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Abstract 

Eutrophication is an imbalance of aquatic system functioning due to an uncontrolled 

discharge of nutrients, i.e. nitrogen (N) and phosphorus (P), in water bodies. European 

legislation has defined discharge limits for BOD5, COD and TSS for wastewater 

treatment plants (WWTPs) serving >2000 population equivalent (PE). Moreover, 

stringent nutrient-discharge limits have been set for treated effluents from WWTPs larger 

than 10000 PE discharging into sensitive areas. Nevertheless, for small communities 

(below 2000 PE), the current national directive (D. Lgs. n°152/2006) and European 

legislation does not oblige to respect the discharge limits required for larger communities, 

although strict purification values can be set at local level, mainly depending on the 

receiving water body (e.g. lake or river). Italy is characterized by the existence of a huge 

amount of low-populated locations, as almost 44% of the municipalities count less than 

2000 inhabitants. Centralised wastewater treatment is not always feasible or the most 

cost-effective option for all sites due to geographical conditions and dispersed 

settlements. 

The aim of this doctoral thesis was to study a compact solution for the removal of C, 

N and P for the treatment of low- and medium-strength municipal wastewater that may 

help small communities to implement efficient and low-cost wastewater treatment. The 

combined removal of carbon and nutrients via simultaneous nitrification and 

denitrification (SND) coupled to P removal in moving bed biofilm reactors (MBBRs) was 

chosen as a potentially advantageous system for the scope as biofilm reactors enable the 

formation of a stratified biofilm with different microbial families depending on 

wastewater composition and operating conditions. Although satisfactory removal 

efficiencies have been achieved by operating single-stage MBBR as sequencing batch 

reactors (SBR) alternating anaerobic and aerobic/anoxic conditions, the MBBR-SBR 

technology is best suited to treat industrial wastewater, being discontinuously produced 

during the day, while a continuous-mode operation would be more suitable for municipal 

wastewater treatment.  

In this PhD work, SND coupled to P removal was investigated in continuous-flow 

single-stage MBBRs adopting different aeration strategies, i.e. stable microaerobic 

conditions and intermittent aeration (IA) conditions. The microaerobic conditions were 
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set by maintaining a dissolved oxygen (DO) of 1.0 (±0.2) mg L-1, resulting in a 

simultaneous removal of COD, total inorganic nitrogen (TIN) and dissolved phosphorus 

(P-PO4
3-) with average efficiencies of 87%, 58% and 66% respectively, at feed C/N ratio 

of 4.2. At feed C/N ratio of 2.7, average TIN RE was 46% due to lack of electron donor 

for denitrification. At the same time, at feed C/N ratio of 5.6, excess overgrowth of 

heterotrophic aerobic bacteria (HAB) led to poor nitrification, determining an average 

TIN RE of 51%. Subsequently, aeration strategy was shifted from a continuous aeration 

mode to a microaerobic/aerobic IA condition. SND process and P removal were studied 

in a continuous-flow IAMBBR under different DO regimes (0.2–2, 0.2–3 and 0.2–4 mg 

L-1). Simultaneous removal of dissolved organic carbon (DOC), TIN and P-PO4
3- removal 

efficiencies of 100%, 62% and 75% were achieved at DO range at 0.2–3 mg L-1 and at 

feed C/N ratio of 3.6. The bacterial community composition of the IAMBBR biofilm was 

investigated by Illumina sequencing, revealing the coexistence of nitrifiers 

(Nitrosonomas and Nitrospira) and denitrifiers with P-accumulating ability indicated as 

putative PAO (Hydrogenophaga), which were abundantly detected throughout the entire 

study. As last step, the feasibility of coupling a simultaneous partial nitrification and 

denitrification (SPND) to P removal were studied in two continuous-flow IAMBBRs. The 

effect of feeding two different carbon sources, i.e. ethanol and acetate, on the reactor 

performances and microbial community composition was also investigated. The 

inhibition of nitratation phase (NO2
-→NO3

-) allowed to reach average DOC, TIN and P-

PO4
3- REs of 100%, 81–88% and 83–86% at DO range of 0.2–3 mg L-1 and feed C/N ratio 

of 3.6. Finally, the effect of different feed C/P ratios (22 and 11) on P removal and 

microbial community of both biofilm and suspended biomass was studied. Illumina 

sequencing displayed the presence of putative PAOs such as Hydrogenophaga and 

Acidovorax, while typical NOB were never detected. MBBRs performing combined 

SPND and P removal achieved a 20% higher TIN RE compared to previous SND process 

under similar DO and C/N conditions. 

This work shows that efficient, simple and low-cost C, N and P removal can be 

achieved in MBBR by controlling the aeration pattern and at certain C/N/P ratios. 

Therefore, microaerobic/aerobic MBBRs are proposed as an interesting solution for 

implementing wastewater treatment in small communities. 
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1.  

In the last decades, an increasing attention from the scientific community has been 

given to the phenomenon of eutrophication in surface waters (rivers, estuaries and lakes) 

[1]. Eutrophication is an imbalance of aquatic ecosystems functioning, triggered by an 

increase of N and P loadings. The intensity of the phenomena depends on environmental 

factors, such as high temperatures, long residence time in water bodies and high 

exposition to light. Generally, eutrophication is characterized by an excess growth of 

plants and algae (e.g. phytoplankton and macrophytes), adapting to the new 

environmental conditions and replacing the initial species [2]. These new proliferations 

generate a large amount of biodegradable organic matter for bacteria. Their degradation 

by bacteria leads to further oxygen consumption, depleting dissolved oxygen (DO) and 

smothering aquatic organisms [3]. These events can disrupt aquatic biota and determine 

toxic emissions (CO2, H2S and CH4). In addition, some type of algal blooms are known 

to release a variety of toxic compounds (such as saxitoxins, brevotoxins and domoic acid) 

which may result in serious health effects on both humans and animals [4,5].  

Major N and P sources in aquatic systems are: (1) agriculture activities, such as animal 

manure and chemical fertilizers not fully used by plants; (2) inadequate wastewater 

treatment plants; (3) fertilizers and detergents containing high percentage of P; (4) 

stormwater carrying pollutants from rooftops, sidewalks, and roads, into local 

wastewater; (5) combustion of fossil fuels that increase the amount of P in the air. In 

addition, P is considered a non-renewable resource obtained mainly from rocks (e.g. 

phosphorite) located in a few world regions. Hence, during recent years, particular 

attention has been given to new technologies enhancing the performance of wastewater 

treatment plants to limit nutrient discharge in water bodies but also to recover and recycle 

the nutrients present in sewage [6,7] (Fig. 1.1).  
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Figure 1.1 - Nutrients sources https://projecteutrophication.weebly.com/sources-of-cultural-

eutrophication.html 

1.1 Nitrogen and phosphorus removal: overview of 

treatment technologies  

Up to date, nutrient removal can be achieved through chemical, physico-chemical or 

biological techniques [8]. Crystallization of magnesium ammonium phosphate 

(MgNH4PO4·6H2O), being also known as struvite, is a chemical process for the 

simultaneous removal of ammonium nitrogen (N-NH4
+) and P. Struvite precipitation is 

usually obtained by adding magnesium salt (Mg2+) to concentrated streams containing P 

concentrations higher than 50 mg L-1 [9]. Chemical precipitation of struvite can remove 

up to 80–90% of the soluble PO4
3- and 20–30% of the soluble NH4

+ from wastewater. 

However, fertilizers based on struvite are more expensive than conventional fertilizers 

[10]. Chemical P precipitation can also be achieved by the addition of calcium (Ca2+), 

aluminum (Al3+) or iron (Fe3+) salts. Aluminum and iron salts are not commonly used, as 

aluminum is toxic for most plant while iron makes P less available for future recovery 

[11].  

https://projecteutrophication.weebly.com/sources-of-cultural-eutrophication.html
https://projecteutrophication.weebly.com/sources-of-cultural-eutrophication.html
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Physico-chemical methods include adsorption, stripping, ion exchange and membrane 

filtration. Ion exchange has the advantage of operating at a wide range of temperatures. 

However, this process requires high investment cost and the addition of chemicals to 

regenerate the adsorbent [10]. Natural zeolite (e.g. clinoptilolite) is one of the most used 

adsorbent [12] and is characterized by a porous structure with a high cation exchange 

ability, especially with NH4
+ and potassium (K+), since natural zeolite is characterized by 

a negatively charged surface [13]. Recently, biochar has received widespread attention as 

an adsorbent that adsorbs N and P. Biochar is a stable carbon-rich product formed by 

thermal decomposition of biomass (agricultural and forestry wastes) under anoxic 

conditions [14].  Membrane systems generate highly concentrated product including N, 

P and Mg, suitable for agronomically product. However, membrane presents fouling 

problem due to accumulation of salts and contaminants [15].  

Biological methods typically include nitrification, denitrification, enhanced biological 

phosphorus removal (EBPR), being commonly applied in WWTP, and microalgae 

systems, in which microalgae cultivated in photobioreactors absorb organic and inorganic 

matter and nutrients [10]. Biological methods will be discussed in depth in Chapter 2. 

Conventional biological N removal include two sub-processes: (1) nitrification and (2) 

denitrification. Nitrification involves autotrophic nitrifiers, which oxidize ammonia 

(NH4
+) to nitrate (NO3

-) under aerobic condition. Not all NH4
+ is oxidized, but part is used 

for cell growth as N source and carbon dioxide (CO2) is used as carbon source [16]. 

Denitrification is carried out by denitrifying bacteria (DNB) which reduce NO3
- to 

nitrogen gas (N2) in four steps under strictly anoxic conditions [17], since DO can inhibit 

the enzymes involved in denitrification steps [18]. Today, the approach for N removal in 

municipal WWTPs foresees a pre-denitrification cycle, which denitrification and organic 

removal is carried first, followed by aerobic nitrification [19].  

EBPR is carried out by polyphosphate accumulating organisms (PAOs) taking up 

phosphate from wastewater in excess compared to growth requirement (luxury uptake) , 

under anaerobic and aerobic/anoxic alternating conditions [20]. Under anaerobic 

conditions, volatile fatty acids (VFAs) are taken up and stored as intracellular 

polyhydroxyalkanoates (PHAs). PAOs gain the energy from the hydrolysis of 

intracellular polyphosphate (poly-P) stored during the aerobic phase, releasing 

phosphates in the bulk liquid. Under subsequent aerobic condition and in absence of extra 

organic carbon, PAOs use the stored PHAs as carbon and energy source for growth, while 

phosphate is taken up from the bulk liquid and stored in the form of intracellular poly-P 

[21,22]. Because the amount of PO4
3- released during the anaerobic phase is lower than 

the amount taken up during the aerobic or anoxic phase, net phosphorus is achieved by 
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organisms, and P can be removed readily from the wastewater by wasting P-rich sludge. 

The schemes for EBPR are based on alternating phases providing at the same time 

nitrification and denitrification phases for N removal. A downstream aerobic phase can 

be foreseen in the sludge line for P recovering from sludge [23].  

1.2 Thesis scope and objective 

In Italy, more than 9000 WWTPs are reported to treat wastewater from small 

communities with population equivalent (PE) <2000. Small residential communities are 

financially unprofitable to be connected to centralized WWTPs [24,25]. Falletti et al. [25] 

reported that plants that treat less than 2000 PE are often characterized only by primary 

treatment, while most plants in the range of 2000–10000 PE have also secondary 

treatment. Small plants can be upgraded by implementing advanced technology requiring 

minimal additional space or by converting existing reactors. The current national and 

European legislation does not oblige small communities (<2000 PE) to respect the 

discharge limits applied to larger communities as less stringent purification values can be 

set at regional level through Source Water Protection Plans (SWP), with permissible 

discharge limits depending on the receiving water body (sea, lake, river, or soil, where it 

is allowed). The negative environmental impacts of wastewater discharge from small 

communities necessitate research for improved wastewater treatment technologies. The 

main aim of this doctoral thesis is to study a compact and low-cost treatment solution that 

may help small communities struggling with the implementation of secondary treatment 

in WWTPs. 

In this PhD research, the following objectives were addressed: 

• Investigate the optimal conditions to achieve simultaneous removal of carbon 

(C), N and P in continuous-flow moving bed biofilm reactors (MBBRs):  

➢ Testing different aeration strategy (continuous mode and 

intermittent aeration). 

➢ Evaluating the impact of different feed C/N ratios on 

performance removals. 

➢ Investigating the microbial community structure and the key 

microorganisms involved in N and P removal. 

• Investigate the feasibility to couple simultaneous partial nitrification and 

denitrification and P removal in continuous-flow MBBRs:  
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➢ Testing different carbon source (i.e. ethanol and acetate) on 

both nutrients removal efficiency and microbial community.  

➢ Investigating the effect of different feed C/P ratios on both P 

removal and microbial community of biofilm and suspended 

biomass. 

1.3 Thesis outline 

This doctoral thesis is composed by 6 chapters (Fig. 1.2).  

Chapter 1 is a general introduction on the main topics of the thesis. The structure of 

thesis is also described. 

Chapter 2 proposes a comparative analysis of the parameters affecting simultaneous 

nitrification and denitrification (SND) and the most used biofilm reactor configurations, 

such as moving bed biofilm reactors (MBBRs), sequencing biofilm batch reactors 

(SBBR) and aerobic granular sludge (AGS).  

Chapter 3 investigates the impact of feed C/N ratio on simultaneous nitrogen and 

phosphorus removal in a continuous flow MBBR under stable microaerobic conditions 

(1.0 ± 0.2 mg L-1). 

Chapter 4 investigates the removal efficiencies of carbon, nitrogen and phosphorus in a 

continuous-flow MBBR alternating microaerobic and aerobic conditions. The SND 

process coupled with phosphorus removal was studied under different DO ranges and 

feed C/N ratios. Finally, biofilm evolution was investigated by means of Illumina 

sequencing analysis. 

Chapter 5 investigates the feasibility of shortcut SND coupled to phosphorus removal in 

a continuous-flow MBBR under microaerobic/aerobic alternating conditions and the 

impact of different feed carbon sources on the process. 

Chapter 6 is a general discussion of the results obtained during the doctoral studies. This 

chapter also provides recommendations and perspectives for future research. 
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Figure 1.2 - Flow scheme describing the structure of the doctoral thesis 
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2.   

2.1 Introduction 

Nitrogen (N) and phosphorus (P) are essential nutrients for all living forms [1]. 

However, excessive discharge of N and P in surface waters can determine an abnormal 

growth of algae and, consequently, a depletion of dissolved oxygen (DO) [2,3]. This 

phenomenon is known as eutrophication and represents a serious problem affecting water 

quality in rivers, lakes and estuaries around the world [4–6]. The main source of N in 

surface waters is represented by the run-off from agricultural land and industrial activities 

[7], while P contamination occurs primarily from industry, households and livestock 

manure [8]. The exponential growth of urbanization in the last years has led to an increase 

in nutrient-rich wastewater production [9]. The European Council Directive 271/91 EEC 

and the European Water Framework Directive 60/2000/EC focused their attention to the 

protection of sensitive areas at risk of eutrophication by setting limitations for total 

phosphorus (TP) and total nitrogen (TN) concentrations in treated effluents from WWTPs 

larger than 10000 population equivalent (PE). Discharge limits for chemical oxygen 

demand (COD), biochemical oxygen demand (BOD5) and total suspended solids (TSS) 

are also provided for agglomerations larger than 2000 PE. However, for small 

communities (below 2000 PE), the current national and European legislation does not 

oblige to respect the discharge limits required for larger communities as less stringent 

purification values can be set at local level, with permissible discharge limits based on 

receiving water bodies. Therefore, one of the keys challenges for the achievements of 

discharge requirements is to identify the most feasible and cost-effective technologies for 

the treatment of wastewater from small communities that contribute to eutrophication 

phenomenon.  

As an example, Italy is characterized by the existence of a huge amount of low-

populated locations, as almost 44% of the municipalities count less than 2000 inhabitants 

(ISTAT, 2019). Lijó et al. [10] reported over 9000 wastewater treatments plants 

(WWTPs) in Italy being designed for 2000 PE or less. The centralized treatment of 

wastewaters from small communities is not always feasible or the most cost-effective 

option due to geographical conditions and dispersed settlements [11].  

Biological nitrogen removal (BNR) is known to remove N compound from 

wastewaters and is recognized as the most economical process to reach the stringent limit 

discharge with higher cost-effectiveness compared to physicochemical processes [12,13]. 

Simultaneous nitrification and denitrification (SND) is capable to completely remove N 
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within the same bioreactor under specific operating conditions, which differentiate this 

process from conventional nitrification/denitrification being carried out in separate 

bioreactors [12,14,15]. Moreover, in the last years the SND process was also coupled with 

enhanced biological phosphorus removal (EPBR), resulting in the so-called simultaneous 

nitrification-denitrification and phosphorus removal (SNDPR) process [16]. Recently, 

SNDPR has gained increasing attention as a doorway to remove nutrients (i.e. N and P) 

in a single system and simultaneously reducing both carbon and oxygen requirements 

[17,18]. 

Up to date, many researchers have studied the effect of various factors on SND, 

including the feed C/N ratio, DO concentration, hydraulic retention time (HRT) and 

aeration pattern. In this chapter, a comprehensive review of SND applications in biofilm 

reactors is presented. Also, the fundamental mechanisms of SND are investigated and 

critical knowledge gaps identified. 

2.2 Overview of nitrogen removal bioprocesses 

The nitrification process is carried out under aerobic conditions and consists of two 

consequential steps of oxidation (Fig. 2.1). In the first step, ammonia oxidizing bacteria 

(AOB) oxidize NH4
+ to nitrite (NO2

-) by consuming 1.5 mol of oxygen. In this reaction, 

the enzymes ammonia monooxygenase (AMO) and then hydroxylamine oxidoreductase 

(HAO) are involved, along with hydroxylamine (NH2OH) as intermediate product; in the 

second step, nitrite oxidizing bacteria (NOB) convert NO2
- to NO3

- by consuming 0.5 mol 

of oxygen. In this case nitrite oxidoreductases (NXR) are the enzymes involved [19,20] 

(Fig. 2.1). AOB and NOB use only inorganic carbon sources, consuming almost 7.1 mg 

CaCO3 for each mg N-NH4
+ oxidized [21,22]. During nitrification, nitrous oxide (N2O), 

a potent greenhouse gas [23], may be produced by AOB via two main pathways: reduction 

of NO2
- as terminal electron acceptor to N2O (pathway known as nitrifier denitrification) 

and incomplete oxidation of hydroxylamine (NH2OH), which is first chemically 

decomposed to NO and then biologically reduced to N2O
 (known as hydroxylamine 

pathway) [24]. AOB genera include Nitrosospira, Nitrosomonas, Nitrosovibrio and 

Nitrosococcus, while Nitrospira, Nitrobacter, Nitrospina and Nitrococcus are identified 

as NOB [25,26]. Under anoxic conditions, the reduction of NO3
- to NO2

- and then to N2 

is carried out by denitrifying bacteria (DNB), by generally using organic carbon as 

electron donor and producing alkalinity. Similar to nitrification, incomplete 

denitrification can lead to the emission of N2O, being a process intermediate [23,27]. 

Bacteria belonging to Thaurea, Flavobacterium, Acidovorax, Hydrogenophaga, 
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Rhizobium, Pseudomonas and Acinetobacter are reported as denitrifiers frequently 

observed in WWTPs [28,29]. The dominant phylum in activated sludge is commonly 

represented by Proteobacteria, followed by Bacteroides, Chloroflexy and Actinobacteria 

[20]. 

 
Figure 2.1 - Major biological processes of the nitrogen cycle. AOB, ammonium oxidizing bacteria; 

NOB, nitrite oxidizing bacteria; DNB, denitrifying bacteria; AnAOB, anaerobic ammonium oxidizing 

bacteria; Amo, ammonia monooxygenase; Hao; hydroxylamine oxidoreductase; Nxr, nitrite 

oxidoreductases; Hzs, hydrazine hydrolase; Hdh, hydrazine-oxidizing enzyme; NaR, nitrate reductase; 

NiR, nitrite reductase; NoR, nitric oxide reductase; NoS, nitrous oxide reductase. 

BNR through nitrification and denitrification is mainly accomplished within the 

conventional activated sludge (CAS) system. Generally, nitrogen removal is achieved by 

means of a pre-denitrification cycle, with provides for an heterotrophic denitrification 

phase followed by an aerobic phase for combined oxidation of organics and ammonium 

[30]. However, CAS is often unsustainable for the treatment of wastewater produced in 

small communities due to large structural footprints and high energy demand and sludge 

production [14].  

In recent years, novel biological processes, i.e. Anaerobic AMMonia Oxidation 

(Anammox) and simultaneous nitrification denitrification (SND), have been increasingly 

investigated with the aim to limit nitrogen discharge in water bodies by reducing the 

operating costs of WWTPs.  
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Anammox is defined as an autotrophic process for complete N-NH4
+ removal, since 

Anammox bacteria oxidize NH4
+ directly to N2 obtaining energy for growth from the 

oxidation of NO2
- to NO3

- [31] (Fig. 2.1). Nitrite can be produced by partial nitrification 

(nitritation) of NH4
+ or through partial denitrification (DN or denitritation) of NO3

-. The 

advantages connected to nitritation are: (1) reduced energy consumption thanks to a 60% 

lower oxygen requirement because only 50% of ammonia needs to be partially oxidized 

to NO2
- instead that to NO3

-; (2) no need of external carbon source to obtain a complete 

nitrogen removal, because partial nitrification and then Anammox are both autotrophic 

processes; (3) reduced CO2 and N2O emission; (4) reduced sludge production due to slow 

growth of Anammox bacteria [20,29,32]. Despite these advantages, the Anammox 

process presents limitations: (1) the specific growth rate of Anammox organisms is low 

(0.069 d-1), resulting in long enrichment and start-up periods [33]; (2) excess discharge 

of nitrate in effluent might require a post-denitrification phase to achieve the standards; 

(3) anammox bacteria requires high temperature (i.e. 30–40°C) and a strict temperature 

and pH control, showing strong sensitivity to operational conditions; (4) the presence of 

organic matter generates a competition for NO2
- between denitrifying and anammox 

bacteria determining a lower ammonium removal; (5) organic compounds can inhibit 

anammox activity completely or partially [20,29,32].  

2.3 Simultaneous nitrification denitrification (SND) 

The SND process can be considered a promising alternative to conventional pre-

denitrification cycle in WWTP for the simultaneous removal of C and N from municipal 

wastewater as it offers several advantages: (1) carbon demand and sludge production are 

reduced by over 30% [34,35], (2) alkalinity supply by denitrification helps to maintain a 

circumneutral pH, (3) there is no need of NO3
- recirculation, (4) less energy for aeration 

is required [36], (5) small footprint [37]. Potential disadvantages of the SND process are 

(1) lower nitrogen removal efficiencies compared to separate denitrification and 

nitrification, (2) significant nitrous oxide (N2O) accumulation [38] and (3) process 

instability due to competition among the different microbial families coexisting in the 

system.  

Fig. 2.2 shows the number of publications on SND process during the last 30 years. 

As can be seen from the upper right graph, since 1990 nearly 1400 scientific contributions 

have been published on SND process with various engineered systems. Most studies have 

been carried out at laboratory scale using different types of biofilm and suspended-growth 

systems. Generally, technologies based on biofilm systems have different advantages 
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over CAS system: (1) higher biomass concentration; (2) lower space requirements; (3) 

reduced hydraulic retention time (HRT) and sludge production; (4) performance more 

stable [39]. In addition, biofilm systems allow the coexistence of different microbial 

species involved in nutrients removal on a support media being fixed or floating in the 

bioreactor, which makes these systems perfectly suitable for the SND process. Biofilm 

reactors that have been applied for SND includes moving bed biofilm reactor (MBBR) 

(Table 2.1), sequencing batch biofilm reactor (SBBR) (Table 2.2), membrane biofilm 

bioreactor (Table 2.3), aerobic granular sludge (AGS) reactor (Table 2.4) and fluidized 

bed biofilm reactor (FBBR). 

 
Figure 2.2 - Number of publications on SND since 1990 until 2020 (Source: Scopus). 

2.4 Factors influencing SND process in biofilm 

reactors 

The key for a successful SND process is to balance the coexistence between bacteria 

involved in nitrification (AOB, NOB) and denitrification (DNB). Each group of bacteria 

has its optimal living environment [40,41]. Up to date, researchers have focused their 

attention on studying the parameters affecting SND during bioreactor operation. Besides 

environmental factors (pH and temperature), which regulate the activity of the bacterial 

species involved, the SND process is impacted by operating parameters such as DO, HRT, 

feed C/N ratio, diffusion limitations inside biofilm, microbial competition and type of 

influent wastewater. 
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2.4.1 Environmental factors 

Environmental factors such as pH and temperature can affect both the efficiency and 

pathways of nitrification. It is well known that AOB and NOB are sensitive to these 

parameters [13]. It has been reported that AOB can outcompete NOB at temperatures > 

25°C, while NOB grow much faster at lower temperatures. T. Liu et al. [42] evaluated 

the SND performance of a MBBR operated under three different temperatures (23°C, 

18°C and 13°C). The optimal value of temperature was 23°C, while lower temperatures 

were unbeneficial due to slow growth of AOB. When the temperature decreased from 

23°C to 13°C, TN REs decreased from 55.3% to 28.9% due to lower nitrifying activity 

[42]. pH values in the bioreactor are determined by bacterial activity. During the 

nitrification process, AOB and NOB bacteria consume almost 7.13 mg CaCO3 for each 

mg of N-NH4
+ oxidized due to release of H+. However, denitrification supplies alkalinity 

which helps to keep a circumneutral pH [43,44]. 

Temperature and pH are also keys parameters affecting the nitritation process. For 

instance, pH affects the AOB and NOB activities directly by modifying the enzymatic 

reaction mechanism or indirectly via inhibition by free ammonia (FA) and free nitrous 

acid (FNA). The suggested pH to inhibit NOB is reported to be between 7.5–8.5 [26]. 

Nitritation combined with SND process will be discussed in Section 2.5. 

2.4.2 Operational parameters 

• DO concentration  

DO concentration in the bioreactor impacts the microbial physiology and community 

composition within the biofilm [14]. As is well known, the SND process is based on the 

co-existence of AOB, NOB and DNB inside the biofilm, being possible thanks to DO 

concentration gradients generated by diffusional limitations [45]. Specifically, the DO 

concentration in the bulk liquid can be manipulated to create a gradient determining the 

formation of an anoxic micro-environment where denitrification can occur, while 

nitrifying bacteria thrive on the external region of the biofilm were DO is more abundant 

[46–48].  

In the literature, the suitable DO concentration for maintaining the SND process varies 

in a wide range (0.8–7 mg L-1) and is affected by a number of factors, e.g. carbon source 

availability, reactor configuration and operation, granule size or biofilm thickness and 

carrier type (Tables 2.1–2.4). The set DO concentration must ensure a balance between 

microbial families and the production and consumption of NOx. Penetration depth of DO 

influences the SND performance, as high values of DO concentration in the bulk liquid 
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can limit the formation of the anoxic zone, while low DO concentrations can limit 

nitrification [49–52]. Cao et al. [7] investigated the effect of DO on SND in a MBBR by 

means of microelectrode measurements and real time polymerase chain reaction (PCR). 

Five DO concentrations ranging from 1.5 to 5.5 mg L-1 were tested in five identical 

moving bed SBRs (MBBR-SBRs) (Table 2.2). After an acclimatization period, the 

highest TN removal efficiency (RE) was observed at a DO concentration of 2.5 mg L-1 

(84%), while COD REs were > 90% in all systems (Table 2.2). Higher DO concentration 

(3.5–5.5 mg L-1) inhibited denitrification due to the increased DO penetration in the 

MBBR biofilm, while the relative abundance of AOB and NOB increased. Low DO 

concentration (1.5 mg L-1) limited the nitrifying activity, resulting in lowest relative 

abundance of AOB in the biofilm and in a significant increase of N-NH4
+ concentration 

in the effluent (up to 13.8 mg L-1). Based on these results, it clear that DO is a very 

important parameter and must be strictly controlled to maximize TN RE. 

In another study, Liu et al. [45] studied the effects of three different DO concentration 

(2.5 ± 0.5 mg L-1, 1.5 ± 0.5 mg L-1 and 0.8 ± 0.3 mg L-1) in a continuous-flow MBBR. 

Results showed that a DO lower than 1 mg L-1 is beneficial for SND performance (TN 

RE up to 53%) with high N-NH4
+ RE (85%). At DO over 1.5 ± 0.5 mg L-1, N-NH4

+ RE 

reached 98% corresponding to TN RE of almost 30% due to limited denitrification 

activity. Recently, the microaerobic operation of continuous-flow MBBRs at DO levels 

of 1.0 ± 0.2 mg L-1 showed promising SND performances [26,42] (Table 2.1). However, 

under oxygen-limited conditions AOB may compete with NOB and HAB for DO [53]. 

The basic problem in nitrification lies in the fact that nitrifying bacteria (NOB and AOB), 

which oxidize NH4
+ and NO2

-, have much lower growth rate and higher affinity constant 

of oxygen compared to HAB, which can easily outcompete them under limiting DO 

conditions.  

