-, SO4

2-, PO4
3-) were regularly 

measured by ion chromatography (ICS-5000, Dionex, USA). Before the analysis, samples were 

filtered using Millipore 0.2 µm pore size filters and diluted at a ratio 1:50 using milli-Q water in 

order to fit the appropriate concentration range for performing the analysis.  
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3.5.5 Sludge settling properties  

The sludge settling properties were measured with the 30-minutes settling test for activated 

sludge (V30). Additionally, to 30 min volume, the sludge blanket volumes at 3, 5 and 10 minutes 

were also recorded. The sludge volume index (SVI) was then calculated according to the ratio 

between V30 and TSS (APHA et al., 2005). 

 

3.5.6 Microscopy observations 

Images of the PNA granular biomass were taken using a stereomicroscope (Stereo Discovery 

V12, ZEISS, USA) available at UdG STR (Serveis Tècnics de Recerca).  

3.5.7. Particle size 

The device used for measuring the particle size distribution of the PNA sludge was a laser 

diffraction particle size analyzer (LS 13 320, Beckman Coulter, USA), currently available at ICRA 

(Institut Català de Recerca de l’Aigua). The laser diffraction technique is based on the principle 

that particles passing through a laser beam will scatter light at an angle that is directly related 

to their size. This device is suitable for the measurement of particle sizes in the range of 0.04-

2000 µm (Coma, 2011). Measurements reported concern original PN and Anammox inoculums 

and final PNA sludge after 183 days of PNA-SBR operation. For the final samples, Tween 20 

surfactant solution (polysorbate 20) was used in order to slow down the precipitation of the 

biological granules, and make feasible measures lasting 180 seconds. 

3.6.8 Nitrous oxide  

The N2O emitted by the reactor was estimated using data collected with a N2O microsensor 

(N2O-R, Unisense, Denmark) submerged in the liquid phase, and the software “SensorTrace Basic 

v3.0.2”, similarly as previously done by Gabarró et al. (2014). Measurements reported were 

done between days 168 and 182. The value of the liquid-gas mass transfer coefficient for N2O 

(KLaN2O) under aeration was estimated considering O2 as the reference gas and according to the 

corresponding diffusion coefficients (Di) (values for O2 and N2O are assumed as 2.42·10-5 and 

2.57·10-5 cm2 s-1, respectively (Lide, 2005)), which is valid for low soluble components and a 

liquid interphase in turbulent motion (Mampaey et al., 2016). The KLaNO2 (eq 3.6) under anoxic 

conditions was reduced to 10% of the aerobic value to consider the effect of the mechanical 

mixing. 

𝑘𝐿𝑎𝑁2𝑂 = 𝑘𝐿𝑎𝑂2
·  √

𝐷𝑁2𝑂

𝐷𝑂2
  (Eq. 3.6) 
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4. Results and discussion 

4.1 Nitrogen removal 

4.1.1 Reactor performance  

The PNA-SBR was operated under semi-continuous mode until day 34 (represented in Figure 4.1 

by a vertical dashed line). After that time, the NLR applied to the bioreactor was progressively 

increased from 50 to 400 mg N L-1 d-1 according to the air flowrate supplied (30-200 mL min-1). 

Figure 4.1A shows trends for the concentration of ammonium in both influent and effluent water 

lines, and for the concentrations of nitrite and nitrate in the effluent. Nitrogen was significantly 

removed from the water line according to an ammonium removal efficiency (ARE) of 80%, 

achieving an ammonium removal rate (ARR) of 256 mg N L-1 d-1 by the end of the experimental 

period (Figure 4.1B). The corresponding NO3
-
produced:NH4

+
consumed molar ratio was slightly below 

the theoretical value of 0.11 (Eq. 1.3) (Figure 4.1C), probably because of the co-occurrence of 

heterotrophic denitrification or the formation of N2O. 
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Figure. 4.1. PNA bioreactor performance during 200 days of operation. A) Evolution of the concentration of the N 

species over time. B) Evolution of the N loading applied and the removal rate achieved. C) Evolution of the N removal 

efficiency and the molar ratio NO3
- produced:NH4

+ removed. Vertical dashed line represents time when operation of 

the SBR switch to completely automatic (day 34). 

The ammonium removal capacity of the PNA-SBR increased progressively throughout the 200 

operation days, and more drastically during the last 50 days. Maximum ARR achieved was 345 

mg N L-1 d-1 at day 193. Such increase in the activity was correlated with the air flowrate applied 

(Figure 4.2). 

 

Figure 4.2. Evolution of ammonium removal rate by the effect of the different air flowrates inf SBR 1 and SBR 2.  