Applications of AGS systems showed that DO concentrations in the range of 1.5–3.0 

mg L-1 generally tend to increase SND performances [49,54]. However, high DO 

concentrations are required inside AGS reactors to ensure long-term stability of the 

bioreactor. Long term stability is maintained by high shearing force affected mainly by 

aeration, which also determines nitrification and denitrification efficiencies [55–57]. Yan 

et al. [55] studied the effect of three DO concentration ranges (6–7, 4–5, 2–3 mg L-1) on 

AGS performances and dynamic changes in sludge particle size. With the decrease of DO 

concentration and air shear force the percentage of particle size with diameter less than 

0.5 mm increased by 0.9-6.4%, which means that higher DO levels (6–7 mg L-1) 

determined an appropriate hydrodynamic shear force for a stable operation, while lower 

DO values led to partial break-up of the granules [55,58]. However, low TIN REs with 
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an average value of 21% were achieved at the highest DO concentration range of 6–7 mg 

L-1, while higher REs (i.e. 38%) were observed under DO concentrations of 2–3 mg L-1. 

TN REs was probably affected also by the low feed C/N of 1, which could not provide 

sufficient organic electron donor for denitrification activity and growth of microorganism 

[55].  

Intermittent aeration (IA) can be a suitable choice for the SND process, as it can 

promote the activities of both nitrifying and denitrifying bacteria coexisting in the biofilm 

[44,59]. In addition, IA can significantly limit the expenses for wastewater treatment, as 

aeration accounts for more than 50% of the energy costs of a municipal WWTP [44,60].   

• Feed C/N ratio 

Municipal wastewaters are generally characterized by low C/N ratios, which may 

result in low nitrogen removal efficiency due to lack of organic electron donor for 

denitrification [61,62]. As a result, additional carbon source such as methanol, glucose or 

sodium acetate is often needed [61,63]. In the same way, low SND performance in biofilm 

systems is often linked to the lack of electron donors for denitrification [49,64]. The outer 

space of biofilm is generally occupied by HAB, for which it is easier to get food from the 

bulking solution than for DNB, which occupy the inner anoxic zone. During the process 

of organic substance diffusion from the bulking solution to the aerobic zone and further 

to the anoxic zone, a large amount of organics is consumed by HAB and the remaining 

organics may not meet the requirement for denitrification. F. Wang et al. [65] used an 

AGS to treat real domestic wastewater through SND process. The SBR showed average 

COD and TP REs of 80% and 71%, respectively. Nitrification efficiency reached values 

up to 92%, however TN RE was about 52% due to low feed C/N ratios (0.4–2.3), lower 

than the theoretical value of 2.9 for complete nitrogen removal. Later, Wang et al. [66] 

studied the effects of three different COD/TN ratios (20, 10, 4) on an SNDPR process 

using AGS. TN REs decreased from 95% to 75% due to carbon deficiency, being the 

result of reduced COD/TN ratio following the increase of effluent N-NO3
- from 0.2 to 

14.6 mg L-1.  

Possible solutions to overcome the lack of carbon source in real municipal wastewater 

are: (1) addition of liquid carbon sources, such as ethanol, methanol or acetic acid; (2) 

addition of solid carbon source, such as biodegradable polymers (BDPs) [45,67–69]. 

Wang et al. (2009) observed a 30% improvement of TN RE when the volumetric loading 

rate (VLR) was increased from 0.7 to 3.41 kg m-3 d-1 adding sodium acetate in batch 

experiments with aerobic granules due to more carbon source being available for 

denitrification. The second solution is the use BDPs, such as poly-3-hydroxybutyric acid 

(PHB), polycaprolactone (PCL), polylactic acid (PLA) and poly butanediol succinate 
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(PBS) [39]. BDPs can be hydrolyzed by extracellular enzymes secreted by specific 

microorganisms, and then hydrolysis products can be utilized by HAB and DNB as 

sources of organic carbon [63,70,71]. BDPs are identified as slow-release carriers and are 

used in various application as electron donor/nutrient sources but also as biofilm carriers 

[39]. Han et al. [63] compared the nitrogen removal performance of a conventional MBR 

(C-MBR) to that of an MBR with a novel biocarrier composed of polyester-urethane 

sponge with a PBS granule wrapped inside the sponge. The PBS was used as external 

carbon source and also as biofilm carriers treating low feed C/N ratio (below 1.0) 

wastewater (Table 2.2). After biofilm formation and the consequent enrichment of 

bacteria able to disintegrate the PBS material, the effluent N-NO3
- decreased from 22.2 

to 4.6 mg L-1, resulting in an increased TN RE from 62% to 92% [63]. The MBR with 

modified carriers achieved TN RE value 80% higher compared to that of C-MBR (12%). 

However, BDPs are characterized by high costs, being 2 - 7 fold higher than ethanol or 

methanol and similar to that of acid acetic [39,67]. Low-cost alternatives to BDPs are 

other natural biopolymers such as starch or lignocellulose. Feng et al. [72] used a 

biodegradable support made in rice husk and lignocellulosic materials mainly composed 

of biodegradable cellulose, branched hemicelluloses and recalcitrant lignin.  

Although positive effects have been highlighted, increase of feed C/N ratio in SND 

systems should be controlled. Several studies pointed out that excess organic carbon 

feeding may limit nitrification and denitrification efficiencies. Under high biodegradable 

COD loadings, HAB characterized by high growth rates and biomass yields will 

outcompete AOB and NOB for DO and NH4
+ and DNB for organic carbon and NOx. Fu 

et al. [73] investigated the effect of five C/N ratios (4.3–13.4) on the SND process under 

strictly aerobic conditions (DO = 3.0–4.0 mg L-1) in three MBBRs filled with 

polyethylene (PE) carriers. During experimental activities, ammonia concentrations in the 

three MBBRs has been gradually increased to a final concentration of 100 mg L-1, 

corresponding to a C/N ratios between 4.5 and 13.4. The results demonstrated nearly 

complete denitrification at a C/N ratio of 4.5–13.4, while nitrification efficiency was 

relatively low (41–2%) probably due to the competition between nitrifiers and HAB for 

DO [51,73] (Table 2.1). FISH analysis showed an increase of AOB and NOB abundances 

linked to a decrease of COD loading rate, which indicates that a lower supply of carbon 

source determined a decrease in the abundance of heterotrophic bacteria within the 

biofilm while making more DO available for nitrifying bacteria. 

2.5 Short-cut SND 
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The short-cut SND process (also known as SND via nitrite or simultaneous partial 

nitrification denitrification, SPND) involves the incomplete oxidation of NH4
+ to NO2

- by 

AOB (nitritation) followed by the complete reduction of NO2
- to N2

 by DNB 

(denitritation) (Fig. 2.1). The nitritation process implies the NOB activity suppression to 

stop NO2
- oxidation and allow denitritation. Short-cut SND is a feasible technology to 

treat wastewater with low C/N ratio, as it results in lower carbon consumption compared 

to complete SND. SND via nitrite, or shortcut SND, is proposed by several studies 

adopting different pathway to inhibit NOB growth [15,62,74–77].  

In order to allow the AOB growth and simultaneously inhibit the NOB activity and 

avoid their proliferation, it is essential to maintain specific operational conditions, e.g. pH 

between 7.5 and 8.5 [26], DO levels below 1.5 mg L-1 [13,19], temperature >25°C 

[20,75], SRT or reaction time below 5 days [29], real time control of anoxic and aerobic 

alternation conditions [74], inhibitory FA and FNA concentrations. The main advantages 

related to short-cut SND compared to conventional nitrification and denitrification are: 

(1) 25% oxygen reduction during aerobic phase, implying saving almost 60% of energy 

costs; (2) reduction of almost 40% of carbon requirements for denitrification 

[14,19,29,78]. Jia et al. [53] reported a decrease of theoretical oxygen consumption and 

required COD from 2 to 1.5 mol O2/mol NH4
+ and from 40 to 24 mg COD/mol NH4

+, 

respectively, compared to conventional nitrification and denitrification. Furthermore, 

NO2
- reduction rate is reported to be 1.5–2 folds higher than NO3

- reduction, which should 

accelerate nitrogen removal [20,78].  

FA and FNA inhibit both AOB and NOB and their concentrations in the bioreactors 

are determined by those of NH4
+ or NO2

- concentration. Threshold limits of inhibition for 

AOB and NOB are different, being NOB more sensitive than AOB to both FA and FNA. 

AOB is inhibited by FA with concentrations between 10–605 mg N L-1, while values 

between 0.1–5 mg N L-1 are sufficient to inhibit NOB [26]. In particular, high 

concentrations of FA inhibit the NXR enzyme located on NOB [19]. FNA concentrations 

that inhibit AOB lie between 0.42–1.72 mg N L-1, while NOB inhibition was observed 

already at concentrations of 0.011–0.07 mg N L-1. Concentrations between 0.026–0.22 

mg N L-1 could completely inhibit NOB activity [26,53].  

It is widely known that at temperatures lower than 20°C the maximum specific growth 

rate of NOB is higher than the growth rate of AOB and temperatures higher than 25°C 

are required for AOB to outgrow NOB and ensure nitrite accumulation [75]. Based on 

this concept, a new process, namely SHARON (Single reactor system for High activity 

Ammonium removal Over Nitrite), was proposed. The SHARON process enables to 

achieve a controlled nitritation, although it is not suitable for municipal wastewater due 
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to its strict operational conditions. Indeed, the SHARON process runs at HRT of 1–3 days 

and temperature between 30 and 40°C [26,74]. Due to high specific heat of water (4.183 

Kj Kg-1, 20°C), it is not economical feasible to increase the temperature of municipal 

wastewater [19]. Hence different strategies to enhance the activity of AOB over NOB 

have to be found [79]. In addition, maintaining a stable nitritation in system treating real 

wastewater characterized by low C/N ratio and low N-NH4
+ concentrations (< 50 mg L-

1) (such as municipal wastewater) is complicated, also due to influent fluctuations, 

especially during continuous operation [13,19]. Another important issue to consider is the 

potential discharge of high concentrations of nitrite in water, which is toxic for human. 

Further investigation of SND via nitrite coupled phosphorus removal are required in order 

to understand the potential inhibitory effects of nitrite on polyphosphate accumulating 

organisms (PAOs) [13,20].  

• DO limitation  

DO is the terminal electron acceptor in the oxidation-reduction respiratory chains for 

both AOB and NOB. Oxygen half saturation constant for AOB (KO, AOB) falls in the range 

of 0.2–0.4 mg O2 L
-1, being lower than that for NOB (KO, NOB), i.e. 0.7–2.0 mg O2 L

-1, 

which means that AOB have a higher affinity for oxygen than NOB [26]. This implies 

that NOB are often at a disadvantage when competing with AOB for DO [20,26,61,80]. 

However, recent studies reported that NOB affinity for oxygen significantly increased 

after long-term operation with low DO concentration, making NOB better competitors 

for DO than AOB [81,82].  

Tan et al. [76] studied the effect of three COD/N ratios (1.8, 5.0 and 10.5) on the 

shortcut SND process in a SBR-MBBR equipped with PU carrier (dimensions: 20x20x20 

mm, porosity: 50% and pore radius 1.5 mm) (Table 2.1). TN RE of 79% was achieved 

under a COD/N ratio of 10.5, while lower TN RE (55%) was observed under the lowest 

C/N ratio (1.8) [76]. The authors attributed the low denitrification efficiency under 

COD/N ratio of 1.8 to the lack of organic carbon in the synthetic influent, which is 

congruent with the observation of Feng et al. [72]. However, the nitrite accumulation ratio 

(NAR), evaluated as the ratio between effluent nitrite and the sum of effluent nitrite and 

nitrate (NOx) was high (87–95 %) under each COD/N ratio. Hence, they concluded that 

the factor that affected shortcut SND was mainly related to the low DO concentrations 

during the process (< 1.0 mg L-1). Low DO concentration affected the oxidation of 

ammonium when the COD/TN ratio increased from 5.0 to 10.5 due to DO consumption 

for the decomposition of the organic substrate [76] and probably caused sludge 

filamentous bulking problems [13]. Peng and Zhu [19] suggested a DO range of 1.0–1.5 
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mg L-1 to obtain a successful nitritation. The authors suggested also a real time control to 

regulate DO concentrations in reactors. 

In recent years, different authors have reported that alternating anoxic and aerobic 

conditions may induce nitritation [83]. One of the NOB suppression mechanisms that has 

been attributed to IA is the establishment of a lag-phase in NOB activity after the 

transition from the anoxic to the aerobic period [13,83,84]. NOB are inhibited under 

periodic alternation due to the inactivation of NXR enzyme under anoxic conditions and 

the reactivation under the subsequent aerobic phase. However, under aerobic condition 

AOB recovered faster than NOB. Gilbert et al. (2014) indicated that 15 min was the 

minimum duration of anoxic phase able to generate a lag-phase in NO2
- oxidation (up to 

13 min). The length of this lag-phase was longer for NOB compared to AOB and was 

shown to depend on DO levels experienced by the biomass during cultivation and air flow 

rate during the aerobic period. Lag-phase in biomass cultivated at higher DO levels was 

distinctively longer than in biomass adapted to lower DO levels. Increasing air flow rate 

decreased the delay in NO3
- production. In contrast, anoxic periods longer than 15–20 

min and temperature did not affect the length of the lag-phase.  

Yang and Yang [74] achieved SND process via nitrite in an intermittently aerated 

membrane MBBR without a strict control of SRT. The authors shifted from a condition 

with continuous aeration to a condition with alternating aerobic and non-aeration 

conditions. In the membrane MBBR, TN RE increased from 68% under continuous 

aeration condition to 88% with an aeration phase of 2 min and a mixing phase of 4 min 

under a constant COD/TN ratio of 5.0. Meanwhile, the NAR increased from 5% to 79%. 

The microbiological analysis revealed the presence of AOB, which accounted for about 

54% and of NOB for almost 26%. The authors concluded that NOB could be inhibited 

under intermittent condition but not totally washed out from reactor.  

Because SBR reactors are often operated under multiple aerobic/anoxic periods, they 

are well suited for SND via nitrite. Recently, Campo et al. [62] used AGS-SBR 

technology to threat real domestic wastewater with low COD/N ratio (2.8–3.8). The 

authors reached high effluent quality with COD, TP and TN REs of 84%, 96% and 71%, 

respectively, and estimated that about 56% of nitrogen was removed via-nitrite and 44% 

via nitrate. The SPND process permitted to save the aeration requirement for nitrification 

(14%) and almost 22% in COD for denitrification [62]. The strategies adopted were: (1) 

maintaining low DO concentration during aerobic phase (1.4–1.6 mg L-1), (2) maintaining 

a low DO/NH4
+ ratio and (3) maintaining a low SRT of biomass flocs (8–10 days) that 

determined a washout of NOB biomass. 

• Salinity 
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Saline wastewaters are widely common because of industrial or agricultural 

discharges. High salt content (> 3.5%) has negative effect on nutrient removal, although 

lower salinity values were reported to improve nitrogen removal [85]. NOB are more 

sensitive to salt than AOB, as a value of 9.0 g NaCl L-1 could inhibit NOB activity while 

enhancing AOB activity. Stable nitritation was achieved also at 6.5 g NaCl L-1 [15]. The 

nitrogen removal pathway could shifted from SND via nitrate to a SND via nitrite when 

salinity increased from 1.0% to 2.0% [85,86]. Huang et al. [15] studied the effect of the 

duration of the anaerobic (AN) and aerobic (O) phases on short-cut SND in a hybrid 

biofilm SBR (HSBBR) under low salinity (1.2%) and COD/TN ratio of 10. Higher TN 

RE average values over 92% was achieved at AN/O ratio of 1/5.5 h, 1.5/5 h and 2/4.5 h. 

Microbial community analysis on suspended biomass and biofilm revealed the presence 

of the NOB Nitrospira with a relative abundance of 0.1% only in the suspended sludge 

and when the duration of the AN/O cycle was 0/6.5h. Later, Xia et al. [85] reported that 

SND via nitrite became the main nitrogen removal pathway under salinity between 1.6% 

and 2.4%. The TN REs achieved were 78 (±3) %, 83 (±4) % and 74 (±4) % at the salinity 

of 0.8%, 1.6% and 2.4%, respectively. Under the highest salinity (2.4%), the authors 

registered also the highest accumulation of nitrite, revealing also an inhibition of 

denitrifying bacteria in this condition [85]. At the end of the study, Nitrospira genus was 

the only NOB bacteria detected, with low percentage abundance (0.1–0.2%). When 

salinity increased from 2.5% to 3.0%, the activity of ammonium oxidizers, nitrite 

oxidizers, nitrite reductase and dehydrogenase were inhibited [77]. On the other hand, 

salinity higher than 2% let to deterioration of phosphorus removal in AGS performing 

SND coupled with biological phosphorus removal. Nitrogen removal was not affected by 

salinity, while phosphorus removal was completely deteriorated due to the inhibitions of 

phosphorus uptake and release under aerobic and anaerobic conditions [86]. 

2.6 SND coupled to phosphorus removal 

Phosphorus removal can be achieved by means of physical, chemical or biological 

methods [87]. Physical methods, including ion exchange and osmosis, are expensive and 

inefficient, removing only 10% of the total phosphorus [88]. Chemical phosphorus 

removal can be achieved by adsorption and precipitation. Precipitation involves the use 

of addition of calcium (Ca2+), aluminum (Al3+) or iron (Fe3+) forming insoluble 

precipitates with PO4
3- which can be removed in decantation basins. The main 

disadvantages of precipitation are the high cost of chemicals and variability of pH 

influent, which may influence the phosphorus RE [1,87]. On the other hand, adsorption 
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is rarely used in municipal WWTPs due to the high costs of the adsorbent and 

regeneration process [89]. Additionally, chemical techniques lead to high sludge 

production in addition to expensive purchase of chemicals [90]. P can be chemically 

precipitated as magnesium ammonium phosphate (MAP), also known as struvite, which 

can be used as a fertilizer. However, struvite precipitation commonly requires P 

concentrations in the liquid phase above 50 mg L-1 [91], while domestic wastewater is 

characterized by low concentrations of phosphorus (6–8 mg L-1) [1]. A more suitable 

approach for P recovery from wastewater is to concentrate P in waste streams, mainly 

using biological processes and then apply other technologies for its recovery [1].  

The EPBR process is up to date a cost effective and environmentally sustainable 

alternative to physicochemical methods for phosphorus removal. Several biological 

treatments have been developed, such as the five-stage Bardenpho process 

(anaerobic/anoxic/oxic/anoxic/oxic), the anaerobic/anoxic/oxic (A2O) process and the 

University of Cape Town (UCT) process [92]. The most widely used process is the A2O, 

a single-stage suspended growth system incorporating anaerobic, anoxic and oxic zones 

in sequence [3]. All biological strategies aim to generate a concentrated stream of P trough 

the metabolic activity of polyphosphate (poly-P) PAOs. PAOs are able to store more 

phosphorus than the amount needed for growth when exposed to alternating organic 

substrate and oxygen concentrations conditions. This net P uptake is known as luxury P-

uptake. The conventional cycle for PAO development includes an anaerobic phase, 

during which low-weight organic molecules such as volatile fatty acids (VFAs) are 

generated and stored intracellularly by PAOs as poly-hydroxyalkanoates (PHA). The 

energy for this process is provided by the hydrolysis of internally stored poly-P granules, 

resulting in the release of orthophosphate in bulk liquid. Under the following anoxic or 

aerobic phase, PHA accumulated under anaerobic phase are oxidized by means of an 

available electron donor (DO or nitrate) and the released energy is used to uptake 

phosphate in higher amount than that released in the previous anaerobic phase [87,93]. 

Up to date, different putative PAOs have been identified in EPBR system. Candidatus 

Accumulibacter is the most commonly abundant PAO in EPBR system [94]. Many 

putative PAOs have been discovered until now, including members of the genera 

Pseudomonas, Paracoccus, Comamonas, Acidovorax, Hydrogenophaga, and 

Aquaspirillum [95]. Although the anaerobic phase is commonly foreseen to trigger PAO 

metabolism recent studies have highlighted that net phosphorus uptake can be established 

when the electron donor (substrate) and the electron acceptor (nitrate or oxygen) are 

present simultaneously under aerobic conditions [94]. Pijuan et al. [94] studied the 

behaviour of PAO enriched biomass under aerobic conditions and presence of acetate. As 
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reported by different works, two phases can be observed (feast and famine) [93]. In the 

first phase (feast phase), PAOs have a similar behaviour as under anaerobic conditions, 

namely, acetate is consumed and PHA produced while glycogen is degraded and P-PO4
3- 

is released. Depletion of organic substrate triggers the second phase (famine), during PAO 

consume PHA, glycogen is formed and phosphate is uptaken [93,94]. Recently, Yadav et 

al. [96] investigated the EPBR performance of a bacterial consortium (including 

Acinetobacter, Pseudomonas and Bacillus) in continuous stirred tank reactor (CSTR) 

under aerobic conditions (2–3 mg O2 L
-1) and reached TP REs between 30% and 90% 

with influent TP concentrations of 1.4–40 mg L-1. The authors supposed that TP removal 

was achieved by the synergistic activity between individual strains of phosphate 

solubilizing and accumulating microbes that easily consumed the solubilized phosphate, 

both added in the CSTR. Bioaugmentation with consortia bacteria with proven phosphate 

accumulating abilities accelerated the EPBR process, resulting in high TP removal 

without providing anaerobic/anoxic zones in the CSTR [96,97]. 

• Competition for carbon source.  

In EPBR system, particular attention should be placed on the competition between 

glycogen accumulating organisms (GAOs) and PAOs. GAOs, such as Candidatus 

Competibacter, have a similar metabolic behavior of PAOs. Under anaerobic conditions, 

GAOs store VFAs produced from the fermentation of organic substrate as PHAs, gaining 

the energy for storage from the oxidation of internally stored glycogen [87,98]. Different 

studies reported that under high feed COD/P ratios (> 50), GAOs grow more rapidly than 

PAOs, while lower C/P ratios favor the enrichment of PAOs [16,66]. He et al. [16] studied 

the effects of feed C/P ratios between 16 and 50 on AGS reactor performing SNDPR. TP 

RE increased from 86% to 96% with the decreasing C/P ratios, while a minimal impact 

was observed on nitrogen removal. Overdosage of carbon led to decline of phosphorus 

removal due to limited carbon source. Analysis of key functional groups involved in 

nitrogen and phosphorus removal revealed that the decrease of feed C/P ratio was 

favourable to the enrichment of GAOs, whereas the PAOs relative abundance decreased 

from 26% to 9.4% [16]. In another study, Wang et al. [66] studied the effects of C/N ratio 

on SNDPR using an AGS reactor. The authors reported that a decreasing feed C/N ratio 

(from 20 to 4) was surely favourable for the enrichment of GAO, in according to He et 

al. [16]. In the meantime, the increasing of influent nitrogen was favourable for the 

proliferation of denitrifying PAO (DNPAOs) (such as Pseudomonas and 

Dechloromonas), determining a stable TP removal during the study [66]. However, low 

C/N ratio increased the competition for carbon source between PAOs, GAOs and DNB 

with consequence on TN removal [99,100].  
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2.7 SND in biofilm reactors 

SND has been investigated under various operational conditions and reactor 

configurations (Tables 2.1-2.4).Biofilm system ensure efficient removal of C, N and P 

due to layered structure and formation of anaerobic, anoxic and aerobic zones [12,62]. 

The major operational parameters influencing SND in biofilm reactors vary according to 

the reactor type. In this section, the configurations and key features of the most used 

biofilm reactors for SND are critically described with the scope to provide guidelines for 

successful and cost-effective operation.  

2.7.1 Moving bed biofilm reactor  

MBBR has been widely applied for nutrient removal from wastewater [59,66]. The 

presence of mobile carriers moving in the reactor enables the formation of a stratified 

biofilm with a bacterial community composition influenced by wastewater composition 

and operating conditions [101]. Substrates are transported from the bulk into biofilm 

trough diffusion mechanisms which allow the formation of anaerobic, anoxic and aerobic 

layers in the MBBR biofilm [102]. Compared to fixed-bed biofilm systems, the MBBR 

does not suffer clogging or channeling issues and no periodical backwashing is needed 

[71]. In recent years, the effect of various factors, i.e. carrier type, C/N ratio, DO 

concentration and filling ratio, on the SND process has been investigated in MBBR 

systems. Table 2.1 lists the performance and operating conditions of continuous flow 

MBBRs applied for the SND process. 

• Impact of carrier type.  

Carrier material, surface area and roughness have a key role in determining the 

performance of a MBBR since these characteristics affect both microbial adhesion and 

growth [6,39,48]. Additionally, the development, thickness and geometry of the biofilm 

on the carrier can significantly influence the diffusion of several parameters, e.g. DO, and 

modulate gradients with positive effects on nitrogen removal. The carrier used for MBBR 

operation can be classified in three major groups based on the nature the material used: 

inorganic materials (zeolite, ceramics or activated carbon), inert organic materials (PVA) 

and reactive materials (bamboo fiber, alginate) [39].  

The choice of the appropriate support media for the SND process is nowadays the 

subject of several studies. Up to date, various biofilm carriers have been applied to 

support SND in MBBRs, including K-series AnoxKaldnesTM made in PE, polyurethane 

(PU) sponge, high density polyethylene (HDPE) carriers, ceramic carrier or zeolite 

powders combined with PU sponge (Z-PU) (Table 2.1). Zinatizadeh and Ghaytooli [36] 
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compared the performance of two MBBRs equipped with two different types of carrier 

(i.e. ring-shaped form and Kaldnes-3) made of high-density PE and characterized by 

different form but equal specific surface (500 m2/m3). At DO concentrations of 2.5–3.0 

mg L-1, the maximum TN REs were 50% and 46% for the systems equipped with ring-

shaped carriers and Kaldens-3, respectively. The lower nitrate concentration (below 12 

mg L-1) in the effluent of MBBR equipped with ring-shaped form indicates that the 

establishment of the anoxic layer was favoured by the geometric structure of the rings. 

Biofilm growing on Kaldnes-3 was likely exposed to higher DO concentrations due to 

smaller holes compared to that attached on ring-shaped carriers. However, scanning 

electron microscopy (SEM), used to study the morphology of the biofilms, showed a 

higher concentration of biomass in Kaldnes-3 compared to ring form carriers [36].   

Of all carrier types, sponges feature the largest specific surface area (Table 2.1) and a 

high porosity (> 97%) useful for microbial growth, which determines also a limited 

diffusion of DO in the cubic biofilm being advantageous for the SND process [6,103]. 

The high specific surface area of sponges promotes biofilm development while porosity 

allows to reduce clogging [104]. Sandip and Kalyanraman [105] compared the SND 

performance of a MBBR filled with PU foam carriers (280m2/m3) to that observed in a 

MBBR containing conventional PE carrier media similar in shape to AnoxKaldnes K1 

(500 m2/m3) (Table 2.1). A maximum TN RE of 59% was achieved in the MBBR filled 

with PU foam carriers, being 17% higher than the average TN RE observed in the MBBR 

filled with PE carriers. This difference was mainly due to the higher nitrififying activity 

observed with PU foam carriers, being 11% higher than the average N-NH4
+ RE observed 

in the MBBR with PE carriers. The authors attributed this result to the higher biofilm-

liquid contact area of PU foam compared to PE carriers, since increased nitrifying activity 

has been observed in the MBBRs. The effect of foam size was investigated by Lim et al.  

[106]. The authors investigated TN RE in four MBBR operated in parallel with foam 

cubes of 8-, 27-, 64- and 125-mL and resulting in TN REs of 37%, 31%, 24% and 19%, 

respectively (Table 2.2). Larger PU foam cubes were not fully covered by biomass which 

limited TN RE, while a robust biofilm developed on smaller cubes [106]. For comparison, 

an SBR was operated without carrier addition. TN RE was only 15% due to poor 

denitrification as a result of high DO and low COD concentrations in the bulk, while for 

MBBRs the occurrence of DO gradient inside the foam coupled to the storage of carbon 

in the deep biofilm layers allowed the denitrification during the SND process. Carbon 

storage and the occurrence of denitrification were confirmed by batch tests, revealing the 

occurrence of N-NOx
- reduction without the addition of carbon source.
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Table 2.1 - SND performance and operating conditions of continuous flow MBBRs treating municipal wastewater. 

Carrier type 

Specific 

surface 

(m2/m3) 

Materials 

Filling 

ratio 

(%) 

HRT 

(h) 

DO 

(mg L-1) 
Carbon source 

Feed TP 

(mg L-1) 

Feed TN 

(mg L-1) 

Feed C/N 

ratio 
COD RE (%) TN RE (%) TP RE (%) Reference 

Novel carrier 560 – 600 
PE – PQAS 10 

– Fe2O3 
30 8 0.6 – 0.8 BOD5 Glucose n.a. 30 – 70 ≤5c 79 – 86 62 – 76 n.a. 

[45] 

Conventional carrier 560 – 600 PE 30 8 0.6 – 0.8 BOD5 Glucose n.a. 30 – 70 ≤5c n.a. 45 – 72 n.a. 

Novel carrier 560 – 600 
PE – PQAS 10 

–  Fe2O3 
35 8 0.75 Glucose 6 40 5-9c 86 – 91 45 – 78 n.a. 

[42] 

Conventional carrier 560 – 600 PE 35 8 0.75 Glucose 6 40 5-9c 85 43 – 62 n.a. 

PE plastic 500 PE 
20, 30, 

40 
5 3.0 Glucose 10 40 ± 10 5 81 34 – 42 n.a. 

[105] 

PU foam 280 PU 
20, 30, 

40 
5 3.0 Glucose 10 40 ± 10 5 83 47 – 59 n.a. 

Zeolite powder 

based polyurethane 

sponges 

0.846b 
PU – zeolite 

(SiO2) 
10 12 5.0 – 6.5 n.a. 2.7 – 3.5 28 – 33 3.5 >94a 84 n.a. 

[6] 

Sponges biocarriers 0.846b PU 10 12 5.0 – 6.5 n.a. 2.7 – 3.5 28 – 33 3.5 >94a 75 n.a. 

Bio-carriers 1200 n.a. 30 10 n.a. Glucose 5.7 51 6.3c < 90 ≤ 30 ≤ 30 [59] 

Cubic-shaped 

sponges 
n.a. PU 

10, 20, 

30 
12 5.0-6.5 Glucose 2.7 – 3.5 16 7.1 94a 85 – 95 n.a. [107] 

Cubic-shaped 

sponges 
0.846b PU 

10, 20, 

30 
12 5.0 – 6.5 Glucose 2.7 – 3.5 13 – 18 6.5-10 94-96a 77 – 87 n.a. [103] 

Kaldnes-3 500 PE 50 4 – 12 2.0 – 4.0 BOD5 2 – 4 n.a. 5c 50-88 26 – 46 0-38 

[36] 

Ring R2 500 PE 50 4 – 12 2.0 – 4.0 BOD5 2 – 4 n.a. 5c 54-85 26 – 50 0-38 

PUF carrier 1120 PU 
20, 

30,40 
5 – 7 4.0 – 6.0 Glucose 5 25(±3) ~11c 81 25 – 54 11 – 24 [108] 

PU carrier 900 PU 20 14 160 – 180 L h-1 Glucose 3.2 44(±5) 3.7c, 8.1c 90a 20 – 55 n.a. 

[70] 
Biodegradable 

polymer 
0.346b PCL 16.7 14 160 – 180 L h-1 Glucose 3.2 44(±5) 3.7c, 8.1c 72a 59 n.a. 

Biodegradable 

polymer 
0.37b PCL 11.3 18.5 2.8 – 3.7 Glucose 5.0 58(±13.1) 0.7c >86a 74.6 n.a. [71] 

Polyethylene carriers 500 PE 30 10 2.0 – 4.0 n.a. 
COD:N:P 

100:5:1 
100 4.5-13.4 94-96 26-51 n.a. [73] 

n.a. = not available. 
a measured as total organic carbon (TOC). 
b reported as m2g-1 

c available as COD/N 
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Song et al. [6] combined zeolite powders with PU sponge as biofilm carrier. Zeolite is 

a non-metallic material and a porous mineral with a high ion-exchange affinity for N-

NH4
+ [40] due to its negatively charged surface [39]. In previous works, zeolite was used 

for the enhancement of RE in ammonium rich wastewater [109]. Song et al. [6] compared 

the SND performances of two continuous-flow MBBRs filled with different carrier 

elements (PU and zeolite-PU sponge) with DO concentrations between 5.0 and 6.5 mg L-

1. The zeolite powder entered in the pores of PU sponges by physical rotation, improving 

the specific surface area useful for biofilm attachment. The authors reported a biofilm 

attachment ratio for Z-PU of 0.47(±0.13) g/g carrier, being 1.3 times higher than that of 

conventional sponge carriers. The pore size was reduced by zeolite powders resulting in 

a block of oxygen diffusion. Due to decrease of DO concentrations in the inner zones of 

the biofilm, the DNB growth could gradually increase improving TN RE [6,103,108]. An 

average TN RE of 84 (±5) %was achieved in the MBBR with Z-PU sponges, being almost 

10% higher than that observed in the MBBR with PU sponge. The efficiency of 

nitrification was basically the same, hence the difference in terms of TN RE was mainly 

related to denitrification activity.  

Carriers made by recycling waste material have attracted the interest of the researchers 

in recent years, being a cost-effective and environmental friendly solution for MBBR 

operation. Massoompour et al. [48] proposed a new carrier composed of waste activated 

carbon (AC) and PE carriers mixed trough a chemical and thermal process. The authors 

compared the performance of two parallel reactors filled with two different carriers, i.e. 

conventional PE carriers and modified PE with AC carriers (Table 2.2). The analysis 

revealed a specific surface area of the modified carriers 10.9 times higher than that of 

conventional carriers and an increase of attached biomass up to 20% on the modified 

carriers. The speed of microbial adhesion and growth in the bioreactor with modified PE 

carriers was 26% higher than that observed with conventional carriers enhanced by the 

hydrophobic nature of AC [48]. The hydrophobicity, the charged surface as well as the 

high porosity provide a favorable condition for microbial adhesion. TN RE was improved 

by almost 17% for MBBR equipped with modified carriers due to the development of a 

larger anoxic area in the modified carriers, being nitrification efficiencies similar in both 

MBBRs. Again, improvement of denitrification was the main mechanisms for achieving 

higher TN REs by using novel carriers, which allowed to modulate DO gradient and 

establish larger anoxic conditions within the biofilm.
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Table 2.2 - SND in SBR–MBBR systems. 

Carrier type 

Specific 

surface 

(m2/m3) 

Materials 

Filling 

ratio 

(%) 
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DO 

(mg L-1) 

Carbon 

source 

Feed TP 

(mg L-1) 

Feed TN 

(mg L-1) 

Feed C/N 

ratio 

COD RE 

(%) 

TN RE 

(%) 

TP RE 

(%) 
Reference 

PU foam n.a. PU 30 – – – 600 – – 120 – 1.5 – 5.5 C6H10O5 n.a. 25 ~12c 92 42 – 85 n.a. [51] 

AC CBMC 2.70b AC, PE 40, 55 360 – – 350 – – – 5 6.0 Acetate 18 55 5c 82 – 94 68 – 88 n.a. 

[48] Conventional 

carrier 
0.2478b PE 40, 55 360 – – 350 – – – 5 6.0 Acetate 18 55 5c 82 – 94 59 – 76 n.a. 

Combined 

fibers 
n.a. PP n.a. – – 175 90 175 30 – 5 2.0 Glucose n.a. 100 3.8c 94 73 n.a. [61] 

Novel carrier 650 
PE –PQAS 

10– Fe2O3 30 240 A/O – 200 40 – – – 1.0–1.5 n.a. n.a. 50 5C 81 – 84 78 – 80 n.a. [110] 

Conventional 650 PE 

PUF foam n.a. PU 30. 
600, 

480 

AN/

O 
– – – – – – 0.5 – 1.5 Acetate 23 89 ~4.5c 85 60 n.a. [111] 

HX9KL, 

BIOMASTER 

BCN 012KLS 

500 PE 40, 60 
240, 

360 
– – 

90, 

50 

150, 

90 
0, 10 – 0, 3 0.8 – 1.1 n.a. 

2.9  

4.0 

35(±7) 

47(±6) 
5.5c – 6c 78 – 95 50 – 76 n.a. [43] 

Biodegradable 

rice 
n.a. Rice husk  720 – – 

240, 

60 

480, 

60* 
– – 30 

0.1 – 2.0 

Acetate, 

yeast, 

sucrose 

n.a. 35(±4) 
7.6 c, 5.6c 

1.8c 
64 – 83 41 – 89 n.a. [72] 

Carrier Filler 382 PU 15.8 720 – – 
240, 

60 

480, 

60* 
– – 30 n.a. 35(±3.9) 

Foam carrier n.a. PU 30. 720 – – 600 – – 120 – 

1.5, 2.5, 

3.5, 4.5, 

5.5 

C6H10O5 5.7 22 – 31 ~10.2c > 90 42 – 84 n.a. [7] 

Plastic fiber n.a. n.a. 12 720 
AN/

O/A 
50 

190 – 

270 

380–

460 
– – – 1.5 – 2.2 Glucose 10 50 1 – 4 c 50–90 83 – 98 6 – 27 [112] 

Cylindrical 

carrier 
n.a. PP 30 – – 90 210 90 30 40 – 0.2 – 2.5 n.a. 13 35 11.4c 95 94 97 [99] 

PU foam 1621 PU n.a. 360 – – 297 – 50 – – 0.1 – 0.9 Glucose 4.6 227 – 65 
1.8c, 5.0c, 

10.5c 
n.a. 55, 74, 79 n.a. [76] 

PU foam n.a. PU 8 – – 60 60 – 90 570 – 0 – 7 

Peptone, 

sucrose, 

acetate 

40 48 5c 65 57 – 100 n.a. [113] 

PU foam 
412 – 

455 
PU 8 – – – 600 120 90 570 – 0 – 7 

Peptone, 

sucrose, 

acetate 

40 48 4.1c 70 19 – 37 n.a.  [106] 

Bio–carrier K3 500 PE 30 480 – 60 240 120 30 – – n.a. Acetate 12 35 15.7c n.a. 71.5 92  [114] 

AN = Anaerobic phase. 

O = Aerobic phase 

A = Anoxic phase. 

n.a. = not available. 
a measured as total organic carbon (TOC). 
b reported as m2g–1 

c available as COD/N 
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One of the drawback of inert organic material, such as polypropylene (PP) and PE, is 

the low bio-affinity and hydrophilicity, which may cause biofilm detachment [39]. Pure 

PP, PE and HDPE carriers are characterized by negative charge surface similar to the 

surface charge of biofilm, which can hamper the biofilm formation on carriers due to 

repulsions between microbes and carriers. Hence, novel carriers with an enhanced bio-

affinity due to a hydrophilically or electrophilically modified surface have been proposed 

[42,45,110,115]. T. Liu et al. [42,45] proposed a surface-modified carrier made of PE 

with polyquaternium-10 (PQAS-10), Fe2O3 and 2 wt% clinoptilolite, characterized by a 

strong ammonium adsorption capacity, which benefited the enrichment of nitrifying 

bacteria. The water contact angle was reduced from 92.0 (±3.4) ° to 60.2 (±2.3) ° 

compared with traditional carriers made in PE thanks to the addition of PQAS-10 

(positively charged materials). In this way the problem of the repulsions between 

microbes and carrier surface in PE, PP and HDPE is reduced. Surface-modified carriers 

help to accelerate biofilm formation during start-up and determined higher REs compared 

to traditional PE carriers [42,115] (Table 2.1). The authors reported a material cost of the 

surface-modified carrier similar to that of conventional carriers, although the step of 

dispersing the materials (i.e. clinoptilolite) into PE powder by mechanical stirring require 

a non-negligible consume of energy [116].  

• Filling ratio 

MBBRs are usually operated with filling ratios between 20% and 70% [117]. Values 

below 70% are recommended in order to assure an adequate mixing, while ratios above 

20% guarantee sufficient concentration of attached-growth biomass [22]. The choice of 

the filling ratio affects both the bioreactor performance and operational costs, i.e. energy 

consumption and the purchase of carriers. Quan et al. [108] evaluated the effect of three 

PUF carrier filling ratios (20%, 30% and 40%) on SND in three parallel MBBRs with an 

aeration zone and a settling zone. TN RE in the reactor filled with 40% of PUF carriers 

was 2 times higher than in the reactor with 20% filling ratio (Table 2.1). The filling ratio 

also affected both biofilm structure and nitrification activity. The structures of the 

biofilms attached to PUF carriers in the three MBBRs were different. Biofilm in the 

MBBR 20% filling ratio was thick and dense, while in the other two MBBRs the carriers 

looked hollow with a thin biofilm. Microprofiles analysis revealed that dense biofilm can 

block DO from being transported into inner layer as well as nitrifier growth, which can 

explain the poorer performance of the MBBR with 20% filling ratio. The microbial 

community analysis showed that the relative abundance of nitrifying bacteria such as 

Nitrosomonas and Nitrospira, in MBBRs with filling ratios of 30% and 40% packing rate 

reactor were higher than those of MBBR with 20% filling ratio, which limited the 
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nitrification performance. Similarly, Ferrentino et al. [43] investigated the performance 

of a SBR-MBBR, characterized initially by a filling ratio of 40% and then increased to 

60%, in terms of COD and TN REs. The increase of filling ratio from 40% to 60% 

determined an increase of nitrification activity with a decrease of N-NH4
+ concentration 

from 20 (±4) mg L-1 to 10 (±2) mg L-1 and, consequently, an increase of TN RE from an 

average value of 50% to 66%.  

Several studies have observed an influence of the filling ratio on bacterial abundance. 

Lim et al. [113] used 8-mL PUF foam to pack three batch reactors with 20%, 30% and 

40% filling ratio and the TN REs achieved were 86%, 100% and 96%, respectively. The 

authors reported a negative trend of the pseudo-zero-order rate constant parallelly to the 

decrease of suspended growth biomass. The authors supposed that suspended growth 

biomass had a huge influence on N-NH4
+ RE.  

Zhang et al. [107] conducted a study on SND process in MBBRs filled with PUF foam 

with filling ratios of 10%, 20% and 30%, in which average TN REs of 77%, 86% and 

87% were observed, respectively (Table 2.1). The highest ammonium oxidation and 

denitrification rates were achieved in the reactor filled by 30% with carriers, being 2.2 

mg N-NH4
+ g biomass-1 h and 5.1 mg N-NO3

- g biomass-1 h (Table 2.1). Based on the 

TN REs, there was no difference between the two MBBRs filled at 20% and 30% of PUF 

foam. The concentration of attached biomass was similar for MBBR filled at 10% and 

20%, higher than that of the MBBR filled at 30%, while the total biomass in the reactors 

increased with the increase of filling ratios. Recently, Massoompour et al. [48] 

investigated the SND process by employing new carrier based on AC, as described in the 

previous section. The authors investigated TN REs by decreasing filling ratio at stable 

aeration conditions. The decrease of filling ratio from 55% to 45% led to a decrease of 

COD and TN REs from 93% to 89% and from 80% to 68%, respectively. The decrease 

of performance removals was coupled to the decrease in concentration of attached-growth 

biomass from 2881 to 2480 mg L-1. 

• Hydraulic retention time  

Changes of HRT can lead to short- and long-term effects on SND performance. 

Zinatizadeh and Ghaytooli [36] operated a continuous-flow MBBR removing C and N 

from municipal wastewater through SND process. They increased the HRT and DO from 

4 to 8 h and from 2 to 3 mg L-1, respectively. Subsequently, growth and activity of AOB 

and NOB increased which determined an higher biofilm thickness resulting in more 

favorable anoxic conditions for DNB and higher TN REs. Quan et al. [108] observed the 

increase of HRT from 5 h to 7 h led to improvement of TN REs from 25% to 54%, from 

53% to 49% and from 34% to 52% in three MBBRs filled with 20%, 30% and 40% of 
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PUF carriers. The change of HRT in the three reactors did not affect the COD RE, which 

remained stable at 81%, but affected the N-NH4
+ RE, which increased after prolonged 

time operation from 40–60% to 95% in the reactor filled with 20% of PUF carriers. In the 

reactor filled with 30% of PUF carriers, the N-NH4
+ RE increased from 60% to 95%, 

while in the MBBR filled with 40% of PUF carriers N-NH4
+ RE remained stable at 96% 

under both HRT values. 

However, literature lacks information of the effect of HRT on the evolution of the 

microbial community in the MBBR, which should be investigated. 

2.7.2 Hybrid biofilm systems 

• Sequencing batch MBBR (SBR-MBBR) 

The SBR system is characterized by a compact structure and flexible operation. 

However, an obvious drawback is that efficient nitrogen and phosphorus removal is 

difficult to achieve due to the presence of nitrifying and denitrifying bacteria and PAOs 

completely mixed in the SBR that compete with each other. In contrast, a biofilm system 

provides different micro zones where different bacteria can find the ideal conditions to 

grow [99,118]. In light of this, a hybrid system combining SBR and a biofilm system, 

such as the MBBR, has generated much interest in recent years. Combining SBR with 

biofilm systems allows to maximize the SRT (sludge retention time) of the bioreactor and 

allow the simultaneous growth of AOB, NOB, DNB, PAO and DNPAO, being 

characterized by different growth rates [99,114].  

Table 2.2 lists the performance and operating conditions of combined SBR and MBBR 

systems (SBR-MBBRs) applied for the SND process. The conventional SBR system is 

characterized by a sequence of operational steps organized as follow: feeding step, 

reaction step, settling step, drainage step and often an idle step. The cycle format can be 

optimized and configured to combine nitrification and denitrification in one reactor [106]. 

In the SBR-MBBR studied until now, the reaction step could be composed by an aeration 

step only [48,106], by intermitted aeration [113] or by anaerobic/aerobic (A2) processes 

and aerobic-aerobic-anoxic (A2O) processes as carried out by Yin et al. [99] and Lo et al. 

[114] (Table 2.2).  

Yin et al. [99] started up an SBR-MBBR system with two phases, an A2 and an A2O, 

in order to enrich the biofilm and suspended activated sludge with PAOs and DNPAOs. 

The operational cycles were adjusted in order to obtain high performance on treatment of 

urban wastewater. The experimental activity was carried out by individually optimizing 

the anaerobic, aerobic and anoxic phases. Extended anaerobic phase (higher than 90 min) 
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would consume more organic matter as well as inhibit the growth of aerobic 

microorganisms. The duration of the aerobic phase time was chosen in order to meet the 

requirement for nitrification and phosphorus removal. The authors chose a duration of 

210 min since the COD was almost exhausted and could limit phosphate uptake under 

aerobic conditions. On the other hand, the duration of the anoxic phase time was chosen 

in order to have a reduction of NOx
- and a further phosphate uptake. The authors reached 

TN, TP and COD REs of 94%, 97% and 95%, respectively (Table 2.2) and showed how 

DNPAOs played a key role for phosphate uptake and denitrification activity under anoxic 

and aerobic conditions. Most of the carbon fed to the reactor was indeed converted to 

PHB and then used for denitrification and phosphate uptake under anoxic and aerobic 

conditions [99].  

• Hybrid MBR  

MBR combined with biofilm reactor (hybrid MBR) can improve the system 

performance and in some case reduce the effect of suspended solids on membrane fouling 

[63,64,118]. One of the main problems of the MBR system is biofouling, that reduces 

membrane permeability and increases transmembrane pressure (TMP) as well as the 

operational costs due to frequent chemical cleaning or replacement [39,64,119]. The 

overgrowth of filamentous bacteria can enhance the production of a high quantity of 

extracellular polymeric substances (EPS), which worsened membrane fouling [120]. EPS 

are sticky materials secreted by bacteria and are mainly composed by polysaccharides 

(PS), protein (PN), nucleic acids, humic-like substances and lipids [121]. EPS can adsorb 

and also store temporally ammonia, nitrite and nitrate in wastewater, affecting in this way 

nitrogen removal [55]. Table 2.3 lists the performance and operating conditions of hybrid 

MBRs applied for the SND process.  

Yang et al. [122] proposed a MBR filled with carriers (30% v/v) to study and compare 

the SND efficiencies to conventional MBR. Hybrid MBRs operated in continuous mode 

revealed a higher membrane fouling compared to conventional MBR due to the formation 

of a tick cake layer without pores [122]. Both reactors showed good COD REs higher 

than 95%, while TN REs efficiencies reached values up to 89% and 43% for hybrid MBR 

and conventional MBR, respectively. However, the hybrid MBR showed an improvement 

of AOB, NOB and HAB activities, and a stable response to variations of COD/TN ratio 

during experimental activities (Table 2.3).
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Table 2.3 - Hybrid biofilm-MBR for SND of municipal wastewater. 

Carrier type 

Specific 

surface 

(m2/m3) 

Materials 

Filling 

ratio 

(%) 

Type Material 

Pore 

size 

(µm) 

Surface 

Area 

(m2) 

HRT 

(h) 

DO 

(mg L–1) 

Carbon 

source 

Feed TN 

(mg L–1) 

Feed C/N 

ratio 

COD RE 

(%) 

TN RE  

(%) 

TP RE 

(%) 
Reference 

Biocarrier made 
28000–

32000 

polyvinyl 

formal, AC 
2–8 n.a. 

Polyvinyl

idene 

difluoride 

0.1 0.1 8 2.0 n.a. 34.4 20–6.7 98 72–94 n.a. [64] 

Sponge, PBS 

granules 

8000– 

10000 

polyester–

urethane 
30 

Hollow 

fiber 
n.a. 0.2 0.085 24 0.5–0.8 Acetate 60 1.7c > 90 94 n.a. [63] 

Nonwonens 

carriers 
900 n.a. 30 

Hallow 

fiber 
PP 0.1 0.4 12 n.a. Sucrose 20 22.1–8.9c 96 65–76 n.a. [122] 

Nonwonens 

carriers 
900 n.a. 30 

Hallow 

fiber 
PP 0.1 0.4 – n.a. Acetate 33–77 12.9–5c 94 83 97 [118] 

Nonwonens 

carriers 
900 n.a. 30 

Hallow 

fiber 
PP 0.1 0.4 12 n.a. Acetate 42.5–58 3.7–5.6c 93 88 n.a. [74] 

n.a. = not available. 
a measured as total organic carbon (TOC). 
b reported as m2g–1 

c available as COD/N
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It has been demonstrated that the SBR operation mode of hybrid MBRs compared to 

continuous mode can alleviate membrane fouling since filamentous bacteria are 

restrained in the reactor [63,64,118]. K. M. Wang et al. [64] showed that adding static 

biocarriers improved nitrification and denitrification while reducing the relative 

abundance of Sphingobacterials_unclassified, Ohtaekwangia and 

Rhodocyclaceae_unclassified, responsible of EPS secretion and consequent membrane 

fouling problem. Meanwhile, the authors observed also an improvement by almost 8% 

for TN removal in the hybrid MBR compared to the conventional MBR due to better 

denitrification, which was attributed to the formation of anoxic and aerobic 

microenvironments in the biocarriers. In the same way, Han et al. [63] reported a slower 

increase of TMP in a hybrid MBR seeded with biocarrier (sponge coupled with PBS 

granules) compared to a conventional MBR, corresponding to an operation time of hybrid 

MBR 1.5 times longer than that of conventional MBR. The authors did not exclude that 

the reduction of cake layer may be also attributed to physical clearance mechanism of 

biocarriers, e.g. the frictional force carried out by biocarriers on submerged membrane, 

back-transport effect from membrane surface to bulk solution due to turbulence of 

suspended carriers or impact of biocarriers on membrane with consequent shaking of this 

[63].  

Although interesting performances have been highlighted, the operation of MBR-

MBBR would be rather expensive due to high cost of membranes and carriers and, 

therefore, a cost-effectiveness analysis would be needed [123]. 

2.7.3 Aerobic granular sludge  

Aerobic granular sludge (AGS) is a technology developed in the 90’s and has been 

widely applied for the treatment of wastewater with low and medium C/N ratios but also 

for industrial wastewaters [124]. AGS combines the characteristics of activated sludge 

and biofilm systems due to presence of suspended microbial aggregates without any 

supporting carrier and a structure similar to biofilm, with the formations of aerobic, 

anoxic and anaerobic zones [65]. Aerobic granules are described as biomass microspheres 

that grow under aerobic conditions without a carrier material and are generated during 

wastewater treatment. These granules appear denser and heavier than regular CAS flocks 

[125]. EPS play an essential role in the composition and structure of AGS, contributing 

to cell adhesion and microbial matrix [66]. As reported previously, EPS are mainly 

composed by PS and PN, nucleic acids, humic-like substances and lipids [121]. The 

PS/PN ratio is an important parameter for evaluating the stability of AGS as values below 

0.6 have been reported to be not suitable for stable granulation [121].  
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The biological processes that are involved in AGS are the same as activated sludge 

and are carried out by the same types of bacteria. The difference is that processes occur 

in distinct zones of the granules and often occur simultaneously [54]. Up to date, AGS 

have been recognized as a promising and emerging technology for wastewater treatment 

as alternative to CAS thanks to several advantages, such as excellent settleability, small 

footprint, high biomass retention and the ability to remove simultaneously carbon, 

nitrogen and phosphorus [12,58,126]. Table 2.4 lists the operational parameters and SND 

performance of AGS reactors. The most common option for enrichment of aerobic 

granules for SND and for maximizing carbon, nitrogen and phosphorus removal is to 

apply AGS in a SBR (Table 2.4) [54,127]. Many studies about AGS-SBR were 

established successfully in lab-scale with a height/diameter ratio (H/D) between 5 and 10 

(Table 2.4). 

Despite the excellent TN REs trough SND process, in long term operation the stability 

of aerobic granules represents the serious problem being determined by granules 

desegregation into filamentous fraction [66,121]. The long term stability is affected by: 

(1) feed C/N ratio; (2) aeration intensity and (3) organic loading rate [57]. A possible 

solution to ensure a long stability is to enrich the bacterial community with slow growing 

microorganisms (metabolic selection), such as PAOs and GAOs, characterized by higher 

granulation properties [62]. In addition, HAB proliferation is suppressed due to lack of 

carbon source under aerobic conditions, stored by GAOs and PAOs under previous 

anaerobic conditions [127]. Hence, SBR cycles generally include an anaerobic period 

followed by an aerobic period. Recently anaerobic/aerobic/anoxic cycles have been used, 

aiming to improve the SNDPR performances (Table 2.4). Lab-scale studies on SND with 

AGS have been mainly conducted using VFAs as organic carbon source. If the growth of 

PAOs and GAOs is crucial for the formation of stabile granules, the granulation may be 

hampered during the treatment of real municipal wastewater containing low VFAs 

concentrations [49,128]. Sarma and Tay [125] reported VFA concentrations in real 

municipal wastewater between 22–92 mg COD L-1, while non-diffusible organic carbon 

represents almost 50% of the total COD influent.



Chapter 2  

 

 

Table 2.4 - SND in AGS reactors 
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Granule 

diameter 

(mm) 

H/D 
DO (mg L–1) 

(O) 

Carbon 

source 

Feed TP 

(mg L–1) 

Feed TN 

(mg L–1) 

Feed C/N 

ratio 

COD 

RE 

(%) 

TN RE 

(%) 
TP RE (%) Reference 

3 – 6 AN–O 20 – 60 30 – 250 – 
13.3 – 

25 
3.3 – 6.7 1.5 18.75 1.0 – 2.5 BOD5 7.2 – 1.8 

31 

34 
~ 5c 69 – 84 31 – 71 59 – 96 [62] 

6 
AN–O–

A 
120 90 144 2 – – – n.a. 

Acetate, 

Succinate  

(1:1, 1:3, 3:1) 

3 20 ~ 10c 90 ~80 ~90 [12] 

5.6 h AN – O 90 240 – 5 1 > 0.3 8.4 2 

Acetate – 

propionate – 

BOD5 

3.2 – 5.4 30 – 43 11 – 26c 83 – 93 45 – 77 64 – 96 [128] 

4 

AN – A 

– O, 

AN/O, 

O 

0 – 45 – 

55 

104 – 

220 
0 – 30 10 – 0.2 10 8 – 10 

Acetate, 

propionate 
20 – 25 100 6.5 – 1.6 98 – 91 75 – 19 59 – 16 [129] 

6 AN–O 54 
270 – 

285 
– 20 – 5 1 1.5 – 0.7 10 n.a. 

Acetate, 

Glucose, 

Ethanol 

10 110 ~ 6c 87 – 96 34 – 78 18 – 53 [130] 

5.2 
AN–O–

A 
120 

90 – 120 

– 150 

144 – 

114 –84 
2 – – – 

7.75 –2 –

1.25 
Acetate 4 50 4.0c n.a. 63 – 85 n.a. [57] 

6 
AN–O–

A 
120 90 144 2 – – 5.2 7–8 Acetate 3 2 – 55 

20c – 10c – 

4c 
95 – 94 95 – 75 98 [66] 

3.6 h O – 150 – 20 40 0.09 – 0.4 n.a. 2 BOD5 20 91 ~ 14.7c 92 87 95 [131] 

6 
AN–O–

A 
120 90 144 2 – – 5 5 Acetate 4 – 8 – 12.5 20 ~ 10c 89.2 88.5 96 – 86 [16] 

6 
AN–O–

A 
120 90 144 2 – – 5 0.8 – 1.2 

Acetate, 

glucose 
3 20 ~ 10c 91– 81 94 – 81 95 – 70 [100] 

6 
AN–O–

A 
120 90 144 2 – 

1.4 ± 0.6 

1.8 ± 0.9 
5 

3.5 – 4.5/ 0.8 

– 1.2 
Acetate 3 20 ~ 10c 95 64 – 94 97 [56] 

6 
AN–O–

A 
120 90 144 2 – – 5 5 Acetate 3.3 19 10.7c 94 94 98 [132] 

8 
AN–O–

A 
180 180–140 90–148 20–2 – 1.0 – 0.6 6.3 5 Acetate 8 – 14 40 – 50 ~ 7c 80 – 90 88 – 97 74 – 87 [133] 

8 
AN–O–

A 
180 

180 – 

150 
90–138 20–2 – 1.2 5.2 5 Acetate 6 15 ~ 10c 87 97 79 [134] 

6 AN – O 130 160 – 60 – 1.6 – 0.3 4.25 0.8 – 1.6 Acetate 36 50 ~ 16c n.a. 65 93 [135] 

AN = Anaerobic phase. 