The performance of SBR2 has not stopped increasing and has reached a maximum point of 345 

mg N (L ·d)-1 at operational day number 193, meanwhile, SBR1 removal rate has remained stable 

at an ARR round 200 mg N (L ·d)-1 for 50 days. This may be linked to a difference between the 

two reactors, one hypothesis could be that inside the SBR1 other microorganisms like 

heterotrophic go ahead to anammox response.  
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4.1.2 pH, electrical conductivity and dissolved oxygen behaviour  

The pH of the centrate and the effluent usually ranged from 7 to 8 (Figure 4.3). The PNA process 

implied a decrease in the pH. First operational days (until day 34), the conductivity of the 

centrate was increased by adding sea salt in order to adjust the characteristics of the centrate 

to those of the leachate treated by the biomass used as inoculum. After a transient period, 

conductivity of both influent and effluent water lines remained stable over time (Figure 4.4). 

Figure 4.3. Evolution of pH in the reactor and in the centrate. 

Figure 4.4 Evolution of electrical conductivity inside the reactor and in the centrate.  

Figure 4.5 shows the typical behaviour of the pH and DO profiles during one cycle from period II 

described in Table 3.1. The pH profile shows how the pH increased inside the reactor each time 

that a filling event took place, and how the pH decreased under aerobic reaction conditions (due 

to the oxidation of the ammonium to nitrite). Otherwise, the anoxic reaction periods were linked 

to a significant rise in the pH (mostly caused by the anammox reaction or co-occurring 

heterotrophic denitrification). 

The DO profile shows the achievement of a low concentration of oxygen under aerobic 

conditions, so that uninterrupted aeration during aerobic periods. Indeed, the set-point for DO 

was chosen as 0.3 mg O2 L-1. Above this threshold, air supply was automatically deactivated. 

Once aeration stopped (as during anoxic periods), the DO level in the reactor fell down fast since 

reaching a baseline. 
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Figure 4.5. Typical pH and DO profiles during 6h cycle in the PNA-SBR.  

The anoxic reaction is linked to a big rise in the pH, the second anoxic reaction is longer so the 

pH rise is more accentuated.  

4.1.3 Monitoring of the N species during one cycle in the SBR 

Ammonium was available throughout the cycle with concentrations of 140-150 mg N L-1. Each 

time a new feeding event took place, ammonium concentration increased slightly and 

subsequently decreased due to aerobic oxidation. No significant accumulation of nitrite was 

observed inside the reactor (< 2 mg N L-1) and complete nitrite abatement occurred in anoxic 

periods. The nitrate content in the bulk liquid remained stable at about 80-85 mg N L-1. The no 

accumulation of nitrite may be favourable for preventing sludge flotation events and achieving 

satisfactory sludge settling. 

 

Figure 4.6 Nitrogen species dynamics for one cycle.  
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4.1.4 N2O emissions   

According to numerical calculations following Gabarró et al. (2014), the percentage of N emitted 

from the reactor in the form of N2O in comparison to the N loaded was estimated as high as 10 

±1% (result obtained after monitoring three consecutive cycles in the SBR). This value is very 

high if compared to other similar experiences reported in the literature (maximum emission of 

2.5% N-loaded according to Mampaey et. al., 2016. This emission rate must be somehow 

reduced to achieve a sustainable PNA process owing to the powerful greenhouse effect of the 

N2O. Although measurements presented here are mostly considered as reliable, possible 

reasons other than biological activity to explain this high emission rate are the default measuring 

range and sensitivity of the sensor used for conducting the monitoring campaign. Additional 

measurements of the N2O emission rate and the use of alternative methods such as those 

following the composition of the off-gas exiting the reactor are advised in future experiments. 

 
Figure 4.7. Evolution of the N2O concentration in the reactor bulk liquid during one cycle (day 169).  

 

 

4.1.5 Specific activity tests  

4.1.5.1 Specific anammox activity  

The ARR measured in the SAA test was 165 ±29 mg NH4
+-N L-1 d-1, which was equivalent to a 

TNRR of 362 ±60 mg N L-1 d-1 (Figure 4.8). In specific terms, according to the availability of sludge, 

these values can be transformed to 77 ±10 mg NH4
+-N g-1 VSS d-1 and 170 ±19 mg N g-1 VSS d-1, 

respectively. When comparing these rates with those directly measured in the PNA-SBR (TNRR 

of about 190 mg N L-1 d-1 in days 167-169), values are much higher owing to the strict anaerobic 

conditions imposed during the test. The specific ARR measured is very low in comparison to the 

rate of 544 mg NH4
+-N g-1 VSS d-1 proposed for the anammox reaction by Strous et al. (1998).  
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Figure 4.8. Batch test carried out to assess the anammox activity of the sludge at day 166.  