O = Aerobic phase 

A = Anoxic phase. 

n.a. = not available. 
a measured as total organic carbon (TOC). 
b reported as m2g–1 

c available as COD/N 
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Table 2.4 - SND in AGS reactors (Continued) 
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Granule 

diameter 

(mm) 

H/D 

DO 

(mg L–1) 

(O) 

Carbon 

source 

Feed TP 

(mg L–1) 

Feed TN 

(mg L–1) 
Feed C/N ratio COD RE (%) TN RE (%) TP RE (%) Reference 

4 O – 180 – 5 2 0.5 – 1.7 8 > 4.0 Acetate n.a. 250 – 330 ~1c 100 33 – 77 n.a. [136] 

4 AN – O 10– 20 184 – 219 – 35 – 10 – 0.5 9.7 n.a. BOD5 n.a. 83 ~7c 92 61 n.a. [137] 

6.5 – 3 
AN – O 

– A 
– 300 – 60 n.a. 30 – >0.2 n.a. 1.8 – 2.5 BOD5 6.7 50 ~ 10c 87 86 87 [138] 

3 O – 162 – 167 – 2 – 7 6 > 1.5 11.1 7 – 8 Acetate n.a. 154 – 77.2 8 – 16 > 90 > 90 n.a. [139] 

3 – 4  O – 164 – 224 – 15 0.5 0.3 – 0.7 22.2 
243 – 275 

L h–1 
BOD5 n.a. 76 – 91 4.7 – 11.2c 78 – 92 66 – 97 n.a. [69] 

3  AN – O 60 112 – 3 5 0.9 – 1.1 n.a. 
50 – 40 –

30% 
Propionate 20 50 8 – 1.2c 100 40 – 95 88 – 98 [140] 

6 
AN – O 

– A 
45 – 100 35 – 160 3 – 40 2 – 40 – 0.2 n.a. 2 

BOD5 + 

Acetate 
9 67 ~5c 100 75 – 84 93 – 99 [141] 

5.4  O – 114 – 3 3 2.4 7.2 6 – 8 

Sucrose, 

acetate, 

propionate 

10 40 ~ 10c >80 >75 45 – 70 [142] 

4 A – O – 213 10 2 5 1.5 – 0.7 20 2 n.a. 5 60 ~ 10c 85 – 80 68 – 96 n.a. [143] 

4 O – 167 – 130 – 8 – 45 5 0.8 5 8 BOD5 n.a. 60 ~ 16.7c 80 50 n.a. [144] 

2.5 – 4 A – O 90 240 5 – – – 3.2 2 – 3 
Acetate – 

BOD5 
3.8, 1–7 

35, 43 – 

147 
0.4 – 2.3 64 – 89 47 60 – 96 [65] 

n.a. 
AN – O 

– A 
30 90 30 – –. > 1.0 n.a. 

0.2 – 0.4 

L min–1 
Acetate 10 60 2.5 ~ 100 ~ 100 ~ 100 [145] 

6 AN – O 90 120 – 0.5 – 1.0 n.a. 2 – 5 Acetate 10 60 ~ 10c ~ 100 ~ 100 ~ 100 [146] 

3 O – 169 – 3 5 1.0 n.a. 

100 – 50 – 

40 – 20 – 

10% 

Acetate n.a. n.a. 8.3c n.a. 8 – 45 n.a. [147] 

4 – 6 

O, AN – 

O, AN – 

A 

0 – 120 230 0 – 120 2 4 0.4 – 1.9 13.3 2.0 – 0.5 Ethanol n.a. 25 – 150 3 – 5c 92 20 – 40 n.a. [148] 

* Non–aeration phase 

AN = Anaerobic phase. 

O = Aerobic phase 

A = Anoxic phase. 

n.a. = not available. 
a measured as total organic carbon (TOC). 
b reported as m2g–1 

c available as COD/N 
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• Granules diameter and organic carbon 

The diameter of granules sludge is a factor influencing the nitrogen removal in SND 

process [149]. Generally, after few months the size of granules is 0.5 mm while 

dimensions of 2.0 mm are generally achieved after few years [128,137]. The size of the 

granules together with the DO penetration depth determines the extension of the anoxic 

zone. Limited anoxic zones in smaller granules affect the SND performance compared to 

larger granules [49]. We et al. (2020) reported that granule diameters of 0.9 mm could 

significantly improve TN RE, while smaller size granules (0.25–0.63 mm) did not favor 

SND [144,150]. In order to achieve an appropriate development of anoxic and aerobic 

zone, the optimal average diameter of aerobic granules should be around 2.0 mm 

[62,151]. Successful granulation can be linked to: (1) the diffusibility of organic substrate 

and its availability; (2) the microbial community composition.  

Rollemberg et al. [130] studied the effects of three different carbon source (acetate, 

ethanol and glucose) on SND process performance. The acetate favored the formation of 

large granules with average diameter of 1.5 mm, while average diameters of AGS fed 

with ethanol and glucose were 1.2 mm and 0.7 mm, respectively. The AGS fed with 

acetate achieved a TN RE (i.e. 72%), higher of 20% and 30% compared to that achieved 

by the AGS fed with ethanol and glucose, respectively. High effluent concentrations of 

N-NOx (> 10 mg L-1) may suggest that partial denitrification occur in AGS fed with 

ethanol and glucose. On the other hand, granules growing on acetate can reached diameter 

higher than 3 mm and break after long term operation.  

Derlon et al. [150] pointed out that typical granule size developed with real municipal 

wastewater varied between 0.2 and 1.3 mm (Table 4). These values are smaller than that 

observed in granules cultivated with synthetic wastewater, usually reported to be higher 

than 2.0 mm. The authors evaluated the formation of aerobic granules for the treatment 

of low strength real wastewater through SND process. The authors did not observe the 

occurrence of SND due to small size of granules (0.25 < d < 0.63 mm). The limited 

denitrification can be explained by the limited anoxic zone in aerobic granules or by 

limited availability of organic substrate in anoxic zone [65,137,144]. F. Chen et al. [143] 

reported an increase of TN RE from 68% to 72% with the increase of the granules size 

from 0.7 to 1.5 mm.  

Layer et al. [128] used 4 different influent compositions characterized by increasing 

non-diffusible organic carbon to study how diffusible and non-diffusible substrate 

influence the SND process and the granulation process under anaerobic/aerobic 

conditions. Higher is the diffusibility of organic substrate (i.e. VFAs) and higher is the 

growth promoted in the deep layers leading to the formation of dense and large granules 



Chapter 2  

41 

 

(d = 1–3 mm). The reactors fed with real municipal wastewater were characterized by 

slower start-up, lower granule fractions, small granules diameter (0.25–0.63mm) and the 

presence of 20–40% of flocs in the reactors. The non-diffusible of organic substrate 

hampered the granulation process. Under anaerobic conditions only a part of non-

diffusible substrate is converted through hydrolysis being a very slow process. Under 

aerobic conditions the organic carbon available is present in different forms: stored by 

PAOs/GAOs, soluble form but not fermented or in particulate form not hydrolyzed under 

aerobic form. Organic carbon in particulate form cannot diffuse in granule, so the high 

availability of organic substrate in the aerobic phase support the growth of HAB. The 

growth of HAB lead to filamentous and floc formations determining poorer settling 

properties of granules and overall lower nutrients removal. During start-up period (400 

days), the reactor fed with 100% of VFA showed a TN RE of 77% via SND, while the 

other effluents were characterized by large accumulation of N-NO3
- (> 10 mg L-1) 

corresponding to TN REs between 45% and 60%. Since full nitrification was observed in 

each reactor, the authors concluded that the higher effluent concentrations of N-NO3
- 

results from a lower denitrification activity inside anoxic zone. To improve TN REs other 

approaches must be considered, such as pre o post-denitrification or optimizing the 

aeration strategy. An intermittent aeration during subsequent anaerobic phases could be 

implemented to increase TN RE, however transient DO conditions were reported to favor 

filamentous growth and breakage of granules [49]. Campo et al. [62] proposed an aeration 

phase composed by two sub-phases to achieve high TN RE trough SND: (1) DO 

controlled phase; (2) DO not controlled phase. During the second sub-phase the oxygen 

is progressively depleted enhancing the NOx
- reduction by extending the anoxic zone in 

granules (Table 4). However, real influent wastewater used by Campo et al. [62] was 

characterized by an higher biodegradable soluble COD (CODBS) and total COD ratio 

compared to that of previous works [49,128,150], with values between 20% and 40%. In 

this way, the CODBS, being almost a 60% of total COD, was stored under anaerobic 

conditions by PAOs/GAOs and no soluble organic substrate was available during aerobic 

condition for HAB growth. The high availability of CODBS may determine a better 

granulation and overall removal efficiencies (Table 4).  

Further elaboration on factors limiting SND process during the treatment of real 

municipal wastewaters with AGS should be addressed. 

• Shear force 

As mentioned in Section 2.4.2, to maintain the stability of granules one of the main 

factor to control is the hydraulic shear force, which is mainly affected by air flow or 

mixing and reactor H/D ratio [55,57]. Shear stress arise from liquid/gas flows and attrition 
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between particles [54]. When exposed to high shear stress (2.5 cm s-1), aerobic granules 

become more compact and stable, while low superficial gas velocity (SGV) is always 

accompanied by larger volume of granules but with a less compact structure and low 

settling velocity [127,152–154]. It’s important emphasize the relation between aeration 

and DO. Limiting air flow can lead to insufficient nitrification and improve denitrification 

[147]. 

Zhang et al. [153] combined low strength wastewater (i.e. COD/TN = 8) with a SGV 

of 0.55 cm s-1 obtaining small and stable granular (d = 0.8 mm) under 

anaerobic/aerobic/anoxic alternating conditions. After the maturation of granules, 

simultaneous removal of nitrogen and carbon was achieved, with TN RE and COD RE 

up to 99% and 90%. Although, low SGV comported saving energy during the operation 

of WWTP. He et al. [56] studied the effect of three low SGV (0.17–0.11–0.04 cm s-1) 

treating low feed C/N ratio (i.e. 3.3) domestic wastewater through SND process. The 

granules size increased from 1.5 (±0.5) mm to 1.5 (±0.6) mm and 1.8 (±0.9) mm while 

the settling velocity decreased from 58 (±0.2) to 40 (±0.2) m h-1. However the system 

remained stable without showing sludge bulking or flock desegregation [56], despite the 

decrease of the PN/PS ratio from 0.41 to 0.18. In the opposite way TN RE increased from 

64% to 94% when decreasing the SGV due to an improvement of performance during 

anoxic phase, although more time was required to achieve complete nitrification [57]. 

The authors recommended combining medium aeration intensity with the right length of 

aeration phase to improve SND performance.  

2.7.4 Fluidized bed biofilm reactor 

The fluidized bed biofilm reactor (FBBR) is characterized by a solid biomass carrier 

material which is fluidized in the reactor by high liquid or gas flow rates [155]. FBBRs 

can be operated in up-flow mode or also in down-flow mode, depending on the direction 

of the flow inside the reactor, and with several carrier materials [119]. FBBRs have been 

applied for the treatment of wastewater characterized by high N-NH4
+ concentrations [26] 

due to the high biomass concentration in the reactor bed. Due to its particular shape the 

FBBR can treat small quantities of wastewater and, therefore, it has been mainly applied 

for the treatment of industrial wastewater. Few studies are reported on FBBR treatment 

of municipal wastewater characterized by low medium C/N ratio for the removal of 

nitrogen. Besides, potential disadvantages of this system are: (1) high pumping cost to 

maintain an upward velocity and fluidize the bed; (2) limitations on reactor sizes to 

maintain the height/diameter ratio required; (3) deterioration of carriers due to friction 

forces [155].  
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Wen et al. [156] used a bench-scale FBBR with a diameter of 70 mm and height of 1.5 

m to achieve SND process. The biocarrier used was a fragmentized rubber (d = 3 mm; 

1.10 g cm-3). The small size of biocarriers allowed to have a high specific surface area for 

biomass attachment and growth [156]. The authors achieved an NH4
+ RE up to 80%, 

however low TN removal of 50% was reported with a DO concentration of 3 mg L-1. TN 

REs reached values up to 60–70% once DO concentrations dropped below 3.0 mg L-1. 
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Abstract 

In this study, long-term simultaneous nitrification denitrification (SND) and 

phosphorous removal were investigated in a continuous-flow microaerobic MBBR 

(mMBBR) operated at a dissolved oxygen (DO) concentration of 1.0 (±0.2) mg L-1. 

MBBR performance was evaluated at different feed carbon-to-nitrogen (C/N) ratios (2.7, 

4.2 and 5.6) and HRTs (2 days and 1 day). Stable long-term MBBR operation and 

chemical oxygen demand (COD), total inorganic nitrogen (TIN) and phosphorous (P-

PO4
3-) removal efficiencies up to 100%, 68% and 72%, respectively, were observed at a 

feed C/N ratio of 4.2. Lower TIN removal efficiency and unstable performance were 

observed at feed C/N ratios of 2.7 and 5.6, respectively. HRT decrease from 2 days to 1 

day resulted in transient NH4
+ accumulation and higher NO2

-/NO3
- ratio in the effluent. 

Batch activity tests showed that biofilm cultivation at a feed C/N ratio of 4.2 resulted in 

the highest denitrifying activity (189 mg N gVSS-1 d-1), whereas the highest nitrifying 

activity (316 mg N gVSS-1 d-1) was observed after cultivation at a feed C/N ratio of 2.7. 

Thermodynamic modeling with Visual MINTEQ and stoichiometric evaluations revealed 

that P removal was mainly biological and can be attributed to the P-accumulating capacity 

of denitrifying bacteria. 

Keywords 

Microaerobic operation; moving bed biofilm reactor; nutrient removal; phosphorous 

removal; simultaneous nitrification denitrification. 

Graphical Abstract 

 

3.   

3.1 Introduction 

The exponential growth of urbanization, industrial production and household 

consumption in the last decades has inevitably led to an increase in the production of 
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nutrient-rich wastewater [1]. Excess nutrient discharge in water bodies results in 

unbalanced ecosystems and leads to eutrophication. The main source of nitrogen pollution 

is the run-off from agricultural land, whereas phosphorus pollution comes primarily from 

households and industry [2,3]. The removal of nitrogenous compounds, i.e. NH4
+ and 

NO3
-, in municipal wastewater treatment plants (MWWTPs) is conventionally 

accomplished with a combination of two separate biological processes, i.e. nitrification 

(Eq. 3.1), performed by ammonium and nitrite oxidizing bacteria (AOB and NOB, 

respectively) consuming oxygen and alkalinity, and denitrification (Eq. 3.2), performed 

by heterotrophic denitrifying bacteria (HDB) under anoxic conditions [4]. 

NH4
+ + 1.82 O2 + 0.13 CO2→0.03 C5H7O2N + 0.97 NO3

- + 0.92 H2O + 1.97 H+      (3.1) 

NO3
- + 0.87 CH3COO- + H+→0.46 N2 + 0.08 C5H7O2N + 0.44 CO2 + 1.07 H2O + 0.87 

HCO3
-                  (3.2) 

Organic carbon, usually measured in terms of chemical oxygen demand (COD), is 

removed via aerobic and anoxic oxidation by heterotrophic aerobic bacteria (HAB) and 

HDB, respectively. Phosphorus is removed either chemically via precipitation with Fe3+, 

Al3+ or Ca2+ salts or biologically with the alternation of anaerobic, anoxic and aerobic 

phases [5].  

Simultaneous nitrification and denitrification (SND) offers several advantages over 

distinct nitrogen removal processes: (1) SND is performed in a single aerated basin, 

reducing plant footprint and investment costs, 2) carbon demand and sludge production 

are reduced by over 30% [6], (3) alkalinity supply by denitrification (Eq. 3.2) helps to 

maintain a circumneutral pH, (4) there is no need of NO3
- recirculation and 5) less energy 

for aeration is required. In contrast, SND usually results in a lower nitrogen removal 

efficiency (RE) compared to separate denitrification and nitrification and significant 

accumulation of nitrous oxide (N2O), a powerful greenhouse gas [7]. 

Biofilm reactors have been widely applied for nutrient removal from wastewater, being 

robust and high-performance systems with extremely high solid retention time (SRT) [8–

11]. Moving bed biofilm reactors (MBBRs) enable the formation of a stratified biofilm 

on mobile carriers with a bacterial community depending on the wastewater composition 

[12]. Substrates are transported into the biofilm via diffusion mechanisms, which enable 

the formation of aerobic, anoxic and anaerobic layers. Concentration gradients depend on 

biofilm density and thickness as well as bulk concentrations of the substrates [13]. As a 

result, the MBBR is a more suitable technology for SND than conventional activated 

sludge (CAS) systems due to low density and size of CAS flocs [14]. Dissolved oxygen 

(DO) concentrations ≥ 2 mg L-1 are often used to support SND in MBBR (Table 3.1) in 
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order to ensure oxygen diffusion through the aerobic layer and sustain nitrification. 

Maintaining high DO levels in the reactor is expensive and may reduce denitrification 

efficiency, while excess organic carbon in the influent wastewater may result in HAB 

overgrowth and suppression of the nitrification process [15]. As a result, a strict control 

of the feed carbon-to-nitrogen (C/N) ratio is necessary to maintain the efficiency and 

stability of the SND process. 

MBBRs have been often operated in sequencing batch mode alternating anaerobic and 

aerobic (or anoxic) conditions to simultaneously remove nitrogen and phosphorous, while 

fewer studies on continuous-flow MBBR operation for N and P removal are reported in 

literature (Table 3.1). Additionally, the optimal C/N ratios and DO concentrations 

reported for the SND process in MBBR reveal a large variability, which can be attributed 

to the different biofilm composition and/or uncontrolled growth of HAB resulting in 

significant N-NH4
+ uptake for biomass synthesis. Literature lacks a long-term evaluation 

of SND stability in continuous-flow MBBR at microaerobic conditions (DO ≤ 1 mg L-1) 

[16,17], being crucial to assess the reliability of a process based on a delicate equilibrium 

among different microbial groups.  

The application of machine learning algorithms can be an effective solution for 

modeling non-linear processes. Generally, biological processes exhibit a high non-linear 

characteristic influenced by different parameters [18]. Khanongnuch et al. [10] applied 

artificial neural network (ANN) in order to predict thiosulfate (S2O3
2)- and NO3

- removal 

efficiencies and SO4
2- production in a fluidized bed reactor (FBR) for anoxic S2O3

2- 

oxidation trough autotrophic denitrification. The ANN model was able to successfully 

predict the output parameters, achieving a determination coefficient (R2) of 0.90. Other 

application of ANNs model have been carried out to evaluate the performance of 

biological waste-gas systems [19,20]. Recently, Multilayer Perceptron (MLP) and 

Random Forest (RF) algorithms have shown good performances modeling complex and 

highly non-linear processes (e.g. evapotranspiration phenomenon in wetlands) [21]. 
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Table 3.1 - Comparative analysis of the SND performance of different bioreactors. 

n.a. = not available. 
a measured as total organic carbon (TOC). 
b available as COD/TN

Reactor type 
Operational 

time (days) 
Carrier type 

HRT 

(h) 

DO 

(mg L-1) 

Influent 

composition 

(mg L-1) 

Feed C/N 

COD 

removal 

(%) 

TIN 

removal 

(%) 

TP 

removal 

(%) 

Reference 

MBBR 37 Bio-carriers 8 n.a. 

TIN 51 

TP 5.7 

COD 315 

2.4 < 90 ≤ 30 ≤ 30 [17] 

MBBR 12–16 
Polyethylene 

carriers 
10 3.0–4.0 

N-NH4
+ 100 

COD 500-1500 
4.5–13.4 91–96 40–60 n.a. [22] 

MBBR n.a. 
Kaldnes-3 – 

Ring R2 
4–12 2.0–4.0 

COD:N:P 

100:20:3 n.a. 50–88 26–51 0–38 [23] 

MBBR 85 

Cupic-shaped 

polyurethane 

sponges 

12 5.0–6.5 

TIN 13-18 

TOC 100-118 

TP 2.7-3.5 

6.5–10 94–96a 77–87 n.a. [24]  

Sequencing 

batch MBBR 
n.a. KMT n.a. 0–2.0 

N-NH4
+ 25 

COD 75-300 

TP 2-21 

n.a. 60–80 20–80 50–98 [25] 

Sequencing 

batch MBBR 
450 Cascade-1A n.a. n.a. 

TIN 35–69 

COD 50–200 

TP 15–22 

n.a. n.a. 6–20 20–23 [26] 

Sequencing 

batch MBBR 
141 

HX9KL/ 

Biomaster BCN 

012KLS 

12–24 0.8–1 
TIN 35-46 

COD 270-291 
6.0–8.3 b 88–92 47–75 n.a. [27] 

Activated 

sludge 
240 n.a. 8–42 0.3–0.8 

TIN 32-63 

COD 118–335 
2–10 73–96 8–67 n.a. [14] 

MBBR 227 Kaldnes K1 24–48 1.0 (±0.2) 

TIN 29-71 

COD 203-562 

TP 9-17 

2.7–5.6 74–100 21–68 22–79 This study 



Chapter 3  

64 

 

In this work, the simultaneous removal of organic carbon, nitrogen and phosphorous 

from a synthetic municipal wastewater was studied for 183 days in a continuous flow 

microaerobic MBBR (mMBBR) under different feed C/N ratios and HRTs (Table 3.2). 

Batch activity tests were conducted to assess the effect of microaerobic cultivation at 

different feed C/N ratios on the nitrifying and denitrifying activities of the MBBR biofilm. 

Finally, machine learning algorithms were applied to predict the effluent concentrations 

of TIN (i.e. RF and MLP). 

3.2 Materials and methods 

3.2.1 Synthetic municipal wastewater 

The synthetic wastewater used as reactor influent in this study was prepared with tap 

water and composed of 0.532–1.064 g L-1 sodium acetate trihydrate (CH3COONa·3H2O) 

as organic carbon source, 0.123–0.246 g L-1 of ammonium chloride (NH4Cl) as N-NH4
+ 

source, 1 g L-1 of sodium bicarbonate (NaHCO3) as inorganic carbon source and a nutrient 

solution as follows (mg L-1): MgCl2·6H2O (150), KH2PO4 (50), CaCl2·H2O (20), 

MnCl2·6H2O (1.75), Na2MoO4·2H2O (0.1), CoCl2 (0.05). The pH of the synthetic 

wastewater was 7.84 (±0.13). During the study, the influent tank was kept in the fridge at 

a temperature of 6 °C. 

3.2.2 Bioreactor set-up and start-up 

The MBBR used in this study (Fig. 3.1) was composed of a 2.2 L glass vessel and an 

acrylic lid with three openings. The vessel was filled up to 2 L with synthetic wastewater, 

inoculum (250 mL) and Kaldnes K1 carriers (Veolia, France) at a 40% carrier filling ratio. 

The inoculum was composed of 80% recycle sludge (3.0 ± 0.5 g TS L-1, 2.5 ± 0.1 g VS 

L-1) collected from the pre-denitrification system of the MWWTP of Cassino (Italy) and 

20% suspended biomass from an aerobic lab-scale MBBR treating high-strength 

ammonium wastewater as described by Moreno Osorio et al. [28]. Air was delivered to 

the medium through a ceramic porous stone connected to the lid by a polystyrene tube, 

which was connected to an aquarium air pump by a flexible polymer tube. Mixing was 

provided by a magnetic stirrer (ARGO LAB M2-A) at 100 rpm (Fig. 3.1). The bioreactor 

was operated in batch mode for 8 days at room temperature (22 ± 2 °C) to allow bacterial 

colonization of the carriers. Half of the bioreactor solution was replaced with fresh 

synthetic wastewater as soon as the fed COD and/or NH4
+ was consumed. The DO 

concentration in the bioreactor was not controlled in this phase and ranged between 0.5 

and 4.6 mg L-1. The pH and alkalinity varied from 7.69 to 8.88 and from 183 to 1250 mg 
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CaCO3 L
-1, respectively. After 8 days, biofilm formation on the K1 carriers was observed 

and the reactor operation was switched to continuous mode.  

An HRT of 2 days was initially used for continuous MBBR operation (start-up, Table 

3.2). In preliminary experiments, nitrification was severely inhibited when microaerobic 

conditions were immediately applied at the beginning of continuous operation (data not 

shown). As a result, the DO concentration during start-up was gradually decreased from 

4.09 to 1.95 mg L-1 to facilitate the adaptation of the nitrifying biomass to low oxygen 

conditions. 

 
Figure 3.1 - Experimental set-up of the MBBR used in this study. 

3.2.3 Experimental design 

The MBBR was operated in continuous mode during five experimental periods (P1–

P5, Table 3.2). Each experimental period was maintained for at least 4 weeks in order to 

evaluate the stability of the SND process. From the beginning of P1 (day 45) until the end 

of the study, the DO concentration in the MBBR was monitored three times day-1 and 

maintained at 1.0 (±0.2) mg L-1 by manually adjusting the air flow. A feed C/N ratio of 

2.9 (±0.2) and an HRT of 2 days were maintained during the first period of continuous 

operation (P1, Table 3.2). 

The HRT was decreased to 1 day at the beginning of P2 (day 86–124) and maintained 

until the end of the study. During P2, the feed C/N ratio was not changed (3.0 ± 0.2) 

maintaining the COD and TIN concentrations at 492 (±32) and 62 (±4) mg L-1, 

respectively. In P3 (days 125–152) the C/N ratio was increased to 5.6 (±0.5) by decreasing 

the influent N-NH4
+ concentration to 31 (±1) mg L-1 to avoid process inhibition due to 
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NO2
- accumulation. During P1-P3 (days 45–152), the feed alkalinity was stable at 1174 

(±30) mg CaCO3 L
-1.  

On day 153, the influent COD concentration was reduced from 471 (±35) mg L-1 (P3) 

to 231 (±18) mg L-1 (P4) to recover nitrification and the MBBR operated at a feed C/N 

ratio of 2.7 (±0.3). During P4 (days 153–187), the influent TIN was maintained at 31 (±2) 

mg L-1 and the influent alkalinity decreased to 1049 (±52) mg CaCO3 L
-1. In P5 (days 

188–227) the feed C/N ratio was increased to 4.2 (±0.3) by increasing the influent COD 

concentration to 373 (±15) mg L-1. Alkalinity in the feed increased to 1132 (±22) mg 

CaCO3 L
-1, while the influent TIN concentration was maintained at 33 (±2) mg L-1. K1 

carrier and suspended biomass samples were collected during the study for volatile 

suspended solid (VSS) analysis. 

3.2.4 Batch activity tests 

Three batch activity tests (Table 3.3) were performed at the end of P3, P4 and P5 to 

evaluate the nitrifying (ATN tests) and denitrifying (ATD tests) activities of the MBBR 

biofilm after cultivation at feed C/N ratios of 5.6 (P3), 2.7 (P4) and 4.2 (P5). The 

experiments were performed in duplicate at 22 (±2) °C by using 50 mL wide neck conical 

flasks and 100 mL glass serum flasks for the ATN and ATD tests, respectively. The flasks 

were inoculated with 12 K1 carriers collected from the MBBR and rinsed with ultrapure 

water. The medium added to the flasks for the ATN tests was as the MBBR influent 

during periods P3–P5 (Table 3.2) except for acetate not being added to the flasks. The 

medium used for the ATD tests was composed of NO3
- (50 mg L-1), sodium acetate (500 

mg L-1) and nutrients as in the MBBR influent. The ATD flasks were purged for 10 min 

with N2 prior to inoculation and sealed with rubber septa and aluminum crimps to ensure 

anoxic conditions. Mixing was provided by a gyratory shaker at the speed of 150 rpm. 

During the experiments, the ATN flasks were monitored for NH4
+, NO3

- and NO2
- 

concentrations, while only NO3
- and NO2

- concentrations were measured in the ATD 

flasks. 
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Table 3.2 - Experimental conditions during continuous MBBR operation.  

Experimental 

period 
Time (d) 

HRT 

(d) 

Feed C/N 

ratio 

Feed COD 

(mg L-1) 

Feed N-NH4
+ 

(mg L-1) 

Organic loading 

rate 

(mg COD L-1 h-1) 

Nitrogen loading 

rate 

(mg N-NH4
+ L-1 h-1) 

Feed alkalinity 

(mg CaCO3 L-1) 

Start-up 10–44 2 3.0 (±0.2) 509 (±12) 63 (±3) 10.6 (±0.3) 1.3 (±0.1) 1143 (±39) 

P1 45–85 2 2.9 (±0.2) 502 (±26) 64 (±3) 10.5 (±0.5) 1.3 1175 (±35) 

P2 86–124 1 3.0 (±0.2) 492 (±32) 62 (±4) 20.5 (±1.3) 2.6 (±0.2) 1173 (±28) 

P3 125–152 1 5.6 (±0.5) 471 (±35) 31 (±1) 19.6 (±1.5) 1.3 (±0.1) 1173 (±26) 

P4 153–187 1 2.7 (±0.3) 231 (±18) 31 (±2) 9.6 (±0.7) 1.3 (±0.1) 1049 (±52) 

P5 188–227 1 4.2 (±0.3) 373 (±15) 33 (±2) 15.6 (±0.6) 1.4 (±0.1) 1132 (±22) 
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3.2.5 Analytical methods 

Liquid samples collected from the MBBR and batch flasks were filtered through 0.45 

μm syringe filters with polypropylene membrane (VWR, USA) prior to analysis. NH4
+ 

concentration was determined spectrophotometrically using the indophenol blue method 

[29]. COD and alkalinity concentrations were determined by closed reflux colorimetric 

method and potentiometric titration, respectively [30]. DO, pH and anionic 

concentrations (NO3
-, NO2

- and PO4
3-) were measured as described by Di Capua et al. 

[31]. VS, TS and VSS concentrations were analyzed according to Standard Methods [30]. 

Prior to VSS analysis, the K1 carriers were added to a Falcon tube containing 10 mL of 

ultrapure water and the biofilm detached by sonication followed by manual shaking. The 

solution containing the detached biofilm was used for VSS determination. Chemical 

phosphorous precipitation during the study was predicted using the thermodynamic 

equilibrium modeling software Visual MINTEQ (http://vminteq.lwr.kth.se/). The average 

values of the effluent pH, alkalinity and monitored ionic concentrations were used as input 

data. The temperature was set to 22 ºC and the oversaturated solids were allowed to 

precipitate. 

3.2.6 Machine learning application 

Prior to model the biological process of TIN removal, the dataset has to be split into 

training and testing folds. The most used method is to split randomly the dataset into 

training and testing subsets with typical training test of data varying between 70–80% 

[20]. In this study, a K-fold cross-validation method was used to select the data for 

training and testing the model. The cross-validation method provides to randomly divide 

the dataset into K folds (K = 10), then K-1 folders are used for model training, while 1-

fold for model testing. The cross-validation method is repeated K times in order to use 

each k fold as validation dataset. The overall model performance is estimated as average 

of performances obtain for each subset.  

To evaluate the performances of model, R2, mean absolute error (MAE), root mean 

square error (RMSE), and relative absolute error (RAE) were evaluated. R2 indicates how 

well the model predicts the data (Eq. 3.3); MAE is the average of absolute difference 

between the predicted value and the experimental value, i.e. MAE is a measure of the 

average error between these values (Eq. 3.4); RMSE is evaluated as the square root of 

the average squared differences between predicted value and effective value and 

represents the standard deviation of the foretold differences (Eq. 3.5); RAE is the 

normalized total absolute error (Eq. 3.6).  
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𝑅2 = 1 − 
∑ (𝑓𝑖−𝑦𝑖)2𝑚

𝐼=1

∑ (𝑦𝑎−𝑦𝑖)2𝑚
𝐼=1

                                                                                                  (3.3) 

 

𝑀𝐴𝐸 =  
∑ |𝑓𝑖−𝑦𝑖|𝑚

𝐼=1

𝑚
                                                                                                      (3.4)       

                                                            

𝑅𝑀𝑆𝐸 =  √
∑ (𝑓𝑖−𝑦𝑖)2𝑚

𝐼=1

𝑚
                                                                                                   (3.5) 

 

𝑅𝐴𝐸 =
∑ |𝑓𝑖−𝑦𝑖|𝑚

𝐼=1

∑ |𝑦𝑎−𝑦𝑖|𝑚
𝐼=1

                                                                                                         (3.6)       

Where m is the total number of data, yi is the experimental data, ya the average value 

of the experimental data and fi is the predicted value. The algorithms used are RF and 

MLP implemented in WEKA (University of Waikato, NZ). The algorithms are fully 

described by Granata et al. [21,32]. Briefly, RF is an Ensemble Model consisting of 

regression trees not correlated. Regression tree is characterized by a building process 

which consist in splits data into “branches”. The input variables are grouped in a single 

partition and after are allocated in the first two branches. The model proceeds considering 

all the possible splits. In the case of a random forest, hyperparameters include the number 

of decision trees in the forest and the number of features considered by each tree when 

splitting a node. The random forest used counted 100 trees.  

MLP is a system of interconnected nodes which belongs to the class of supervised feed 

forward networks. MLP is the most common type of ANN used for environmental 

problem [19,20]. The structure of MLP is composed by an input layer, one or more hidden 

layers and an output layer [33]. The optimal number of hidden layers can be obtained 

whit a trial-and-error process, nevertheless an insufficient number of hidden layers can 

determine an underfitting problem while a high number of hidden layers can determine 

an overfitting problem. In this study, backpropagation technique was used. The 

correlation between the input xi, processed through the hidden layers, and output yj can be 

expressed as follow (Eq. 3.7): 

𝑦𝑗 = 𝑓(∑ 𝑤𝑖𝑗𝑥𝑖 + 𝑏𝑛
𝑖=1 )                                                                                                    (3.7)  

Where f(x) is the transfer function, n the number of input variables, wij is the connection 

weight multiplied for the input of previous layer xi. The weighted input is than 

summarized to bias value b. Each nodes or neurons use a non-linear activation function, 

except the input nodes. The neural networks were composed by 1 hidden layer, with 2 

neurons. The activation function was the sigmoid function, while the learning rate and 

momentum rate were 0.3 and 0.2, respectively. 
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3.2.7 Statistical Analysis  

The statistical analysis of the data was performed using the Data Analysis Tool of 

Excel 2016 (Microsoft Corporation, USA). The one-way analysis of variance (ANOVA) 

method was conducted in order to determine the statistical differences in the performance 

parameters, i.e. COD, TIN and TP removal, during each period of mMBBR operation. 

The significant difference was set at 95% (p < 0.05). 

3.3 Results 

3.3.1 MBBR performance 

The temporal profiles of the influent and effluent DO, COD, NH4
+, NO3

-, NO2
- and 

alkalinity concentrations and pH during continuous MBBR operation are shown in Fig. 

3.2. On day 42 (start-up), the effluent COD decreased from 134 (±20) mg L-1 (days 10–

40) to 19 mg L-1 and remained stable until the end of P1. Similarly, alkalinity and NH4
+ 

concentration in the effluent remained stable during P1, while fluctuations in NO3
- and 

NO2
- concentrations were observed until the end of the period.  

The decrease of HRT from 2 days (P1) to 1 day (P2) resulted in COD and N-NH4
+ 

breakthrough in the effluent up to 130 and 49 mg L-1, respectively. The effluent alkalinity 

increased up to 1300 mg CaCO3 L
-1, higher than that observed in the feed. Conversely, 

the effluent NO3
- concentration decreased sharply to below the detection limit on day 89. 

The VSS concentration of the suspended biomass at the end of P1 (day 85) and P2 (day 

124) was 91 and 107 mg L-1, respectively. From day 98 onward, as the effluent NH4
+ 

started to decrease, the N-NO2
- and TIN concentrations in the effluent progressively 

increased up to 29 and 41 mg L-1 (day 120), respectively. As the feed NH4
+ concentration 

was reduced to 32.5 mg N-NH4
+ L-1 (P3) to avoid NO2

- inhibition, NO2
- concentration in 

the effluent decreased to 9 mg N-NO2
- L-1 (day 126) and remained below this value for 

the whole period, except on day 139 (14 mg N-NO2
- L-1) due to a peak in DO 

concentration (1.5 mg L-1). During days 126–142 (P3), the effluent TIN concentration 

was 16 (±3) mg L-1, resulting in a TIN RE of 52 (±9) % (Fig. 3.3). However, a sudden 

increase of the effluent NH4
+ concentration up to 17 mg N-NH4

+ L-1 was observed 

between days 140 and 145. Similarly, the effluent alkalinity increased from 1135 (day 

140) to 1303 (day 145) mg CaCO3 L
-1, being above the influent value. As a result, the 

TIN RE sharply decreased from 60% on day 142 to 32% on day 148 (Fig. 3.3). The VSS 

concentrations of the carrier-attached and suspended biomass at the end of P3 (day 152) 

were 2.0 mg carrier-1 and 150 mg L-1, respectively.  
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Figure 3.2 - Time course of DO and influent and effluent N-NH4
+, N-NO3

-, N-NO2
-, TIN, COD, pH 

and alkalinity concentrations during continuous MBBR operation. 

As the C/N ratio was decreased to 2.7 (±0.3), the effluent NH4
+ concentration 

decreased to below the detection limit in 4 days and did not exceed 5 mg N-NH4
+ L-1 until 
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the end of P4. NH4
+ depletion resulted in a decrease of the effluent alkalinity to 899 mg 

CaCO3 L
-1 and in a breakthrough of both NO3

- and NO2
- concentrations up to 16 mg N L-

1. The concentrations of the carrier-attached and suspended biomass (1.5 mg carrier-1 and 

50 mg L-1, respectively) measured on day 187 (P4) were lower than those observed at the 

end of P3. The MBBR experienced high TIN levels at the beginning of P4, which 

gradually decreased with the effluent NO3
- and NO2

- concentrations during the period. As 

a result, the TIN RE increased to an average value of 46 (±4) % between days 168 and 

184 (Fig. 3.3). At the beginning of P4, the COD RE temporarily dropped from 93% (day 

152) to 79% (day 156). Nevertheless, the effluent COD concentration during P3 and P4 

remained below 45 mg L-1. At the end of P4 (day 187), the VSS concentrations of the 

carrier-attached and suspended biomass were 1.5 mg carrier-1 and 50 mg L-1, respectively. 

 
Figure 3.3 - TIN and COD REs profiles during continuous MBBR operation. 

An increase of the COD levels in the effluent was observed at the beginning of P5 in 

response to the increase of the feed C/N ratio from 2.7 to 4.2. The effluent COD 

concentration during days 191–210 was 72 (±4) mg L-1 prior to decrease to below 15 mg 

L-1. As a result, the COD RE increased from 81 (±2) % (days 189-210) to 98 (±1) % (days 

214–227). The effluent TIN concentration remained below 19 mg L-1 throughout the 

entire period, resulting in TIN REs up to 68%. The carrier-attached and suspended 

biomass concentrations at the end of P5 (day 227) were 1.7 mg carrier-1 and 139 mg L-1, 

respectively.  

During P1–P5, P-PO4
3- concentration in the influent was 14 (±2) mg L-1 (Fig. 3.4) and 

stable P-PO4
3- levels (5 ± 2 mg L-1) were observed in the effluent. The highest P-PO4

3- 

RE was observed during P5, being 66 (±4) %, with a peak of 72% on day 203. 

Thermodynamic modeling with Visual MINTEQ revealed that phosphorous precipitation 
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accounted for less than 1 mg L-1 and indicated MnHPO4 as the main phosphorous 

precipitate. 

 
Figure 3.4 - Temporal profiles of feed and effluent P-PO4

3- concentrations and P RE in the MBBR. 

3.3.2 Nitrogen removal activities of the MBBR biofilm 

The results of the batch activity tests performed with the MBBR carrier-attached 

biomass under aerobic (ATN tests) and anoxic (ATD tests) conditions are shown in Fig. 

3.5.  

 
Figure 3.5 - Nitrogen removal activities of the MBBR biofilm at the different feed C/N ratios tested. 

The nitrifying and denitrifying activities of the MBBR biofilm at the end of P3 (day 

152) were 81 (±5) and 66 (±2) mg N g VSS-1 d-1, respectively. MBBR operation at a feed 

C/N ratio of 2.7 resulted in 3.9 and 2.3 fold higher nitrifying and denitrifying activities, 

respectively (Table 3.3). The activity tests run at the end of the study (P5, day 227) 
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showed that the nitrifying activity of the MBBR biofilm slightly decreased during reactor 

operation at a feed C/N ratio of 4.2 compared to that observed at the end of P4 (Table 

3.3). In contrast, the denitrifying activity of the MBBR biofilm increased by 22%. NO2
- 

accumulated up to 3 mg N-NO2
- L-1 during the ATD tests, whereas no NO2

- accumulation 

was observed during the ATN tests (Table 3.3). 

Table 3.3 - Activity test performed with the carrier-attached MBBR biomass under aerobic (ATN) and 

anaerobic (ATN) conditions. 

 n.d. = not detected 

Period Day 
Feed C/N 

ratio 

Biomass 

concentration 

(mg carrier-1) 

Experiment 

TIN removal 

activity 

(mg N g VSS-1 d-1) 

NO2
- 

accumulation 

(mg N L-1) 

P3 152 5.6 2.0 
ATN1 82 (±5) n.d. 

ATD1 66 (±2) 0.5 

P4 187 2.7 1.5 
ATN2 316 (±30) n.d. 

ATD2 155 (±2) 3.2 

P5 227 4.2 1.7 
ATN3 288 (±23) n.d. 

ATD3 189 (±1) 2.9 
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3.3.3 Nitrogen prediction 

The input variables for the prediction of TIN RE in the mMBBR were evaluated by 

means of trial-and-error process. The observed and predicted TIN effluent concentrations 

are plotted in Fig. 3.6. A further comparison between MLP and RF performances 

prediction is represented by relative errors. The relative errors were evaluated as the ratio 

between the measured and predicted values difference and the measured value [34]. Fig. 

3.6 shows that 70% of the values predicted by RF were affected by an error less than 20% 

in absolute value (Fig. 3.6a), while less than 60% of the values predicted by MLP were 

affected by an error less than 20% (Fig. 3.6b). 

 
Figure 3.6 - Nitrogen prediction: in the left column, measured versus predicted values, in the right 

column, relative errors versus measured values. 

Positive relative error results in an overestimation of TIN effluent concentrations, 

while negative error corresponds to an underestimation of predicted values [34]. The 
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combination of input variables with best prediction performances (R2, MAE, RMSE and 

RAE) are shown in Table 3.4. 

Table 3.4 - Model comparison - summary of the results 

Input variables Measure units Algorithm R2 MAE RMSE RAE 

HRT 

DO 

COD 

TIN 

[d] 

RF 

MLP 

0.90 

0.84 

3.0 

4.1 

4.0 

5.4 

25.7% 

35.3% 

[mg/l] 

[mg/l] 

[mg/l] 

3.4 Discussion 

3.4.1 Feasibility of long-term SND in a MBBR under 

microaerobic conditions 

The MBBR exhibited good carbon and nitrogen removal at the microaerobic 

conditions applied during the study (Fig. 3.3), demonstrating the feasibility of long-term 

SND in a MBBR at DO concentrations as low as 1.0 (±0.2) mg L-1. COD RE during P1-

P5 was always above 80% (F = 2.42, DF = 67, p > 0.05) except at the beginning of P3, 

while lower values were observed during days 10–40 (F = 15.72, DF = 95, p < 0.05). The 

low COD RE observed during the start-up period can be attributed to the inactivity of the 

denitrifying bacteria due to the high DO concentrations in the reactor (Fig. 3.2A). This is 

supported by the sudden increase of the COD RE during days 42–44, being concomitant 

with the decrease in the effluent DO values to approximately 2 mg L-1. The activation of 

the nitrifying biomass in the start-up phase was demonstrated by the rapid decrease of the 

NH4
+ (Fig. 3.2B) and alkalinity (Fig. 3.2D) concentrations in the effluent. Biological 

nitrification consumes almost 7.1 mg CaCO3 L
-1 of alkalinity for each mg of N-NH4

+ 

oxidized due to release of H+ during the process [35]. Supporting nitrification during the 

initial phase of mMBBR operation is of paramount importance for the SND process. The 

development of a robust nitrifying layer allows the establishment of an oxygen gradient 

within the biofilm and favors the activation of the denitrifying bacteria on a deeper layer 

[36–38]. As a result of bacterial adaptation, NH4
+ was never detected in the effluent 

during P1, while significant NO3
- and NO2

- fluctuations were observed (Fig. 3.2B). Long-

term observation during each experimental phase was crucial to ascertain the reactor 
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response to the applied conditions and for a correct assessment of SND feasibility at the 

low DO levels tested. 

3.4.2 Impact of feed C/N ratio and HRT on SND in the 

mMBBR 

Changes in operational conditions, i.e. HRT and feed C/N ratio, were shown to 

produce short- and long-term effects on the SND performance of the MBBR. The HRT 

decrease from 2 days to 1 day severely affected the nitrification activity at the beginning 

of P2 as NH4
+ and alkalinity concentrations rapidly increased up to 48.6 mg N-NH4

+ L-1 

and 1313 mg CaCO3 L
-1, respectively. Despite the gradual recovery of the nitrification 

process (Fig. 3.2B), the effluent NO2
- concentration during P2 (days 112–121) reached 

potential inhibitory levels (up to 28.7 mg N-NO2
- L-1) for the nitrifying biomass [39]. TIN 

REs (Fig. 3.3) observed during periods P1 (HRT = 2 days) and P4 (HRT = 1 day) were 

statistically different (F = 9.36, DF = 31, p < 0.05), despite similar feed C/N ratios (Table 

3.2). During P4, NO2
- levels were constantly higher than those of NO3

-, while the opposite 

was observed in P1. The lower HRT in P4 likely favored AOB activity over that of NOB 

as AOB grow faster than NOB [40]. In this condition, both the nitrification and 

denitrification are shortened as the NO2
- produced by AOB is directly reduced to N2 via 

the denitrification pathway. Short-cut nitrification denitrification can reduce the 

operational costs as it consumes less oxygen and results in lower sludge production 

[41,42]. 

The effect of three different feed C/N ratios on microaerobic SND was investigated 

during P3–P5. ANOVA indicated that TIN REs during P3-P5 were statistically different 

(F = 7.743, DF = 47, p < 0.05). MBBR operation at a feed C/N ratio of 5.6 (±0.5) resulted 

in a stable COD RE (95 ± 2%) (Fig. 3.3), while nitrification was severely inhibited after 

16 days as confirmed by the high effluent N-NH4
+ and alkalinity concentrations (Fig. 3.2) 

and by the low nitrifying (and denitrifying) activity of the carrier-attached MBBR 

biomass at the end of P3 (Fig. 3.5). Nitrification efficiency was limited by the excess 

growth of HAB as suggested by the high carrier-attached and suspended biomass 

concentrations (2.0 mg VSS carrier-1 and 150 mg L-1, respectively) observed at the end 

of P3. HAB grow faster than autotrophic nitrifiers and can outcompete them, suppressing 

nitrification in multiple strata biofilms, especially when the available DO is limited as 

they compete for O2 and NH4
+ [15]. This study shows that long-term SND in a mMBBR 

was not feasible at a feed C/N ratio as high as 5.6 and an HRT of 1 day. 
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The drop in the feed C/N ratio from 5.6 (P3) to 2.7 (P4) resulted in an immediate 

recovery of the nitrification process, as confirmed by the rapid decrease of N-NH4
+ and 

alkalinity levels and increase in NO3
- concentration in the effluent (Fig. 3.2). Activity 

tests revealed that biofilm cultivation in the MBBR at a feed C/N ratio of 2.7 (±0.3) 

resulted in a higher nitrification activity compared to those observed at the higher C/N 

ratios tested (Fig. 3.5). Denitrifying activity at the end of P4 was 2.3-fold higher than 

those observed in P3, being sustained by the higher availability of oxidized nitrogen 

species. Nevertheless, NO2
- significantly accumulated in the effluent throughout P4 

probably due to carbon limitation for denitrifiers, resulting in a 7% lower TIN RE 

compared to the initial phase of P3. The feed C/N ratio of 4.2 (±0.3) maintained during 

P5 resulted in lower NO2
- accumulation and stable TIN REs, being the highest observed 

in this study (up to 68%) (Fig. 3.3). MBBR operation at a feed C/N ratio of 4.2 (±0.3) 

increased the activity of denitrifying bacteria compared to P4, while nitrifying activity 

slightly decreased (Fig. 3.5). COD levels in the effluent were higher than those observed 

during P3 and P4 likely due to the decrease in the population of attached- and suspended-

growth HAB during previous low-carbon operation. Despite the increase of COD REs to 

97 (±1) % at the end of P5 (days 220–227), the mMBBR maintained stable TIN RE until 

the end of the study (Fig. 3.3).  

3.4.3 Possible pathways for phosphorus removal under 

microaerobic conditions 

During periods P1–P5, between 8 and 10 mg P-PO4
3- L-1 (on average) was removed 

from the system, resulting in similar P-PO4
3- REs (F = 2.35, DF = 78, p > 0.05) (Fig. 4). 

According to Visual MINTEQ prediction, maximum 3 mg PO4
3- L-1 could precipitate in 

the MBBR at all operational periods. As a result, biological phosphorus removal 

accounted for at least 85% of the P-PO4
3- removed from the MBBR during the study. 

Phosphorus requirement for bacterial synthesis can be estimated considering a required 

COD:P mass ratio for bacterial growth ranging between 100 and 500 [43]. Based on these 

values, between 2% and 23% of the phosphorous biologically removed from the MBBR 

could be used for biomass growth. This means that a significant biological P uptake 

occurred due to a different mechanism. 

Enhanced biological phosphorus removal (EBPR) is commonly achieved through an 

alternation of anaerobic and aerobic (or anoxic) stages to allow a net phosphorus uptake 

by phosphorous accumulating organisms (PAO) [44]. Anaerobic, anoxic and aerobic 

layers can coexist in the biofilm structure if oxygen and NO3
- only penetrate to a certain 
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depth [36]. However, in this study the DO concentration was maintained at 1.0 (±0.2) mg 

L-1 and alternation of anaerobic and aerobic (or anoxic) stages in the biofilm did not occur. 

Besides PAO metabolism, polyphosphate synthesis can occur under anoxic/aerobic 

conditions without the need of an anaerobic phase, being a widespread mechanism among 

denitrifiers [45]. Denitrifying P-accumulating bacteria (DPB), e.g. some members of the 

genus Paracoccus, are capable of polyphosphate accumulation beyond metabolic needs 

by using O2 and/or NO3
- as the electron acceptors and acetate as external carbon source 

[46,47]. All these components were present in the MBBR and microaerobic operation 

guaranteed both aerobic and anoxic zones in the biofilm. Moreover, the highest P-PO4
3- 

RE (66 ± 4%) was concomitant with the highest denitrifying activity (Table 3) by the 

mMBBR biofilm during P5. As a result, biological P-PO4
3- removal in the mMBBR was 

likely driven by denitrifying bacteria, resulting in a substantial withdrawal of phosphorus 

during the entire operation. 

3.4.4 Random Forest and Multilayer Perceptron modeling 

A trial and error method was used to identify the most influential input parameters, i.e. 

HRT, DO, COD and TIN (Table 3.4). According to the evolution of TIN removal trough 

the SND process, the change of these input parameters could have a significant impact on 

the bioreactor performances [17,23,35]. RF algorithm showed the best accuracy (R2 = 

0.90, MAE = 3.02, RMSE=4.0, RAE = 25.7%) (Fig. 3.6a), while the higher R2 value 

obtained with RF algorithm compared with MLP (i.e. 0.84) confirmed a highly accuracy 

in predicting the experimental data (Table 3.4) [21]. It is interesting to note that MLP 

showed a tendency to underestimate actual TIN concentrations in the effluent, resulting 

in the prediction of higher TIN REs (Fig. 3.6b). 

3.4.5 Practical implications and future perspectives 

The results of this study allow to identify which C/N ratio is more suitable to support 

long-term SND in a single-stage continuous-flow MBBR under microaerobic conditions. 

C/N ratios higher than 4.2 may result in excess growth of HAB and reduce the efficiency 

of both nitrification and denitrification processes. Based on the obtained nutrient removal 

efficiency, microaerobic MBBR operation would be a suitable and convenient choice for 

the treatment of medium- and low-strength wastewater from small communities or to be 

discharged in non-sensitive areas where less stringent standards are applied. However, 

further studies should investigate the P removal performance of the mMBBR treating real 

wastewater, as the presence of slow-biodegradable and recalcitrant organic matter may 

significantly affect the process efficiency [48]. 
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Performing SND in a continuous-flow MBBR at DO levels as low as 1 mg L-1 would 

considerably reduce the aeration costs and CO2 emissions of the plant. Additionally, the 

use of MBBR results in lower reactor volumes and eliminates the sludge recycle typical 

of CAS systems, resulting in a further decrease of investment and operational costs. 

Microaerobic SND in suspended-growth systems has been shown to produce a 

conspicuous amount of N2O, being higher than that observed during the conventional 

nitrification and denitrification processes [49]. The same might apply to biofilm systems 

performing SND, with the N2O being produced by denitrifying bacteria [50]. In this case, 

controlling of COD oxidation and biofilm thickness might help scavenging N2O [37]. 

Further research should assess whether continuous-flow mMBBR operation can attenuate 

N2O emissions and investigate the effect of operational conditions, e.g. C/N ratio, HRT, 

DO concentration and aeration strategy, on N2O production. 

In full scale application, WWTPs could be controlled by online monitoring, using 

programmable sensors integrated with artificial intelligence that can suggest appropriate 

changes in operating conditions when poor N removal occurs. It should be noted that the 

measured data were collected within a very short period (10 months). A large dataset is 

recommended for a recalibration and revalidation of the models proposed.  

3.5 Conclusion 

Long-term and stable mMBBR operation was feasible at feed C/N ratio 4.2. Lower 

nitrogen REs occurred at feed C/N ratio 2.7, whereas feed C/N ratio 5.6 led to 

uncontrolled growth of HAB and unstable performance. Biomass cultivation at feed C/N 

ratios 2.7 and 4.2 resulted in the highest nitrifying and denitrifying activities, respectively. 

Phosphorous removal significantly occurred in the mMBBR and can be attributed to 

phosphorous accumulation by DPB growing on acetate. The use of mMBBR is 

recommended in MWWTPs serving small communities and treating low- and medium-

strength wastewaters, as it results in lower costs compared to CAS. 
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  Chapter 4 

Abstract 

A continuous-flow intermittent aeration moving bed biofilm reactor (IAMBBR) 

alternating microaerobic and aerobic conditions was used to remove carbon, nitrogen and 

phosphorus through simultaneous nitrification and denitrification coupled to phosphorus 

removal (SNDPR). The IAMBBR was operated under different dissolved oxygen (DO) 

ranges (0.2–2, 0.2–3 and 0.2–4 mg L-1) and feed C/N ratios (2.8, 3.6 and 4.2) at HRT of 

1 day. At a DO range of 0.2–3 mg L-1 and feed C/N ratio of 3.6, the IAMBBR achieved 

simultaneous removal of dissolved organic carbon (DOC), total inorganic nitrogen (TIN) 

and P-PO43- with average efficiencies of 100%, 62% and 75%, respectively. Illumina 

sequencing revealed the coexistence of nitrifiers and denitrifiers with P-accumulating 

ability (Hydrogenophaga and Dokdonella) in the IAMBBR biofilm. Batch activity tests 

showed that phosphorus uptake did not occur under stable anaerobic or anoxic conditions, 

nor under aerobic conditions in absence of nitrate.  

Keywords 

Intermittent aeration; MBBR; microaerobic-aerobic cycle; phosphorus removal; 

simultaneous nitrification denitrification. 

Graphical abstract  

 

4.  

4.1 Introduction 

Due to environmental problems connected with nutrient discharge in aquatic 

environments and phosphorus resource depletion, nitrogen removal and phosphorus 

recovery from municipal wastewater have become nowadays key challenges [1,2]. 

Municipal wastewater commonly features low C/N ratios which limit denitrification 

efficiency [3]. Phosphorus concentration is typically in the range of 6–8 mg L-1, although 

concentrations exceeding 10 mg L-1 are often observed at the treatment sites [4,5].  
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The removal of nitrogenous compounds in municipal wastewater treatment plants 

(MWWTPs) is conventionally carried out by separate nitrification and denitrification 

processes. Nitrification is carried out by ammonia oxidizing bacteria (AOB) and nitrite 

oxidizing bacteria (NOB) able to convert ammonia (NH4
+) to nitrate (NO3

-) and results in 

alkalinity consumption (7.1 g CaCO3 are consumed for each g N-NH4
+ oxidized) [6]. 

NO3
- is reduced to dinitrogen gas (N2) under anoxic conditions by heterotrophic 

denitrifying bacteria (DNB) producing alkalinity. Phosphorus removal can be achieved 

by means of physical, chemical or biological methods [7]. Physical methods, including 

ion exchange and osmosis, are often inefficient and expensive [8]. Chemical phosphorus 

removal can be accomplished by precipitation and adsorption. Precipitation involves the 

use of metal (Fe, Al and Ca) salts and results in the production of chemical-rich sludge 

that may limit its biological conversion to biogas [1,7]. Adsorption is rarely used in 

MWWTPs due to the high costs of the adsorbent and regeneration process [9]. 