4.1.5.2 Partial nitritation-anammox activity test 

The activity of the biomass during the batch test (160 mL air min-1) was measured as 353 mg N 

L-1 d-1 (Figure 4.9). Otherwise, according to the effective aeration time in one cycle of the PNA-

SBR (72.5% of the time under aerobic conditions), this is equivalent to an ARR of 256 mg N L-1 d-

1. This value is very similar to the value measured under regular continuous operation of the 

PNA-SBR (247 mg N L-1 d-1 on days 179-182). 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Activity of PNA biomass in 5 hours test without feeding the reactor. 
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Once known the ARR, the KLaO2 coefficient in the PNA-SBR under aeration was estimated as 

85.5 d-1, and the KLaN2O as 88.1 d-1. 

4.2 PNA Sludge 

4.2.1 Solids in the reactor 

The evolution over time of the suspended solids inside the reactor clearly showed an upward 

trend (Figure 4.10). Thus, the solids content evolved from initially 877 mg TSS L-1 and 858 mg 

VSS L-1 to 2739 mg TSS L-1 and 2605 mg VSS L-1 after 200 days of reactor operation (referred to 

10 L reactor volume). The VSS/TSS ratio was >0.9, which is indicative of a very low degree of 

mineralization of the sludge. 

 

Figure 4.10. Evolution of the suspended solids content in the PNA-SBR.  

 

4.2.2. Particle size distribution 

Particle size increased over time indicating a better aggregation (granulation) of the PNA sludge 

by the end of the experimental period (Figure 4.11). At the beginning of the experiment, 

particles in the inoculum sludge (PN and ANAMMOX) had a median size of approximately 80 μm, 

and after 183 days, the median size increased to 379 μm. The biggest particles detected in the 

inoculums sized about 200 μm and at day 183 sized almost 1 mm.  

Figure.4.11 Particle size distribution for the PN and Anammox inoculums collected in the landfill leachate 

treatment site (Reus) and for the sludge growing in the reactors R1 (GC) and R2 (AK) at day 183. 
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4.2.3 Observations at the microscope 

The measurements made in the laser diffraction analyser were corroborated by observations at 

the stereomicroscope (Figure 4.12). The granules increased in size. The biggest, red coloured 

granules observed after starting the experimental period (day 49) sized approximately 250 µm 

(surrounded by flocculent biomass). Granules observed by the end of the experimental period 

(day 175) were compact, brownish, and may size more than 500 µm. The colour of the anammox 

granules turned from red (young granules) to brown (mature granules). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Pictures of the PNA sludge at the stereomicroscope: (A-B) day 49 and (C-D) day 175. 

4.3 Phosphorous removal  

Phosphorus precipitation inside the bioreactor as apatite (calcium-type phosphate) or struvite 

(magnesium-type phosphate) was not significantly achieved because of the low concentrations 

of the concerned ions in the centrate (Figure 4.13 and 4.14). Thus, after an initial transient 

period, concentrations in the centrate and in the treated effluent evolved towards convergence. 

A 
B 

C D
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Figure 13. Evolution of the concentration of phosphorus over time.  
 

Figure 14. Evolution of the concentration of magnesium and calcium ions over time. 

 

5. Conclusions 

The start-up of one single stage SBR simultaneously performing partial nitritation and anammox 

(PNA) when treating centrate from the side-stream of a WWTP has successfully been achieved. 

Final ARR reached after 200 days of operation was about 300 mg N L-1 d-1. The emission of N2O 

was identified as potentially significant under the operational conditions applied. Yet, further 

analysis are needed to considered numerical results as conclusive. Granular biomass growth has 

been achieved. Final suspended solids content in the reactor was 2739 mg TSS L-1 (VSS/TSS = 

0.95). 

Phosphate precipitation inside the reactor was not significantly achieved. To stimulate such 

process, it is advised to add an extra amount of calcium or magnesium. 

6. Ethics and sustainability  

This Bachelors’ thesis aimed at the study of efficient wastewater treatment and resource 

recovery in the framework of circular economy, so that, it has been carried out targeting 

environmental sustainability, similarly to other R&D studies developed at LEQUIA. For 

conducting research, people worked together whatever their origin, no living beings were 

harmed, justice and prudence principles were respected, and all the literature and experiments 

considered as source of inspiration and knowledge have been referenced appropriately. 
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