Enhanced biological phosphorus removal (EPBR) is conventionally achieved by 

enriching polyphosphate (poly-P) accumulating organism (PAOs), able to store more 

phosphorus than that needed for growth when exposed to alternating anaerobic and 

aerobic/anoxic conditions [10]. Under anaerobic conditions, PAOs store soluble organic 

carbon (e.g. acetate) as poly-β-hydroxybutyrate (PHB), poly-β-hydroxyvalerate (PHV) or 

poly- hydroxyalkanoate (PHA) and phosphorus is released as soluble poly-P to produce 

the energy required for PHB/PHV/PHA storage [11]. During the aerobic phase, the stored 

organic carbon is oxidized to produce energy for growth and phosphorus uptake. 

Denitrifying PAOs (DNPAOs) are capable of using nitrate as electron acceptor instead of 

oxygen, coupling denitrification to phosphorus accumulation under the alternation of 

anaerobic and anoxic conditions [12]. EBPR is commonly carried out in multistage 

systems combining anaerobic, anoxic and aerobic stages through sludge and liquor 

recycling. This results in complex operation, large space requirement and investment and 

operational costs hardly sustainable by small MWWTPs [7]. Jena et al. [13] showed that 

the combined removal of COD (72%), NO3
- (98%) and PO4

3- (86%) could be achieved in 

an aerobic-anoxic sequencing batch reactor (SBR) without an anaerobic phase. In the 

aerobic-anoxic cycle, phosphorus accumulation is carried out by DNPAOs during the 

anoxic phase by coupling poly-P uptake to complete nitrate reduction via direct acetate 

oxidation. In contrast, the absence of a suitable electron acceptor for DNPAOs during the 

aerobic phase induces a metabolic stress promoting phosphorous release. Nevertheless, 

the aerobic phase provides an essential fasting condition to sustain the dominance of 

DNPAOs over heterotrophic DNB, being DNPAOs able to use the internal phosphorous 

storage to supply the energy required for cell maintenance [13]. In an earlier study, Satoh 
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et al. [14] demonstrated that applying a microaerobic/aerobic cycle in SBR was effective 

for the enrichment of PHA-accumulating microorganisms. The microaerobic/aerobic 

cycle is a modification of the conventional anaerobic-aerobic/anoxic process in which 

anaerobic conditions are replaced by a microaerobic phase.  

SBRs have been widely used for the simultaneous removal of nitrogen and phosphorus 

as they easily allow to establish and alternate anaerobic and aerobic/anoxic conditions 

[10,15–17]. Although satisfactory phosphorus removal can be achieved with SBRs, batch 

systems are mainly used to treat industrial wastewaters being discontinuously produced 

during industrial processing. Additionally, SBR application in MWWTPs requires a large 

number of treatment, timing and control units as well as a higher level of maintenance 

compared to conventional systems [18,19]. This may result in unbearable capital and 

operational costs for wastewater treatment in small communities and rural areas. 

The moving bed biofilm reactor (MBBR) represents a compact and cost-effective 

solution for municipal wastewater treatment and has been recently proposed as a valid 

continuous-flow alternative to the SBR for the combined removal of carbon, nitrogen and 

phosphorus [20,21]. The MBBR technology is also a valuable option for small 

decentralized facilities due to compact footprint and high-performance in carbon and 

nitrogen removal [22]. The formation of a stratified biofilm on the moving supports 

enables the simultaneous removal of carbon and nutrients, while the high biomass 

concentration in the reactor basin allows to reduce the plant footprint. In a recent work, 

Iannacone et al. [21] showed that a simultaneous removal of COD, total inorganic 

nitrogen (TIN) and P-PO4
3- up to 100%, 68% and 72%, respectively, could be obtained 

in a continuous-flow MBBR under stable microaerobic conditions. Changes in dissolved 

oxygen (DO) regime may improve the MBBR performance by providing more suitable 

conditions for the different microbial groups composing the biofilm. Up to date, the 

alternation of microaerobic and aerobic conditions for the simultaneous removal of 

carbon, nitrogen and phosphorus in continuous-flow bioreactors has not been applied yet 

and deserves investigation. 

In this work, a continuous-flow intermittent-aeration MBBR (IAMBBR) was operated 

for 173 days under microaerobic-aerobic conditions. The main objectives of the study 

were to: (1) determine the IAMBBR performance in terms of TIN, P-PO4
3- and dissolved 

organic carbon (DOC) removal efficiency (RE) under different DO regimes; (2) evaluate 

the influence of the feed C/N ratio on IAMBBR performance; (3) investigate the dominant 

bacteria responsible for carbon, nitrogen and phosphorus removal at the different DO 

regimes tested; (4) evaluate the metabolic activities of the IAMBBR biofilm under 

anaerobic, anoxic and aerobic conditions. 
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4.2 Materials and methods 

4.2.1 Cultivation of denitrifying and nitrifying biomass 

Activated sludge (3.3 g TS L-1, 2.5 g VS L-1) was collected from the pre-denitrification 

system of a local MWWTP (Cassino, Italy) and used as microbial source for cultivating 

denitrifying and nitrifying bacteria. Denitrifying biomass was cultivated in fed-batch 

mode in a glass vessel sealed with a plastic plug (D1). The bioreactor was filled up to 1.8 

L with cultivation medium, inoculum (200 mL) and Kaldness K1 carriers (Veolia, France) 

at 50 % filling ratio. The cultivation medium was composed of distilled water, 0.469 g L-

1 of potassium nitrate (KNO3), 0.798 g L-1 of sodium acetate trihydrate 

(CH3COONa·3H2O) and nutrients as follows (mg L-1): MgCl2·6H2O (150), KH2PO4 (50), 

CaCl2·H2O (20), MnCl2·6H2O (1.75), Na2MoO4·2H2O (0.1), CoCl2 (0.05). A feed 

COD/N ratio > 5.0 was chosen to sustain the denitrification process [23]. Mixing was 

provided by a magnetic stirrer at 120 rpm. NO3
-, NO2

-, and COD concentrations were 

monitored daily and half of the reactor solution was replaced with fresh medium as soon 

as the fed COD or N-NO3
- was consumed. The bioreactor was purged with N2 for 15 min 

after inoculation and each medium refresh to ensure anoxic conditions. Cultivation of 

denitrifying biomass was carried out for 100 days until denitrifying activity and biofilm 

growth in the bioreactor were verified. 

Nitrifying biomass was cultivated in a glass bioreactor (N1) filled with 400 mL of 

cultivation medium and 100 mL of inoculum. The cultivation medium was composed of 

distilled water, 0.246 g L-1 of NH4Cl, 1 g L-1 of NaHCO3 and nutrients as described in 

Section 4.2.1. Half of the bioreactor solution was replaced with fresh medium as soon as 

the fed NH4
+ was consumed. DO concentration in the medium was maintained above 5 

mg L-1 by means of an aeration pump and a porous stone. Mixing was provided by a 

magnetic stirrer at 70 rpm. The bioreactor was operated for almost 100 days and NO3
-, 

NO2
- and NH4

+ concentrations were measured daily to assess the nitrifying activity 

4.2.2 Experimental set-up 

The IAMBBR used in this study was a laboratory-scale (2 L) glass vessel sealed by a 

plexiglass lid with six openings for influent and effluent tubes, DO probe, air injection, 

liquid sampling and gas outlet. A peristaltic pump (Watson-Marlow, UK) was used for 

influent feeding and effluent suction. Mixing conditions were provided using a magnetic 

stirrer at 110 rpm. Air was delivered to the IAMBBR at a flow rate of 0.9 L min-1 using 

an aquarium air pump and solubilized into the reactor medium through a porous stone. 
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DO was continuously monitored using a FDO 925 optical probe (WTW, Germany) 

connected to an OXI 3410 portable meter (WTW, Germany). A Raspberry PI 3 Model 

B+ single-board computer (Raspberry Pi Foundation, UK) coupled with Python software 

3.0 (Python Software Foundation, USA) was used to control and automate aeration in the 

reactor. The portable DO meter was connected via USB port to the Raspberry PI, which 

was programmed to switch on and off a 5V relay connected to the air pump at selected 

DO values. 

4.2.3 Bioreactor start-up and influent composition 

The start-up of the IAMBBR was carried out by transferring all carriers from D1, 250 

mL of nitrifying biomass from N1 and synthetic municipal wastewater in the reactor 

vessel up to 1.5 L. Synthetic wastewater (pH 8.0 ± 0.1) was used in order to select for 

different feed C/N ratios to test during the study and was prepared using tap water, 0.552–

1.064 g L-1 of CH3COONa·3H2O, 0.246 g L-1 of NH4Cl, 1 g L-1 of NaHCO3 and nutrients 

as described in Section 4.2.1. KNO3 (1 g L-1) was added only during the start-up period 

(Table 4.1) to sustain the denitrification process. During the study, the synthetic 

wastewater was maintained in the fridge at 4°C. 

The IAMBBR was operated for 1 week in batch mode. Half of the solution was 

replaced with fresh synthetic wastewater as soon as DOC or NH4
+ was consumed. The 

DO concentration was not controlled in this phase and ranged between 0.5 and 3 mg L-1. 

Subsequently, the IAMBBR was operated in continuous mode at a 2-day HRT for 35 days 

to allow the establishment of a multilayer microbial biofilm on the carriers (Start-up, 

Table 4.1). The DO concentration was controlled by the Raspberry platform and 

maintained between 0.2 and 2 mg L-1. 
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Table 4.1 - Experimental conditions and feed composition during IAMBBR operation. 

 

 

 

 

 

 

 

Experimental 

period 

Time 

(day) 

HRT 

(day) 

DO range 

(mg L-1) 
C/N ratio 

DOC 

(mg L-1) 

N-NH4
+ 

(mg L-1) 

TIN 

(mg L-1) 

Alkalinity 

(mg CaCO3 L-1) 

TP 

(mg L-1) 

Start-up 0–35 2 0.2–2 2.0 (±0.1) 134 (±17) 33 (±2) 66 (±5) 942 (±102) 11 (±1) 

P1 36–49 1 0.2–2 4.2 (±0.3) 131 (±17) 33 (±1) 33 (±1) 985 (±133) 11 (±1) 

P2 50–66 1 0.2–2 2.8 (±0.5) 94 (±4) 34 (±1) 34 (±1) 1064 (±32) 10 (±1) 

P3 67–91 1 0.2–3 2.9 (±0.3) 96 (±8) 33 (±1) 33 (±1) 1035 (±37) 11 (±1) 

P4 92–109 1 0.2–4 2.8 (±0.1) 94 (±1) 33 (±1) 33 (±1) 931 (±158) 10 (±1) 

P5 110–122 1 0.2–3 2.8 (±0.1) 94 (±3) 33 (±1) 33 (±1) 1036 (±46) 10 (±1) 

P6 123–173 1 0.2–3 3.6 (±0.4) 116(±10) 33 (±0) 33 (±0) 1050 (±36) 10 (±1) 
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4.2.4 IAMBBR operation  

The IAMBBR was operated at a HRT of 1 day under 6 different experimental 

periods (Table 1). During P1 (days 36–49), the DO range was maintained at 0.2–2 mg 

L-1, while a feed C/N ratio of 4.2 was chosen being the optimal value observed in a 

previous study for sustaining SNDPR under microaerobic conditions (Iannacone et al., 

2019). At the beginning of P2 (days 50–66), the feed C/N ratio was decreased from 

4.2 to 2.8 by reducing the influent DOC concentration from 131 (±17) to 94 (±4) mg 

L-1, as overgrowth of suspended biomass was disturbing the DO monitoring. During 

P3-P5 (days 67–122), the DO range was maintained at 0.2–3 mg L-1 (P3 and P5) and 

0.2–4 mg L-1 (P4), while the influent concentrations were not changed. At the 

beginning of P6 (day 123), the influent DOC concentration was increased from 94 

(±12) mg L-1 (P2–P5) to 116 (±10) mg L-1 (resulting in a feed C/N ratio of 3.6) to study 

the effect of DOC concentration on phosphorus removal. The average duration of each 

cycle during P3–P6 ranged between 65 and 90 min, almost equally divided between 

aerobic and microaerobic conditions. During P1-P6, the feed pH and alkalinity 

concentration were stable at 7.9 (±0.1) and 1052 (±40) mg CaCO3 L
-1, respectively. 

4.2.5 Batch activity tests 

Batch activity tests were conducted at the end of P6 to evaluate the nitrifying, 

denitrifying and P-PO4
3- removal activities of the IAMBBR biofilm under stable 

aerobic (ATN tests), anoxic (ATD tests) and anaerobic (ATDC tests) conditions. All 

batch tests were performed in duplicate for 24 h at 22 (±2) °C. The medium solution 

for all bioassays was composed of 244 mg DOC L-1 as CH3COONa·3H2O, 32.5 mg 

N-NH4
+ L-1 as NH4Cl, 1 g NaHCO3 L

-1 and nutrients as for the IAMBBR operation. 

NO3
- (100 mg L-1) was added only to ATD flasks. DOC concentration was doubled 

compared to that of the IAMBBR influent in P6 to ensure DOC availability to 

denitrifying bacteria during the entire tests.  

ATD and ATDC tests were conducted in 100 mL glass serum flasks with a working 

volume of 50 mL. The flasks were purged with N2 for 5 min and sealed with rubber 

septa and aluminum crimps to ensure anoxic conditions. ATN tests were conducted 

using 70 mL wide neck conical flasks with a working volume of 50 mL. All flasks 

were inoculated with 10 biofilm-coatd K1 carriers collected from the IAMBBR and 

rinsed with ultrapure water prior to inoculation. Afterwards, flasks were placed on a 

horizontal shaker at a speed of 150 rpm. This speed allowed to maintain a DO 

concentration of 2.5 (±0.5) mg L-1 in the ATN flasks during the experiment. Samples 
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were collected 12 times to measure the concentrations of NH4
+, NO3

-, NO2
-, PO4

3- and 

DOC in the flasks.  

4.2.6 Microbial community analysis 

Microbial community analysis was performed on carrier-attached biomass 

collected from the IAMBBR at the end of each experimental period except P1. DNA 

extraction was carried out by using a Quick-DNA Fungal/Bacterial Kit (Zymo 

Research, USA). Final yield and quality of the extracted DNA were determined by 

using a Qubit 1.0 fluorometer with a dsDNA HS Assay Kit (Invitrogen, USA). PCR 

amplification, library quantification, Illumina sequencing, sequence filtering and 

taxonomic classification were performed as described by Ucar et al. [24]. 

4.2.7 Sample collection and analysis 

Liquid samples were collected daily (weekends and holidays excepted) from the 

IAMBBR at the end of both the aerobic and microaerobic phases of a single cycle and 

from the influent tank. Gas samples were collected periodically from the IAMBBR by 

connecting a 1 L gas bag to the gas outlet until it was filled. At the end of each 

experimental period, K1 carriers and suspended biomass were collected for volatile 

suspended solid (VSS) analyses. COD, pH, alkalinity and the concentrations of NO3
-, 

NO2
- and PO4

3- in liquid samples were analyzed as described by Iannacone et al. 

(2019). DOC concentration was measured using a TOC L CSH/CSN analyzer 

(Shimadzu, Japan). Samples were filtered through 0.45 μm syringe filters (VWR, 

USA) prior to IC and DOC analyses. N2O in the gas phase was measured using a 

Varian Star 3400 gas chromatograph equipped with a ShinCarbon ST 80/100 column 

and an electron capture detector. VSS concentration was analyzed according to 

Classen et al. (2013). Prior to VSS analysis, the K1 carriers were added to a Falcon 

tube containing 10 mL of ultrapure water and the biofilm detached by sonication (10 

min, 45 Hz) followed by manual shaking. The solution containing the detached biofilm 

was used for VSS determination. 

4.2.8 Statistical data analysis 

A one-way analysis of variance (ANOVA) was performed for data analysis using 

the Data Analysis Tool of Excel 2016 (Microsoft Corporation, USA). The ANOVA 

was conducted in order to determine the statistical differences in the performance 

parameters, i.e. DOC, TIN and TP removal. The significant difference was set at 95 % 

(p < 0.05).  
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4.3 Results and discussion 

Effluent concentrations are expressed as averages between the values measured at 

the end of the aerobic and microaerobic phases of a single cycle, as no significant 

difference was observed between the microaerobic and aerobic profiles of each 

parameter (p > 0.05).  

4.3.1 Nitrogen removal in the IAMBBR 

The decrease of HRT from 2 days to 1 day and the increase of feed C/N ratio from 

2.0 to 4.2 at the beginning of P1 determined a transient accumulation of N-NH4
+ up to 

15 mg L-1 (day 39), followed by an increase of the effluent N-NO2
- concentration (up 

to 15 mg L-1) until the end of the period (Fig. 4.1). Despite TIN RE at the end of P1 

reached 61%, being the highest observed until P6, the feed C/N ratio was reduced from 

4.2 (P1) to 2.8 (P2) as excess growth of suspended biomass led to DO probe 

malfunctioning and hampered DO control in the bioreactor. Previous studies reported 

that overgrowth of heterotrophic aerobic bacteria (HAB) can occur at high feed C/N 

ratios and suppress nitrification in SND systems [21,26]. The increase of feed C/N 

ratio and the subsequent HAB overgrowth likely affected nitrification activity during 

P1, contributing to N-NH4
+ and N-NO2

- accumulation.  

During P2–P5 (days 50–122), the IAMBBR was operated at a feed C/N ratio of 2.8 

and showed a stable TIN RE around 40% (Fig. 4.2). Nevertheless, the different DO 

regimes tested significantly influenced the nitrifying and denitrifying activity of the 

IAMBBR biofilm, resulting in dynamic trends of N-NH4
+, N-NO3

- and N-NO2
- 

concentrations in the effluent (Fig. 4.1). The effluent N-NH4
+ concentration during P2 

increased up to 9 mg L-1 (day 56) following the decrease of the feed C/N ratio from 

4.2 (P1) to 2.8 (P2). The low relative abundances (< 2%) of nitrifying bacteria 

observed at the end of P2 (Table 4.2) were likely responsible for the high N-NH4
+ 

levels occurring in the IAMBBR effluent (Fig. 4.1), resulting in a 12% lower TIN RE 

compared to that observed at the end of P1 (days 42–49, Fig. 4.2). The decrease of the 

feed C/N ratio reduced assimilative N-NH4
+ uptake by HAB and contributed to 

increase N-NH4
+ levels in the IAMBBR. N-NO2

- concentration in the effluent during 

P2 remained stable at 11 (±2) mg L-1, while fluctuations in N-NO3
- concentration were 

observed until the end of the period (Fig. 4.1).  
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Figure 4.1 - Temporal profiles of the influent and effluent TIN, N-NH4

+, N-NO3
- and N-NO2

- 

concentrations during continuous IAMBBR operation. 

The modification of DO regime (0.2–3 mg L-1) at the beginning of P3 determined 

an increase of Nitrosomonas abundance from 1.0% to 4.8% (Table 4.2), resulting in 

an immediate recovery of nitrification efficiency. N-NH4
+ concentration in the effluent 
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rapidly decreased to 2 mg L-1 (day 74) and remained below this value until the end of 

P5, except on day 88 (7 mg L-1). Similarly, N-NO2
- concentrations in the effluent 

progressively decreased, while the concentration of N-NO3
- rapidly increased and 

remained stable at 16 (±3) mg L-1 until the end of P4 (Fig. 4.1). Interestingly, the 

increase of DO concentrations at the beginning of P4 had a negative effect on 

Nitrosomonas abundance, which decreased from 4.8% (P3) to 2.5% (P4) (Table 4.2). 

This may be related to increased competition with HAB for N-NH4
+, which was almost 

completely depleted during P4 (Fig. 4.1). During P1–P5, the combined nitrification 

and denitrification process allowed to maintain the effluent pH at 8.0 (±0.1), being 

optimal for both nitrifying and denitrifying bacteria [27]. Similarly, alkalinity 

concentration in the effluent was stable at 939 (±37) mg CaCO3 L
-1. The concentrations 

of carrier-attached biomass during P1–P5 remained also stable, being 1.1 (±0.2) mg 

VSS carrier-1, while the concentration of suspended biomass varied between 57 mg 

VSS L-1 (P3) and 104 mg VSS L-1 (P5), respectively. 

 

Figure 4.2 - TIN, P-PO4
3- and DOC RE profiles during continuous IAMBBR operation. 

Increasing the feed C/N ratio from 2.8 (P3–P5) to 3.6 (P6) was beneficial for TIN 

RE (p < 0.05). The decrease of the effluent N-NO3
- concentration from 19 mg L-1 (day 

122) to below the detection limit during P6 resulted in TIN REs up to 82% (62% on 

average) (Fig. 4.2), proving that denitrification efficiency was limited by the low DOC 

availability in previous periods. Improvement of denitrification efficiency in P6 was 

also indicated by the higher abundance of DNB in the IAMBBR biofilm (Table 4.2) 

and the increased pH (8.3 ± 0.1) and alkalinity concentration (1076 ± 37 mg CaCO3 L
-

1) in the IAMBBR effluent. The concentration of carrier-attached biomass during P6 

increased by 2.4 times compared to the average value of previous periods, whereas the 

concentration of suspended biomass remained similar to that observed in P5. The 

increased abundance of NOB (Devosia and Nitrospira) in the IAMBBR biofilm 
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allowed to maintain the effluent N-NO2
- concentrations ≤ 8 mg L-1. A possible 

explanation to the increased relative abundance of NOB during P6 is that the 

concomitant increase of denitrifying activity (Fig. 4.1) and relative abundance of DNB 

(Table 4.2) provided additional NO2
- for NOB growth (a mechanism also known as 

nitrite-loop), increasing the ratio between NOB and AOB. Moreover, long-term low 

DO operation can significantly increase the oxygen affinity of NOB, which makes 

NOB better competitors for DO compared to AOB [28]. The decreased relative 

abundance of AOB during P6 (Table 4.2) can be attributed to the competition with 

HAB and NOB for DO, which was likely responsible for the lower N-NH4
+ RE 

efficiency compared to P3–P5 (Fig. 4.1).  

N2O concentration in the gas phase remained below the detection limit during the 

entire IAMBBR operation. According to Sabba et al. [29], N2O in combined 

nitrification and denitrification systems is produced by both nitrifiers and denitrifiers 

and reduced by denitrifiers. The authors explain that in aerated bioreactors with co-

diffusional multilayered biofilms (as the IAMBBR), there is a greater N2O mass 

transfer towards the aerated bulk rather than towards the anoxic zone where it can be 

reduced. In this study, intermittent aeration operation and highly enriched denitrifying 

community of the IAMBBR biofilm were effective in limiting N2O emission at all 

tested conditions.
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Table 4.2 - Identification of key functional group, bacterial genus, relative abundance and phylogenetic affiliation of carrier-attached IAMBBR bacteria. Only genera 

with relative abundance above 4 % are listed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n.d. not detected 

 

Key functional group Genus Phylum/family Relative abundance [%] 

   P2 P3 P4 P5 P6 

DNB Hydrogenophaga Proteobacteria/Burkholderiaceae 10.9 9.5 6.8 7.3 7.7 

 SWB02 Proteobacteria/Hyphomonadaceae 8.1 11.4 8.2 9.6 3.2 

 unidentified Proteobacteria/Rhizobiaceae 4.0 0.9 4.1 1.6 3.7 

 Dokdonella Proteobacteria/Rhodanobacteraceae n.d. n.d. n.d. n.d. 4.4 

 Arenimonas Proteobacteria/Xanthomonadaceae 0.2 0.1 n.d. n.d. 4.1 

 Thauera Proteobacteria/Rhodocyclaceae 5.7 1.0 0.3 0.2 0.6 

 Planctopirus Planctomycetes/Schlesneriaceae 0.8 3.5 4.2 4.1 4.1 

 Rhizobium Proteobacteria/Rhizobiaceae 7.3 2.3 0.1 0 0.9 

 Rhodobacter Proteobacteria/Rhodobacteraceae n.d. 0.8 4.3 0.9 n.d. 

 Flavobacterium Bacteroidetes/Flavobacteriaceae 5.2 1.3 n.d. n.d. n.d. 

 Pseudomonas Proteobacteria/ Pseudomonadaceae 6.1 0.2 0.1 n.d. 0.2 

HAB OLB12 Bacteroidetes/Microscillaceae 1.6 5.8 4.7 11.9 1.6 

 Pseudofulvimonas Proteobacteria/Rhodanobacteraceae 4.8 7.2 4.1 3.0 0.2 

 Chryseobacterium Proteobacteria/Weeksellaceae n.d. n.d. n.d. n.d. 7.0 

 unidentified Proteobacteria/Stappiaceae n.d. n.d. n.d. n.d. 8.9 

 Chryseolinea Bacteroidetes/Microscillaceae 1.4 6.4 9.0 5.9 0.9 

AOB Nitrosomonas Proteobacteria/Nitrosomonadaceae 1.0 4.8 2.5 6.3 2.4 

NOB Nitrospira Nitrospirae/Nitrospiraceae n.d. n.d. n.d. 0.2 5.0 
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4.3.2 Phosphorus removal in the IAMBBR 

Effluent P-PO43- concentrations in the IAMBBR during P1 and P2 were 10 (±1) and 

8 (±1) mg L-1, resulting in P-PO4
3- REs of 16 (±3) % and 25 (±4) %, respectively (Fig. 

4.3). The low P-PO4
3- REs observed in these periods can be attributed to the high levels 

of N-NO2
- in the effluent (Fig. 4.1), which increased up to 15 mg L-1 (day 47). Previous 

studies reported considerable inhibition of aerobic phosphate uptake due to NO2
-. Jabari 

et al. [30] observed increasing inhibition of aerobic phosphate uptake by attached and 

suspended biomass collected from an integrated fixed film sludge (IFAS) system at N-

NO2
- concentrations exceeding 10 mg L-1. According to Saito et al. [31], inhibitory effects 

on aerobic phosphate uptake can be observed already at 2 mg N-NO2
- L-1, while 6 mg N-

NO2
- L-1 can lead to complete inhibition. The authors concluded that aerobic phosphate 

uptake is more sensitive to NO2
- than anoxic phosphate uptake.  

Change in DO range to 0.2–3 mg L-1 at the beginning of P3 resulted in an immediate 

increase of P-PO4
3- RE, which remained at 55 (±4) % during the entire period (Fig. 4.2). 

In contrast, the change of DO range to 0.2–4 mg L-1 in P4 determined a dramatic increase 

of the effluent P-PO4
3- concentrations above the influent values (Fig. 4.3), which indicates 

that P-PO4
3- was released from the IAMBBR biofilm to the bulk liquid in this phase. 

Phosphorus release by microorganisms was probably induced by shortage and 

competition with HAB for the available DOC, being the effluent DOC levels below the 

detection limit during the entire P4 (expect on days 101–102) (Fig. 4.3). In a study 

conducted by Barak and Van Rijn [32], the authors observed phosphate release by DNB 

under aerobic conditions after all acetate was depleted, while phosphate was assimilated 

again upon acetate addition. As a result, DOC availability seems crucial to support P-

PO4
3- assimilation by DNB under aerobic conditions. The higher DO values (up to 4 mg 

L-1) experienced by the IAMBBR biofilm during P4 triggered the proliferation of HAB 

such as Chryseolinea (Table 4.2) and the competition with DNB for organic carbon, 

which led to the inhibition of P-PO4
3- uptake.  

Change in DO regime to 0.2–3 mg L-1 at beginning of P5 immediately increased the 

P-PO4
3- RE until a stable value of 66 (±4) % (days 117–122), 11% higher than that 

observed during P3 under similar operational conditions (p < 0.05). The higher P-PO4
3- 

RE observed during P5 may be linked to the higher concentration of suspended biomass 

and the lower NO2
- levels in the IAMBBR effluent compared to P3. While the 

concentration of attached-growth biomass in the two periods remained stable, the 

concentration of suspended biomass almost doubled. Effluent N-NO2
- concentrations 

during P5 did not exceed 5 mg L-1, while up to 10 mg L-1 was observed during P3 (Fig. 
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4.1), which could be linked to the higher relative abundance of NOB in P5 (1.7%) 

compared to P3 (1.2%). The slight variation of microbial community composition 

between P3 and P5 (Table 4.2, Fig. 4.4) may have also influenced P-PO4
3- RE, but the 

information obtained from microbial community analysis does not provide a clear 

explanation for this. 

 
Figure 4.3 - Temporal profiles of influent and effluent DOC and P-PO4

3- concentrations in the 

IAMBBR. 

The increase of feed C/N ratio to 3.6 at the beginning of P6 greatly enhanced P-PO4
3- 

RE, which increased by nearly 10% compared to the end of P5 (days 117–122) and 20% 

compared to P3 (p < 0.05), resulting in an average P-PO4
3- RE of 75% (Fig. 4.2). Despite 

the increase in the feed C/N ratio, DOC concentration in the effluent remained below the 

detection limit (Fig. 4.3), which means that DOC surplus was completely consumed by 

the IAMBBR biomass. The effluent N-NO3
- concentrations in P6 were significantly lower 

compared to P5 (Fig. 4.1) despite the considerable increase of NOB abundance (Table 

4.2), which indicates that acetate addition stimulated the growth of DNB. The 

concomitant increase of P-PO4
3- RE indicates that DNB may have played a major role in 

phosphorus uptake under microaerobic/aerobic conditions.  
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Figure 4.4 - Microbial community composition of the IAMBBR biofilm at (a) phylum level, (b) class 

level, (c) order level and (d) genus level. 
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4.3.3 Mechanisms for phosphorus removal within the 

microaerobic/aerobic cycle 

During P3, P5 (days 117–122) and P6, between 4.1 and 8.8 mg P-PO4
3- L-1 was 

removed from the feed, resulting in a P-PO4
3- RE between 42% and 81%. P-PO4

3- uptake 

for cell growth, evaluated based on a C:N:P ratio of 100:5:1 [33], was between 12% and 

19%, revealing that P-PO4
3- removal can be mainly considered as luxury biological 

uptake. Batch activity tests performed at the end of the study showed that P-PO4
3- uptake 

did not occur under stable anoxic and anaerobic conditions, nor under aerobic conditions 

in absence of NO3
-. Based on these results, both microaerobic/aerobic conditions and 

NO3
- are necessary to trigger luxury phosphorus uptake and achieve a satisfactory P-PO4

3- 

RE in the IAMBBR.  

The alternation of microaerobic and aerobic conditions was firstly experimented by 

Satoh et al. [14] with the objective to promote PHA accumulation in the activated sludge. 

The authors showed that the microaerobic-aerobic cycle can double the PHA 

accumulating potential of the system compared to that obtained under the alternation of 

anaerobic and aerobic conditions. Under microaerobic conditions, microorganisms can 

take up and accumulate organic carbon as PHA, while organic carbon oxidation under 

aerobic conditions provides energy for assimilative activity. The microaerobic-aerobic 

cycle overcomes the energy limitation for PHA synthesis of the anaerobic-aerobic cycle, 

which is represented by the amount of stored poly-P and glycogen. By providing a limited 

oxygen supply during the microaerobic conditions, microorganisms can use the oxidative 

energy gained from acetate oxidation exclusively for PHA accumulation. In this 

condition, the breakage of poly-P molecules for PHA storage is not necessary, while the 

energy gained under aerobic conditions via PHA oxidation could still serve to generate 

poly-P granules, resulting in a net phosphorus accumulation.  

Although the microaerobic-aerobic cycle does not specifically select for P-

accumulating bacteria, it is known that poly-P synthesis is a distinctive trait of many PHA 

accumulators and DNB [32]. Jørgensen and Pauli [34] showed that genera belonging to 

Hydrogenophaga, Pseudomonas, Flavobacterium and Comamonas, which were all 

detected at the end of P2 (Fig. 4d), can accumulate P-PO4
3- under aerobic conditions. In 

particular, Hydrogenophaga was among the true DNB (bacteria able to convert more than 

80% NO3
- to N2O) cultivated on acetate capable of synthesizing poly-P granules under 

aerobic conditions and showed an aerobic phosphorus uptake rate of approximately 6 mg 

P g VSS-1 h-1 (considering a VSS/TS ratio of 0.5), being comparable to the rates observed 

for biomass collected from full-scale EBPR systems [35]. Hydrogenophaga was a 
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dominant genus in the IAMBBR throughout the entire study (Table 4.2) and seems to 

have played a major role in phosphorus removal. 

4.3.4 Microbial community structure and evolution in the 

IAMBBR 

Fig. 4.4 shows the bacterial community structure (relative abundance > 2%) in the 

IAMBBR biofilm during the study at phylum, class, order and genus levels. 

Proteobacteria (45.7–65.9%) was the dominant phylum during the entire IAMBBR 

operation, followed by Bacteroidetes (15.4–22.9%), Planctomycetes (4.0–12.3%), 

Patescibacteria (3.3–11.1%) and Chloroflexi (1.1–6.5%) (Fig. 4.4a). Proteobacteria and 

Bacteroidetes are commonly involved in nitrogen and phosphorus removal [36]. 

Chloroflexi can couple the degradation of a broad range of organic compounds to nitrogen 

removal [37]. Gammaproteobacteria (20.5–34.1%), Alphaproteobacteria (21.9–29.8%) 

and Bacteroidia (15.2–22.0%) were the dominant classes, followed by Planctomycetacia 

(4.0–10.2%), Parcubacteria (3.3–11.0%) and Anaerolineae (0.9–6.0%) (Fig. 4.4b). At 

order level, Rhizobiales, Betaproteobacteriales, Xanthomonadales and Cytophagales 

were the most abundant in the IAMBBR biofilm during the study (Fig. 4.4c). 

Table 4.2 lists the most abundant bacterial genera (> 4 %) in the microbial community 

of the IAMBBR biofilm. Hydrogenophaga and Hyphomonadaceae_SWB02 showed high 

relative abundances (3.2–11.4%) at all operational periods. Members of these two genera 

include heterotrophic and autotrophic DNB [38,39]. Rhizobium (7.3%), Pseudomonas 

(6.1%) and Thauera (5.7%) were also abundant in the IAMBBR biofilm at the end of P2 

and have all been reported to possess denitrifying ability [38,40,41]. In contrast, low 

relative abundances (< 2%) were observed for nitrifying bacteria (Fig. 4.4d), i.e. 

Nitrosomonas, Nitrospira and Devosia [38,42,43].  

At the end of P3, aerobic bacteria such as Pseudofulvimonas (7.2%), Chryseolinea 

(6.4%), Microscillaceae OLB12 (5.8%) and Nitrosomonas (4.7%) showed increased 

abundance compared to the previous period. In contrast, the relative abundance of 

Pseudomonas (0.2%), Thauera (1.0%) and Rhizobium (2.3%) significantly decreased 

(Table 4.2, Fig. 4.4d). Pseudofulvimonas and Chryseolinea include HAB [44,45], while 

Nitrosomonas was the key functional group related to autotrophic ammonia oxidation in 

the IAMBBR. 

The relative abundance of Chryseolinea further increased during P4, reaching 9.0% at 

the end of the period, whereas decrease in Nitrosomonas abundance from 4.8% to 2.5% 

was observed. Rhodobacter, classified as DNB by [46], were detected with an abundance 
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of 4.3% at the end of the period. At the end of P5, Microscillaceae OLB12 (11.9%), 

Hydrogenophaga (7.3%), Hyphomonadaceae_SWB02 (9.6%), Nitrosomonas (6.3%) and 

Chryseolinea (5.9%) were the dominant genera in the IAMBBR biofilm (Table 4.2). 

Sequencing results at the end of P6 showed high relative abundances of previously 

undetected bacteria, such as unidentified Stappiaceae (8.9%), Chryseobacterium (7.0%) 

and Dokdonella (4.4%) (Table 4.2). In contrast, the relative abundance of 

Hyphomonadaceae_SWB02, Microscillaceae OLB12 and Nitrosomonas was 

significantly lower compared to the previous period. Chryseobacterium and Stappiaceae 

are classified as HAB, although nitrate respiration is a widespread mechanism among 

members of the Stappiaceae family [47]. Similarly, members of the genus Dokdonella 

have been recognized as microorganisms involved in nitrogen removal [46,48]. Pishgar 

et al. (2019) reported a P-PO4
3- removal around 50% in Dokdonella-dominated aerobic 

systems coupled to both NO3
- and NO2

- reduction, which suggests that Dokdonella may 

also play a role in phosphorus accumulation. The relative abundance of Acidovorax 

(3.0%), Arenimonas (4.1%), Luteimonas (3.0%), Bdellovibrio (3.1%), Nitrospira (5.0%) 

and Devosia (3.3%) also increased significantly during P6 (Table 4.2). Arenimonas and 

Luteimonas genera belong to the Xanthomonadaceae family and have been reported as 

DNB [40,49]. Similarly, many Acidovorax members possess denitrification ability 

[10,38]. Interestingly, the increase of the NOB representatives Devosia and Nitrospira 

during P6 from 1.7% (P5) to 8.4% was accompanied by a decrease of AOB 

(Nitrosomonas) from 6.3% (P5) to 2.4%.  

4.3.5 Practical applications and future research 

Based on the results of this study, the IAMBBR can be considered as a novel and 

promising technology for the simultaneous removal of organic carbon, nitrogen and 

phosphorus from low- and medium-strength municipal wastewater. The highest REs 

could be obtained by maintaining the DO range at 0.2–3 mg L-1, while higher DO levels 

were highly detrimental in terms of P-PO4
3- RE. In order to achieve satisfactory REs, 

oxygen dosing to the IAMBBR should be limited, which results in energy saving and 

reduced operational costs. In a previous study, Iannacone et al. [21] obtained COD, TIN 

and P-PO4
3- REs respectively up to 100%, 68% and 72% in a continuous-flow MBBR at 

a stable DO concentration of 1 mg L-1 and feed C/N ratio of 4.2. In the IAMBBR, higher 

REs were achieved at a lower feed C/N ratio of 3.6, whereas applying a feed C/N ratio of 

4.2 resulted in overgrowth of suspended HAB and DO probe malfunctioning. Therefore, 

IAMBBR operation for SNDPR is recommended for wastewaters with C/N ratios < 4 to 

avoid disruption of the SNDPR process.  
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In Italy, more than 20% of untreated municipal wastewater is generated from towns 

and rural areas with less than 2000 population equivalent (PE) for which wastewater 

treatment is not economically feasible. The IAMBBR offers a compact solution for 

carbon and nutrient removal at a locally sustainable cost. Additionally, the Italian 

legislation has set less stringent limits for settlements with less than 10000 PE. Therefore, 

the discharge limits required for small communities can be easily met with the REs 

achieved by the IAMBBR. 

Full- and pilot-scale studies are needed to evaluate the operational costs related to 

microaerobic and microaerobic/aerobic operation and the effects of scale-up on carbon 

and nutrient removal. Moreover, additional studies should investigate the P-PO4
3- 

removal performance of the IAMBBR with different organic compounds and when 

treating real wastewater containing a significant concentration of low-biodegradable and 

recalcitrant organic matter. 

4.4 Conclusions 

IAMBBR operation achieved DOC, TIN and P-PO43- REs up to 100%, 82% and 81%, 

respectively, at a DO range of 0.2–3 mg L-1, feed C/N ratio of 3.6 and HRT of 1 day. The 

microaerobic-aerobic cycle allowed the coexistence of key species involved in 

nitrification, denitrification and phosphorus accumulation in the IAMBBR biofilm. 

Aerobic DNB, i.e. Hydrogenophaga and Dokdonella, were identified as potentially 

responsible for luxury P uptake. The IAMBBR is a compact and low-cost solution which 

can be successfully applied in small communities for the removal of organic carbon and 

nutrients from municipal wastewater. 
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Figure S4.5 - DO profiles of the microaerobic-aerobic cycles applied during periods P3-P6 in the 

IAMBBR. Each DO profile shows the average values of 4-6 profiles automatically measured at 5-minute 

intervals in the respective period. 

 
Figure S4.6 - Profiles of effluent pH and alkalinity concentration during IAMBBR operation. 
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Figure S4.7 - Concentrations of carrier-attached and suspended biomass during IAMBBR 

operation. 

 

 
Figure S4.8 - Relative abundances of AOB, NOB and DNB in the IAMBBR biofilm during the 

study. 
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Table S4.3 - Activity tests performed with carrier-attached IAMBBR biomass under aerobic (ATN), anoxic (ATD) and anaerobic (ATDC) conditions. 

 

n.d. = not detected 

 

 

Experiment 

Biomass 

concentration 

(mg VSS carrier-1) 

TIN removal 

activity 

(mg N g VSS-1 h-1) 

NO2
- accumulation 

(mg N L-1) 

DOC removal 

activity 

(mg DOC g VSS-1 h-1) 

P removal activity 

(mg P g VSS-1 h-1) 

ATN 2.6 2.5 n.d. 15.4 (±1.3) 0.3 

ATD 2.6 1.9 (±0.1) n.d. 13.0 (±1.7) 0.1 

ATDC 2.6 0.3 n.d. 6.7 (±0.3) 0.1 
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Abstract 

This study investigated the feasibility of coupling simultaneous partial nitrification and 

denitrification (SPND) to biological phosphorus removal in continuous-flow 

intermittently-aerated moving bed biofilm reactors (MBBRs) fed with different carbon 

sources, i.e. ethanol and acetate. Bacterial cultivation at pH 8.2 (±0.2), 26-28 °C and SRT 

of 4 day and microaerobic/aerobic MBBR operation allowed to achieve average dissolved 

organic carbon (DOC), total inorganic nitrogen (TIN) and P-PO4
3- removal efficiencies 

(REs) of 100%, 81-88% and 83-86% at HRT of 1 day, dissolved oxygen (DO) range of 

0.2–3 mg L-1 and feed C/N and C/P ratios of 3.6 and 11, respectively. Acetate 

supplementation favored a diversified microbial community, while overgrowth of 

heterotrophs was observed when increasing feed C/N ratio in ethanol-fed MBBR. 

Illumina sequencing displayed the presence of putative phosphorus accumulating 

organisms (PAOs) such as Hydrogenophaga and Pseudomonas in MBBR biofilm and 

suspended biomass, whereas no typical NOB was identified during the study. 

Keywords 

Intermittent aeration; MBBR; shortcut nitrification and denitrification; phosphorus 

removal; putative PAO. 

Graphical abstract  

 

5.  

 Introduction 

Groundwaters and surface waters are contaminated by nitrogen (N) and phosphorus 

(P) from different sources, e.g. industrial and intensive agricultural activities. An 

excessive discharge of nutrients in water bodies may have a serious environmental impact 

due to eutrophication [1]. In order to avoid this phenomenon, strict discharge limits have 

been enforced in many countries [2]. Hence, the removal and recovery of N and P from 
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wastewater effluents have become key challenges. In conventional activated sludge, 

biological nitrogen removal (BNR) from wastewater is achieved by means of two 

separated processes, i.e. nitrification and denitrification. Nitrification involves the 

oxidation of ammonia (NH4
+) to nitrite (NO2

-) (nitritation) by ammonia oxidizing bacteria 

(AOB) and then of NO2
- to nitrate (NO3

-) (nitratation) by nitrite oxidizing bacteria 

(NOB). During the denitrification process, denitrifying bacteria (DNB) reduce NO3
- to 

NO2
- (denitratation) and ultimately to N2 through two intermediates, i.e. NO and N2O. 

Since NO2
- is produced during nitrification and then consumed during denitrification, 

NO2
- oxidation by NOB becomes an unnecessary step. Hence, the concept of partial 

nitrification was born as an attractive alternative to full nitrification with the aim to reduce 

the consumption of oxygen and carbon [3].  

Simultaneous nitrification and denitrification (SND) has gained increasing interest in 

the past years as an efficient and cost-effective process to treat wastewater with low 

carbon-to-nitrogen (C/N) ratios (< 5.0) [4–6] typical of municipal wastewater [7]. SND 

is carried out in a single bioreactor, thus reducing the number of basins, footprint and 

investment costs of conventional pre-denitrification [8]. If nitratation is inhibited, 

nitrogen removal takes place by shortcut SND, also known as simultaneous partial 

nitrification and denitrification (SPND).The SPND process offers several advantages 

compared to SND, including (1) 25% lower consumption of oxygen in aerobic phase [9], 

(2) 40% lower demand of electron donors in anoxic phase [10], (3) up to 2-fold faster 

NOx reduction rates and (4) reduced CO2 emissions [11]. Selective NOB inhibition can 

be accomplished by imposing several conditions, i.e. pH > 7.5 [12], temperature > 25 °C 

[4], solid retention time (SRT) < 5 day and dissolved oxygen (DO) between 1 and 2 mg 

L-1 [13], C/N ratios < 6, free ammonia (FA) in the range of 0.1–5 mg N L-1, free nitrous 

acid (FNA) concentrations of 0.011-0.026 mg N L-1 and alternating anoxic and aerobic 

conditions [14,15]. Up to date, SPND has been mainly studied in sequencing batch reactor 

(SBR) [10,15,16], while only a few continuous-mode applications exist in the literature. 

Yang and Yang [9] were able to achieve N removal efficiency (RE) of 88% through 

SPND in an intermittent aeration (IA) continuous-flow moving bed membrane bioreactor 

with HRT of 16 h and COD/N ratios between 3.7 and 5.6, demonstrating that IA was an 

effective approach to achieve SPND, although fluorescence in situ hybridizations 

revealed the presence of NOB inside the system.  

Combining biological nitrogen removal via SPND to P removal in a continuous-flow 

bioreactor represents a promising opportunity for achieving cost-effective nutrient 

removal from municipal wastewater. However, coupling the SPND process to P removal 
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might be challenging due to potential inhibitory effect of nitrite on phosphorus 

accumulating organisms (PAOs) [4]. Recently, Roots et al. [17] combined SPND and 

biological P removal by alternating anaerobic, anoxic and aerobic conditions in a 

sequencing batch reactor (SBR) treating real mainstream wastewater with influent N-

NH4
+ and P-PO4

3- concentrations of 13.5–15.8 and 1.8–1.4 mg L -1, respectively. The 

authors showed average COD, N and P REs of 70%, 83% and 81%, respectively. Up to 

date, no previous studies combined single-stage SPND and P removal in continuous-flow 

systems.  

The key microorganisms involved in enhanced biological phosphorus removal (EBPR) 

include polyphosphate accumulating organisms (PAOs) and denitrifying PAOs (DPAOs) 

which are commonly cultivated under the alternation of anaerobic and aerobic (PAOs) or 

anoxic (DPAOs) conditions. Under anaerobic conditions PAOs uptake small organic 

carbon molecules such as short-chain volatile fatty acids (VFAs), glucose and ethanol and 

store them as polyhydroxyalkanoate (PHA) [18]. The energy is obtained from the 

breakage of internally-stored polyphosphate, which causes a release of orthophosphate 

into the bulk liquid [19]. During aerobic or anoxic conditions, PAOs or DPAOs oxidize 

the stored PHA through an available electron acceptor (DO or NOx
-, respectively) and use 

the released energy for P uptake [20]. In particular, DPAOs can simultaneously remove 

nitrogen and phosphorus via NO3
- and NO2

- reduction [21]. Although an anaerobic phase 

is commonly foreseen for PAO and DPAO cultivation [17], biological P removal has been 

achieved also under continuous aerobic conditions when VFAs are provided externally 

[18,22,23]. Vargas et al. [22] reported net P removal in SBR during 46 days of aerobic 

operation with DO between 3.5 and 4.5 mg L-1 using propionate as carbon source. 

According to Pijuan et al. [23], PAO can uptake VFAs when fed under aerobic conditions 

in a similar way as under anaerobic conditions, while phosphate is released in the medium 

and glycogen is degraded (feast phase). Once VFAs are depleted, PAOs uptake phosphate 

and degrade PHA (famine phase) as in conventional EBPR.  

Recently, Iannacone et al. [5] achieved combined SND and P removal in an acetate-

fed MBBR alternating microaerobic and aerobic conditions with dissolved organic carbon 

(DOC), total inorganic nitrogen (TIN) and P-PO4
3- REs > 80%, confirming that efficient 

biological N and P removal is possible under continuous microaerobic/aerobic conditions 

by maintaining the DO range at 0.2-3 mg L-1. However, the study focused on the complete 

SND process with acetate as sole energy source. As a next step, the feasibility of 

combined SPND and P removal in single-stage MBBR under IA conditions should be 

investigated. Also, investigating the effect of different carbon sources is crucial, as carbon 
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source may exert a major impact on bioreactor operation and REs due to different COD 

requirement and microbial community development [24].  

In the present study, SPND coupled to P removal was investigated in two continuous-

flow MBBRs alternating microaerobic and aerobic conditions and fed with two different 

carbon sources, i.e. acetate and ethanol. The main objectives of the study were to (1) 

assess the feasibility to combine single-stage SPND and P removal in continuous-flow 

MBBRs, (2) determine the MBBR performances in terms of DOC, TIN and P-PO4
3- REs 

with two different organic carbon sources, (3) evaluate the influence of feed C/P ratio on 

MBBRs performance and (4) identify the dominant bacteria responsible for C, N and P 

removal in the two MBBRs. 

 Material and methods 

5.2.1 Experimental set-up 

Combined SPND and P removal was studied in two identical lab-scale MBBRs, one 

fed with acetate (MBBR-Ac) and one with ethanol (MBBR-Et) as organic substrate. The 

reactors were composed of a cylindrical glass vessel with working volume of 1.5 L sealed 

by a plexiglass lid with openings for probes and tubing. Each reactor was operated in 

continuous mode and a peristaltic pump was used for influent feeding and effluent suction 

(Watson-Marlow, UK) to maintain a constant level. The reactors were placed on a 

magnetic stirrer working at 120 rpm to maintain mixing conditions. Air was delivered to 

the reactors by an aquarium air pump and solubilized into the medium through a porous 

stone. The applied air flow rates were 120–130 mL min-1 for MBBR-Ac and 140–160 mL 

min-1 for MBBR-Et (Table 1). Differences in applied air flow rates for the two MBBRs 

were due to the higher COD of ethanol (COD/DOC = 4.0) compared to acetate 

(COD/DOC = 2.3). Automated DO control was carried out as described by Iannacone et 

al. [5]. 

5.2.2 Biomass cultivation 

Recycle sludge with total solid (TS) and volatile solid (VS) concentrations of 3.0 and 

2.1 g L-1, respectively, was collected from the pre-denitrification system of the municipal 

wastewater treatment plant (WWTP) of Cassino (Italy) and used as inoculum for the 

cultivation of denitrifying and nitrifying biomass. Denitrifying bacteria were cultivated 

in batch mode as described by Iannacone et al. [5]  for 40 days until denitrifying activity 

and biofilm growth in the bioreactor were verified. AOB were cultivated in a separate 
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glass bioreactor filled with 400 mL of cultivation medium and 100 mL of inoculum. The 

cultivation medium was composed of distilled water, 0.246 g L-1 of NH4Cl, 1 g L-1 of 

NaHCO3 and nutrients as described by Iannacone et al. [5]. pH was maintained at 8.2 

(±0.2) by the addition of NaHCO3 when necessary. Half of bioreactor mixed solution was 

replaced with fresh medium every 2 days (except the weekends), resulting in an average 

SRT of 4 days. AOB were sub-cultured 5 times before inoculating the two MBBRs. 

Samples from denitrifying and nitrifying bioreactors were collected before and after each 

refresh operation to monitor pH, total alkalinity and the concentrations of NH4
+, NO2

- and 

NO3
-. During cultivation phase, temperature was in the range of 26–28°C. 

5.2.3 Bioreactor start-up and influent composition 

Bioreactor start-up was carried out by dividing biofilm-coated carriers, nitrifying 

biomass and synthetic wastewater into two reactor vessels up to 1.3 L. The carrier filling 

ratio in each MBBR was around 40%. Synthetic wastewater (pH 8.0±0.1) was used as 

influent to test different feed C/N and C/P ratios during the study and was prepared using 

tap water. Sodium acetate and ethanol (96% v/v) were used as carbon sources at 

theoretical DOC concentrations of 90–105 mg L-1. Ammonium chloride (NH4Cl) was 

added to obtain a theoretical N-NH4
+ concentration of 25 mg L-1 (48 mg L-1 during start-

up) and was the only nitrogen source in the medium except during start-up, when KNO3 

(0.23 g L-1 in the bulk liquid) was also supplemented to sustain denitrification (Table 1). 

Potassium phosphate monobasic (KH2PO4) was used as source of phosphorus to obtain 

theoretical P-PO4
3- concentrations of 4.5 and 9 mg L-1 depending on the period (Table 1). 

Influent DOC, N-NH4
+ and P-PO4

3- concentrations were chosen based on a survey on the 

influent streams entering local WWTPs serving small communities. A trace element 

solution composed as described by Iannacone et al. [6] was also added to the feed. During 

the study, synthetic wastewater was maintained refrigerated at 5°C. 

The two MBBRs were operated for 2 days in batch mode. Half of the mixed solution 

was replaced with fresh synthetic wastewater as soon as DOC or NH4
+ was consumed. 

The DO concentration in this phase was set to alternate between 0.2 and 3 mg L-1. 

Subsequently, the reactors were operated in continuous mode at a 1-day HRT for 1 week 

(Table 1) to allow the establishment of a multilayer microbial biofilm on the carriers. 

5.2.4  MBBR operation 

MBBR-Ac and MBBR-Et were operated at HRT of 1 day under five different 

experimental periods (P1–P5, Table 5.1). 
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Table 5.1 - Experimental conditions and feed composition during continuous MBBR-Ac and MBBR-Et operation. 

Periods Reactor 
Time 

(day) 

DO Range 

(mg L-1) 

Air flow 

(mL min-1) 
C/N Ratio C/P ratio 

N-NH4
+ 

(mg L-1) 

TIN 

(mg L-1) 

P-PO4
3- 

(mg L-1) 

Start-up 

MBBR-Ac 

3–9 

0.2–3.0 120 1.5 (±0.1) 10.1 (±1.5) 48 (±1) 65 (±1) 10 (±1) 

MBBR-Et 0.2–3.0 140 1.4 (±0.1) 10.0 (±0.4) 48 (±0) 66 (±1) 9 (±1) 

P1 

MBBR-Ac 

10–51 

0.2–3.0 120 3.5 (±0.3) 11.1 (±1.1) 26 (±1) 27 (±1) 8 (±1) 

MBBR-Et 0.2–3.0 140 3.6 (±0.3) 12.3 (±1.7) 26 (±1) 26 (±1) 8 (±1) 

P2 

MBBR-Ac 

52–79 

0.2–3.0 120 3.0 (±0.3) 19.9 (±2.0) 25 (±1) 26 (±1) 4 (±0) 

MBBR-Et 0.2–3.0 140 3.5 (±0.2) 21.9 (±3.0) 24 (±1) 25 (±1) 4 (±0) 

P3 

MBBR-Ac 

80–93 

0.2–2.0 120 3.4 (±0.1) 9.3 (±0.1) 26 (±0) 27 (±0) 9 (±1) 

MBBR-Et 0.2–2.0 140 3.4 (±0.3) 9.9 (±1.2) 25(±1) 26 (±1) 9 (±1) 

P4 

MBBR-Ac 

94–105 

0.2–3.0 120 3.3 (±0.1) 9.7 (±0.1) 25 (±0) 26 (±0) 8 (±0) 

MBBR-Et 0.2–3.0 140 3.5 (±0.2) 10.5 (±0.4) 24 (±0) 25 (±0) 8 (±0) 

P5 

MBBR-Ac 

106–135 

0.2–3.0 130 4.0 (±0.2) 13.1 (±0.8) 25 (±1) 26 (±1) 8 (±0) 

MBBR-Et 0.2–3.0 160 4.0 (±0.4) 13 (±0.9) 26 (±1) 27 (±1) 8 (±0) 
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During P1–P4 (days 10–105), the feed DOC concentrations were 89 (±9.1) mg L-1 for 

MBBR-Ac and 91 (±5.9) mg L-1 for MBBR-Et. During P1 (days 10–51), the DO range 

was maintained at 0.2–3 mg L-1 for both MBBRs and a feed C/N ratio of 3.6 was chosen 

being the optimal value observed in a previous study for sustaining combined SND and 

P removal in a microaerobic/aerobic MBBR [5]. Feed P–PO4
3- concentration in the two 

MBBRs was 8 (±1) mg L-1, resulting in feed C/P ratios of 11.1 (±1.1) for MBBR-Ac and 

12.3 (±1.7) for MBBR-Et. At the beginning of P2, the feed C/P ratio was increased to 

19.9 (±2.0) for MBBR-Ac and to 21.9 (±3.0) for MBBR-Et by decreasing the feed P-

PO4
3- concentrations to 4 mg L-1 (Table 1) to evaluate the impact of lower feed P-PO4

3- 

concentrations on the process, being more representative of municipal wastewater. At the 

end of P2 (day 68), the DO range was set to 0.2–2 mg L-1 in both bioreactors with the 

objective to recover the SPND process after a malfunctioning of the DO control system. 

In order to evaluate the recovery of the SPND process, the C/P ratio was decreased to 

around 10 (P3) and the DO range was set to 0.2–3 mg L-1 (P4). At the beginning of P5 

(day 106), the feed C/N ratio was increased to 4.0 for both MBBRs with the aim to support 

denitrification and enhance nitrogen removal. 

Feed pH and alkalinity during the study were stable at 8.1 (±0.1) and 1011 (±39) mg 

CaCO3 L
-1 for MBBR-Et and at 8.1 (±0.2) and 1214 (±46) mg CaCO3 L

-1 for MBBR-Ac, 

respectively. Temperature was not controlled during the study and was in the range of 

28–32°C during P1-P2 and 22–28°C during P3–P5. SRT was not controlled during 

continuous operation as no settling or recycling was provided.  

5.2.5  Calculations 

Total inorganic nitrogen (TIN), P-PO4
3- and DOC REs as well as nitrification 

efficiency (Neff) and denitrification efficiency (Deff) were calculated as described by Eqs. 

5.1-5.5: 

 

TIN RE (%) = 
([N-NH4,i

+
] + [N-NO3,i

-
]  - [N-NH4,e

+ ] - [N-NO3,e
-

]-[N-NO2,e
-

])

([N-NH4,i
+

] + [N-NO3,i
-

] )
 x 100                       (5.1) 

 

P-PO4
3-

 RE (%) = 
([P-PO4,i

3.
] - [P-PO4,e

3.
] )

([P-PO4,i
3.

] )
 x 100                                                              (5.2) 

 

DOC RE (%)= 
([DOCi] - [DOCe] )

([DOCe] )
 x 100                                                                      (5.3) 

 

Neff (%) = 
([N-NH4,i

+
] - [N-NH4,e

+ ])

([N-NH4,i
+

] )
 x 100                                                                        (5.4) 
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Deff (%) =
([N-NH4,i

+
]-[N-NH4,e

+ ]+[N-NO3,i
-

]-[N-NO3,e
-

]-[N-NO2,e
-

])

([N-NH4,i
+

]-[N-NH4,e
+ ]+[N-NO3,i

-
])

 x 100                                    (5.5) 

 

Where:  

• [N-NH4,i
+] and [N-NH4,e

+] are the influent and effluent N-NH4
+ concentrations, 

respectively;  

• [N-NOx,i
-] and [N-NOx,e

-] are the influent and effluent N-NOx
-concentrations, 

respectively; 

• [P-PO4,i
3-] and [P-PO4,e

3-] are the influent and effluent P-PO4
3- concentrations, 

respectively; 

• [DOCi] and [DOCe] are the influent and effluent DOC concentrations, 

respectively. 

5.2.6  Microbial identification 

The microbial communities of both biofilm and suspended biomass of the two MBBRs 

were analyzed at the end of P1 and P2. Samples were collected from the two MBBRs and 

stored at -20 °C before analysis. Biofilm was detached from the carriers by 5-min 

sonication at 45 Hz followed by manual shaking. DNA extraction and quantification were 

performed as described by Iannacone et al. [5]. PCR amplification, library quantification, 

Illumina sequencing, sequence filtering and taxonomic classification were performed as 

described by Ucar et al. [25]. 

5.2.7  Analytical methods 

Liquid samples were collected 3–4 times/week from both bioreactors and influent 

tanks. At the end of each experimental period, carrier-attached and suspended biomass 

was collected for volatile suspended solid (VSS) analysis. The concentrations of DOC, 

NO3
-, NO2

- and PO4
3- in liquid samples were measured immediately after sampling as 

described by Iannacone et al. [5] and upon filtration through 0.45 μm syringe filters 

(VWR, USA). pH and total alkalinity were analyzed in unfiltered samples as described 

by Di Capua et al. [26]. VSS was measured in duplicate according to Classen et al. [27].  

5.2.8  Statistical data analysis 

The statistical differences in the performance parameters (DOC, TIN and P-PO4
3- REs) 

between different periods were evaluated by one-way factor analysis of variance 

(ANOVA) using the Data Analysis Tool of Excel 2016 (Microsoft Corporation, USA). 

The significant difference was set at 95 % (p < 0.05). 
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 Results and discussion 

5.3.1 Inhibition of NOB activity during cultivation and MBBR 

operation 

During cultivation phase, NOB growth was successfully inhibited by adopting the 

SRT, pH and temperature conditions described in Section 2.2. N-NO3
- concentration in 

the cultivation medium was stable at 11 (±1) mg L-1, while N-NO2
- accumulation up to 

91 mg L-1 was observed at each cycle due to N-NH4
+ oxidation. In literature, pH values 

between 7.5 and 8.5 were reported to inhibit NOB activity due to direct effect on 

enzymatic mechanisms [4,12], while temperatures higher than 25°C expand the 

differences in specific growth rate between AOB and NOB. Due to lower maximum 

specific growth rate of NOB, these bacteria can only survive in reactors operated at long 

SRT [28]. 

NOB suppression during cultivation phase allowed to inoculate both MBBRs with a 

biomass pool devoid (or with negligible concentrations) of NOB, which resulted in 

successful SPND during the first 69 days of MBBR operation under IA (DO = 0.2-3 mg 

L-1) and alkaline pH (≥ 8.2) conditions. Several studies demonstrated that IA can 

effectively induce NOB inhibition [9,28]. During the transition from microaerobic to 

aerobic conditions the lag time of AOB and NOB is the most important factor. NOB 

enzymes are deactivated under anoxic/microaerobic conditions and reactivated under 

aerobic conditions, but most importantly AOB recover faster than NOB under aerobic 

conditions resulting in NO2
- accumulation. Inhibition of NOB was also confirmed by 

microbial identification of both MBBR biofilm and suspended biomass performed at the 

end of P1 and P2, as the relative abundance of NOB remained below detection limit 

(Table 2, Figure 4). 

5.3.2 SPND performance of MBBR-Ac and MBBR-Et 

The evolution of N-NH4
+, N-NO2

- and N-NO3
- concentrations in MBBR-Ac and 

MBBR-Et effluents is described in Fig. 1, while TIN RE profiles are shown in Fig. 2. 

During P1 (days 10–51), MBBR-Ac and MBBR-Et showed stable TIN REs of 81 (±6) % 

and 86 (±6) %, respectively, with average N-NH4
+ and N-NO2

- concentrations in the 

effluent below 5 mg L-1. Effluent N-NO3
- concentration was below 1 mg L-1 (on average), 

indicating that satisfactory SPND was achieved. It is generally known that DO is the main 

limiting factor of NH4
+ and NO2

- oxidation during the SND process [10], also due to the 

electron acceptor competition between AOB and heterotrophic aerobic bacteria (HAB). 
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In this study, IA at DO levels between 0.2 and 3 mg L-1 was successful in inhibiting the 

growth of NOB during continuous MBBR operation.  

 
Figure 5.1 - Temporal profiles of the influent and effluent N-NH4

+, N-NO3
- and N-NO2

- concentrations 

during continuous MBBR-Ac (a) and MBBR-Et (b) operation. 

Neff and Deff of MBBR-Ac were 87 (±7) % and 93 (±6) %, respectively, with Deff reaching 

100% on day 16. MBBR-Et achieved Neff of 100% (days 29–31), while Deff remained at 

88 (±8) %. During the entire experimental period, DOC in the two MBBRs remained 

below detection limit, being used from HAB and DNB activities, which means that DOC 

was the limiting factor for denitrification. Municipal wastewater often presents low C/N 

ratios and supplementation of additional organics can be required to achieve a satisfactory 

denitrification efficiency [29]. The SPND process demands less organic carbon for 

denitrification, which is advantageous for the treatment of low C/N wastewaters and leads 

to higher REs compared to SND. In a previous work, Iannacone et al. [5] achieved an 

average TIN RE of 62% by SND in a MBBR operated under similar feed C/N ratio and 
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IA conditions. In comparison, the SPND process established in this study improved 

average TIN RE in the MBBR by > 20%.  

 
Figure 5.2 - TIN RE profiles during continuous MBBR-Ac and MBBR-Et operation. 

The Neff of MBBR-Et was higher than that of MBBR-Ac, despite the lower relative 

abundance of Nitrosomonas observed at the end of P1 in the biofilm of MBBR-Et 

compared to that of MBBR-Ac (Table 2). It could be possible that genera reported as 

potential heterotrophic nitrifiers (i.e. Thauera and Pseudomonas) or anammox bacteria 

(i.e. OM190), which were detected with higher abundance in MBBR-Et than in MBBR-

Ac (Table 2), had a role in N-NH4
+ removal. It should be highlighted that Nitrosomonas 

were detected only in the biofilm of the two MBBRs, indicating that suspended biomass 

was not responsible for nitritation. 

During days 52–69 of P2, TIN RE of around 86% was observed for both MBBRs as 

average concentrations of N-NH4
+, N-NO2

- and N-NO3
- did not exceed 2 mg L-1 (Fig. 1). 

Neff reached 100% with an average value of 96 (±5) % for MBBR-Ac and 98 (±5) % for 

MBBR-Et. In particular, Neff for MBBR-Et was around 10% higher than that observed 

during P1. This is consistent with the doubling of relative abundance of Nitrosomonas in 

the MBBR-Ac biofilm, which increased from 0.7% (P1) to 1.4% (P2) (Table 2). The 

average Deff in MBBR-Et was 4% higher than that observed in P1 (which may be 

attributed to higher DOC availability due to the increase of feed C/P ratio in P2), while 

stable values were observed in MBBR-Ac. Carbon source was reported to affect the 

activity of the enzymes involved in nitrogen oxidation and reduction processes as well as 

microbial diversity [28]. In particular, acetate should favor bacterial diversity, while 

ethanol is one of the preferred organic substrate for heterotrophs and stimulates their 

growth [24]. This is congruent with sequencing results, showing a considerable increase 

in relative abundance of HAB such as Neochlamydia and Bdellovibrio in the suspended 
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microbial community of MBBR-Et during P2 and a lower relative abundance of 

Nitrosomonas in the MBBR-Et biofilm compared to MBBR-Ac (Table 2).  

On day 69, a malfunctioning of the DO control system led to an increase of DO 

concentration to around 5 mg L-1 over the weekend. As a result, during days 70–79, NO3
- 

was detected in the effluents of the two bioreactors at concentrations ranging from 1 to 5 

mg L-1. The presence of NO3
- in the effluent indicates that NOB activity was ongoing, 

although Illumina sequencing of biofilm and suspended biomass did not detect typical 

NOB (Fig. 4). The increase of NO3
- concentration at the end of P2 could be due to the 

activity of heterotrophic nitrifiers such as members of the genus Flavobacterium [8], 

which showed a strong increase of relative abundance in the microbial communities of 

both biofilm and suspended biomass compared to those observed in the previous period 

(Table 2).  

The growth of NOB may be more restricted under low DO concentrations than that of 

AOB, as the latter have a higher affinity for oxygen. In the literature, the Monod oxygen 

saturation constant KDO for AOB and NOB is reported to be equal to 0.3 and 1.1 mg L-1, 

respectively [14]. Hence, during P3 (days 80–93) the objective was to recover shortcut 

SND by further limiting DO in the system. Therefore, DO regime was set to 0.2–2 mg L-

1 to reduce NOB activity. In this way, effluent NO3
- in MBBR-Ac could be depleted by 

the end of the period (Fig. 1). However, N-NH4
+ concentration increased in both MBBRs 

up to 10 mg L-1 as a result of competition between AOB and HAB for the available DO 

(Fig. 1). N-NH4
+ breakthrough decreased TIN RE of the two MBBRs from 84–86% (P2) 

to 71–72% (P3) (Fig. 2). 

At the beginning of P4 (day 94), the DO range was set at 0.2–3 mg L-1 for both 

bioreactors with the objective to recover nitrogen removal. Nevertheless, TIN RE further 

decreased to 69 (±8) % for MBBR-Ac and 60 (±5) % for MBBR-Et. Decrease in TIN RE 

was mainly due to loss of Deff, which decreased in both MBBRs by 6–10% and 

particularly in MBBR-Ac, although Neff recovery in MBBR-Ac led to higher TIN RE 

compared to MBBR-Et. As shown by NO3
- profile in the effluent (Fig.1), the SPND was 

not recovered completely. In addition to the high DO levels experienced by the MBBRs 

for 2 days, adaptation of NOB to low DO levels experienced during IA operation could 

occur. Previous studies reported an increase of oxygen affinity for NOB after long-term 

operation at low DO levels [30]. Washout of NOB is difficult to achieve and often 

requires operational temperatures > 30°C or considerable sludge discharge. Decrease of 

operational temperature during the study did not favor recovery of the SPDN process. 

.
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Table 5.2 - Identification at genus level, relative abundance (%) and phylogenetic affiliation of bacteria populating biofilm and suspended biomass of MBBR-Ac and MBBR-Et. Only 

genera with relative abundance above 4% are listed (except for AOB). 

Key functional 

group 
Genus Phylum 

MBBR-Ac MBBR-Et 

P1 P2 P1 P2 

Biofilm 
Suspended 

biomass 
Biofilm 

Suspended 

biomass 
Biofilm 

Suspended 

biomass 
Biofilm 

Suspended 

biomass 

DNB Thauera Proteobacteria 7.2  4.5 7.3 5.5 14.2 6.0 6.4 6.5 

 Luteimonas Proteobacteria 4.0 5.9 1.9 2.3 1.8 5.6 1.2 0.5 

 Flavobacterium Bacteroidetes 0.4 0.6 5.2 13.5 0.8 0.8 3.4 4.6 

 Arenimonas Proteobacteria 0.2 0.3 6.6 0.3 0.1 0.4 0.3 0.7 

 Rhizobium Proteobacteria 15.6 19.2 7.3 12.0 4.8 19.2 3.1 0.9 

 Aquamicrobium Proteobacteria 2.5 3.4 1.5 1.6 1.2 3.9 0.9 n.d. 

DNB/ putative 

DNPAOs 
Pseudomonas Proteobacteria 0.3 2.1 1.1 0.8 8.8 2.8 10.6 1.0 

DNB/ putative 

PAOs 
Acidovorax Proteobacteria 13.5 13.8 1.5 7.0 n.d. 13.0 0.7 n.d. 

 Hydrogenophaga Proteobacteria 2.2 4.2 1.4 1.7 4.4 4.5 0.8 1.3 

putative PAOs Hyphomicrobium Proteobacteria n.d. 1.3 0.9 n.d. 10.4 3.8 2.7 9.1 

Anammox SM1A02 Planctomycetes 5.0 0.9 8.6 2.2 1.9 0.7 4.1 0.6 

 OM190 Planctomycetes 0.2 0.7 1.6 0.2 11.3 0.8 2.9 0.1 

HAB Neochlamydia Verrucomicrobiota n.d. n.d. n.d. n.d. n.d. n.d. 0.7 12.4 

 Parapusillimonas Proteobacteria 2.2 6.0 0.3 2.2 n.d. 6.3 0.2 0.1 

 Leadbetterella Bacteroidetes 3.0 1.8 8.0 12.2 2.7 2.0 1.6 3.4 

 Bdellovibrio Bdellovibrionota 4.4 7.2 3.1 5.3 2.9 6.1 15.1 34.7 

 
Uncultured 

_Anaerolineaceae 
Chloroflexi 5.6 1.7 9.8 2.7 0.9 1.5 4.3 n.d. 

 Dojkabacteria Patescibacteria 5.8 9.6 4.9 1.0 4.7 6.1 4.1 n.d. 

AOB Nitrosomonas Proteobacteria 0.7 n.d. 1.4 n.d. 0.3 n.d. 0.6 n.d. 

n.d. = not detected 
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In order to improve Deff and recover TIN RE, at the beginning of P5 the feed C/N ratio 

was increased to 4.2 (Table 1). As a result, Deff in the two MBBRs increased by 7-18 % 

compared to P3. However, while MBBR-Ac showed stable Neff of 94 (±5) % and TIN RE 

of 77 (±2) % during P5, MBBR-Et experienced a decrease of Neff from 78 (±6) % (P4) to 

68 (±7) % (P5). N-NH4
+ concentration in the MBBR-Et effluent during P5 was 29% 

higher than in P4. As a consequence, TIN RE of MBBR-Et was around 10% lower than 

that of MBBR-Ac (Fig. 2). Decrease of Neff in MBBR-Et was likely due to an excess 

growth of HAB competing with nitrifying bacteria for DO. HAB feature higher growth 

rate and oxygen affinity compared to nitrifying bacteria and can outcompete them, thus 

suppressing nitrification inside the biofilm [6,31]. 

The concentration of carrier-attached biomass during the study remained stable at 2.0 

(±0.4) and 2.1 (±0.4) mg VSS carrier-1 for MBBR-Ac and MBBR-Et biofilm, 

respectively. However, while the MBBR-Ac biofilm looked always compact and thin, the 

MBBR-Et during P5 appeared thick and porous, which could be due to a higher 

abundance of heterotrophic and filamentous bacteria [32]. This likely limited DO 

diffusion within the biofilm and hampered nitrification. 

In this work, effluent TIN concentrations during continuous operation were nearly 

always ≤ 10 mg L-1 and never exceeded 12 mg L-1 at all tested conditions. These 

concentrations comply with the Italian and European legislation (Urban Wastewater 

Treatment Directive 98/15/EC), which has set a threshold for total nitrogen in urban 

wastewater of 10–15 mg L-1 depending on the size of the urban center, i.e. 10 mg L-1 for 

population equivalent (PE) >100000 and 15 mg L-1 for PE <100000. Despite the 

satisfactory TIN removal, NO2
- levels observed in the effluent might be of concern for 

aquatic life being often higher than 0.6 mg N-NO2
- L-1 [33] and increase chlorine demand 

during disinfection. Therefore, adjustment of DO cycle would be required for process 

upscaling, e.g. by applying longer microaerobic periods which could improve Deff and 

reduce effluent NO2
- levels.  

5.3.3 Phosphorus removal 

During the study, between 62% and 95% of feed P-PO4
3- was removed by the two 

MBBRs (Fig. 3). Average N-NO2
- concentrations in the effluent remained below 3 mg L-

1, being lower than levels reported as inhibitory for aerobic P uptake (>10 mg N-NO2 L
1) 

[5,34].  

During P1, P-PO4
3- concentration in MBBR effluents was stable at around 1 mg L-1, 

resulting in average REs ≥ 80% (Fig. 3). The decrease of feed N-NO3
- concentration from 
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18 mg L-1 (start-up) to around 1 mg L-1 determined an increase of P-PO4
3- RE from 35 

(±1) % to 83 (±3) % for MBBR-Ac and from 39 (±1) % to 86 (±6) % for MBBR-Et, 

which can be attributed to the decreased competition between DNB and PAOs for the 

available organic carbon. At the end of P1, bacteria belonging to Hydrogenophaga, 

Acidovorax and Pseudomonas were detected with high relative abundances in the biofilm 

and suspended biomass of both MBBRs (Table 2). Members of these genera are often 

classified as putative PAOs due to the ability to form and store polyphosphate [20,35] and 

may have played a key role in P removal in the two MBBRs. In a previous study, 

Iannacone et al. [5] found that Hydrogenophaga was the dominant species in the biofilm 

of a continuous-flow MBBR combining N and P removal under IA conditions. According 

to Ge et al. [20], there is strong evidence that the genus Hydrogenophaga includes 

bacteria with P-accumulating ability.  

 
Figure 5.3 - Temporal profiles of influent and effluent P-PO4

3- concentrations and P-PO4
3- REs in the 

MBBR-Ac and MBBR-Et. 

Phosphorus removal in the two MBBRs was achieved under continuous feeding 

conditions and without the presence of the anaerobic stage, which is commonly foreseen 

for EBPR in SBR as it allows the conversion of complex organic matter to VFAs and 

establishes a feast phase triggering PAO metabolism. In both MBBRs operated in this 
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study, NO3
- concentrations during the first 69 operational days were negligible. 

Therefore, microaerobic/aerobic operation in the two MBBRs may have induced the 

alternation of anaerobic and (micro)aerobic conditions in the inner layers of the biofilm 

and promoted PAO metabolism. However, it should be highlighted that the anaerobic 

phase is not mandatory for EBPR. Several studies have highlighted the possibility to carry 

out P removal when the electron donor (VFAs or alcohols) and the electron acceptor 

(oxygen) are present simultaneously [18]. Pijuan et al. [23] showed that the alternation of 

feast/famine phases can occur also under strictly aerobic conditions in concomitance with 

the availability (feast) and absence (famine) of VFAs in the reactor operated as SBR.  

At the beginning of P2, the feed C/P ratio in the two MBBRs was nearly doubled by 

decreasing the feed P-PO4
3- concentration from 8 to 4 mg L-1 (Table 1). The increase of 

feed C/P ratio determined a decrease of P-PO4
3- RE to 77 (±4) % for MBBR-Ac and to 

84 (±2) % for MBBR-Et (Fig. 3). Low COD/P-PO4
3- ratios are recommended in EBPR 

systems for achieving high P-PO4
3- RE, as high values favor the proliferation of 

heterotrophic bacteria other than PAOs [21,36]. Sequencing analysis revealed that during 

P2 the populations of Hydrogenophaga and Acidovorax decreased significantly both in 

the biofilm and suspended biomass of the MBBRs and an overall increase of HAB (such 

as Leadbetterella and Bdellovobrio) was observed (Table 2).  

From P3 to P5, P-PO4
3- concentration in the effluent of the two MBBRs was stable at 

around 3 mg L-1, which was about 2-fold higher than that observed during P2. As a result, 

P-PO4
3- RE decreased to around 70 % in both MBBRs (Fig. 3). Decrease of DO levels 

during P3 may have favored denitrifiers over PAOs for the available DOC, reducing P-

PO4
3- RE. Restoring the DO regime to 0.2–3 mg L-1 (P4) and increasing the feed C/P ratio 

to 13 (P5) did not improve P-PO4
3- removal, which can be attributed to the competition 

with HAB for the available DOC. 

Decrease of P-PO4
3- RE can be expected when treating real wastewater due to the 

presence of complex and low-biodegradable organic matter. Longer microaerobic phases 

may induce anaerobic zones in the deeper layers of the biofilm, allowing partial 

conversion of complex organics to VFA and supporting P-PO4
3- removal. 

5.3.4 Microbial community structure in MBBRs performing 

SPND 

The microbial communities of the two MBBRs during the first two operational periods 

(P1 and P2) were similar. Proteobacteria were the dominant phylum in both biofilm and 

suspended biomass, being present at relative abundances between 39% and 60% in the 
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biofilm and between 36% and 74% in suspended biomass. Proteobacteria include species 

typical of wastewater treatment systems and often related to nitrogen removal [14,37]. 

The phyla Bacteroidetes, Bdellovibrionota and Planctomycetes were also present at all 

operational periods in both biofilm and suspended biomass with relative abundances in 

the range of 7–31%, 3–35% and 2–11%, respectively. The relative abundances of 

Bdellovibrionota in MBBR-Et at the end of P2 (15–35%) were significantly higher than 

those observed in the same bioreactor at the end of P1 (3–6%) and in MBBR-Ac in both 

periods (4–7%). Bdellovibrionota are heterotrophic and obligate aerobic bacteria that can 

prey upon gram-negative bacteria. The increase of HAB during P2 was a consequence of 

the higher feed C/P ratio applied in P2 compared to P1 (Table 1). In contrast, the 

population of Chloroflexi in suspended biomass of MBBR-Et at the end of P2 decreased 

below the detection limit, while a higher relative abundance (8%) compared to previous 

period (5%) was observed in the biofilm. Bacteroidotes and Chloroflexi were reported to 

dominate EBPR systems and include DNPAOs [21]. Planctomycetes, which were 

detected during P1 and P2 in the biofilm and suspended biomass of both MBBRs, are 

typical of anammox systems and their presence could be attributed to the concomitance 

of ammonia, nitrite and high operational temperatures [38]. The relative abundance of 

these bacteria in the biofilm was much higher than in the suspended biomass (Table 2), 

suggesting that anaerobic conditions occurred in the inner layers of the biofilm.  

At class level, the microbial communities of the two MBBRs during P1-P2 were 

dominated by Gammaproteobacteria and Alphaproteobacteria, which were present in 

biofilm and suspended biomass at relative abundances of 20–42% and 15–32% in 

respective order. The only exception is represented by the MBBR-Et suspended biomass 

during P2, being dominated by Bdellovibrionia (35%) and Gammaproteobacteria (20%). 

Fig. 4 shows the taxonomic composition at genus level of the microbial communities 

in the MBBR biofilm and suspended biomass, while a phylogenetic classification of the 

functional groups including AOB, DNB, HAB and putative PAOs/DNPAOs is shown in 

Table 2. At the end of P1, the most abundant bacterial genera in the MBBR-Ac biofilm 

were Rhizobium (15.6%), Acidovorax (13.5) and Thaurea (7.2%). Members of these 

genera have been reported to possess denitrifying ability [14,39,40]. Other DNB included 

Luitemonas (4.0%) Aquamicrobium (2.5%) and Hydrogenophaga (2.2%) [41–43] (Table 

2, Fig. 4). The genera Hydrogenophaga and Acidovorax, belonging to the family of 

Comamonadaceae, have been indicated as putative PAOs due to the ability to form and 

store polyphosphate [20]. In particular, Hydrogenophaga was proven to accumulate P 

under aerobic conditions [44] and was the dominant genus in a continuous-flow MBBR 
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performing combined SND and P removal under microaerobic/aerobic conditions [5]. 

Glycogen accumulating organisms (GAOs) were not detected in the MBBR biofilm or 

suspended biomass probably due to absence of an anaerobic phase within the aeration 

cycle. Nitrosomonas (0.7%) was the only representative of autotrophic AOB in the 

MBBR biofilm. However, it cannot be excluded that Thaurea and Pseudomonas played 

a role in nitrification, as members of these genera were reported among heterotrophic 

nitrifiers-aerobic denitrifiers [45]. Typical NOB such as Nitrobacter, Nitrospira and 

Nitrosospira were never detected in the MBBR biofilm and suspended biomass during 

the study, indicating that the alternation of microaerobic and aerobic conditions following 

cultivation at high pH and temperature and low SRT was effective for NOB suppression. 

Regarding MBBR-Et, the dominant genera in the biofilm were Thauera (14.2%), 

Hyphomicrobium (10.4%), OM190 (11.3%) and Pseudomonas (8.8%) (Table 2). 

Hyphomicrobium and Pseudomonas includes putative PAOs/DNPAOs [37,46]. 

Hydrogenophaga was detected also in the MBBR-Et biofilm with a relative abundance 

of 4.2%.  

The microbial composition of suspended biomass in the two MBBRs during P1 was 

quite similar and dominated by DNB such as Rhizobium (19.2%), Acidovorax (13.0–

13.8%) and Luitemonas (5.6–5.9%). High relative abundances of bacteria involved in 

degradation of organic matter such as Bdellovibrio (6.1-7.2%), Parapusillimonas (6.0–

6.3%) and Dojnabacteria (6.1–9.6%) [47] were also observed (Table 2). Interesting is 

the absence of AOB, which indicates that suspended biomass was mostly a pool of 

heterotrophic bacteria, while the MBBR biofilm included all functional groups carrying 

out the SPND process. 

Biofilm composition changed significantly during P2 following the decrease of feed 

C/P ratio. The relative abundances of uncultured_Anaerolineaceae, SM1A02, 

Arenimonas and Flavobacterium increased by 1.0–6.4% (Table 2). In contrast, the 

relative abundance of Hydrogenophaga, Luitemonas, Aquamicrobium and Rhizobium 

showed a decrease between 0.3% and 8.3%. Flavobacterium and Arenimonas are reported 

among DNB [43,48]. SM1A02, a genus belonging to Planctomycetes, has been indicated 

as a potential anammox bacteria, being found at high abundances in anammox systems 

[49,50]. The relative abundance of Nitrosomonas in the microbial community of biofilm 

doubled in both MBBRs, which explains the higher Neff observed in P2 (97%) compared 

to P1 (87%). The population of Hydrogenophaga significantly decreased in the biofilm 

of both MBBRs and especially in MBBR-Et (from 4.4% to 0.8%), which is in agreement 

with the decrease of P-PO4
3- RE in P2 (Table 1). 
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Increase of C/P ratio stimulated HAB growth in suspended form during P2. The overall 

increase of HAB relative abundance was estimated to be 9.3% and 42.3% for MBBR-Ac 

and MBBR-Et, respectively. In particular, the population of Bdellovibrio and 

Neochlamydia in MBBR-Et suspended biomass increased dramatically, reaching relative 

abundances of 34.7% and 12.4%, respectively. In contrast, the relative abundances of 

Acidovorax, Hydrogenophaga, Pseudomonas, Rhizobium, Luteimonas and 

Parapusillimonas decreased by 1.3-18.3% (Table 2), which could also contribute to the 

decrease of P-PO4
3- RE in P2 (Fig.3).  
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Figure 5.4 - Microbial community composition of the MBBR-Ac (a) and MBBR-Et (b) biofilm and suspended biomass at genus level at relative abundances 

above 2%. 
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 Conclusions 

SPND with average TIN, Neff and Deff REs > 80% was maintained in continuous-flow 

intermittently-aerated MBBRs at DO levels between 0.2 and 3 mg L-1. Biomass 

cultivation at pH 8.2, SRT 4 days and 26–28°C and IA operation effectively inhibited 

NOB growth and maintained SPND in the MBBRs. Acetate was preferable to ethanol as 

resulted in a more diversified microbial community. P-PO4
3- REs > 80% were achieved 

without an anaerobic stage. Microaerobic/aerobic MBBR is a promising technology for 

combined C, N and P removal, although the impact of complex organics and reduction of 

effluent NO2
- levels need further investigation. 

 Supplementary materials 

 
Figure S5.5 - Profiles of effluent pH and alkalinity concentration during continuous MBBR-Ac (a) and 

MBBR-Et (b) operation. 
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Figure S5.6 - The evolution of N-NH4

+, N-NO3
-, N-NO2

- concentrations and pH during AOB 

cultivation. 

 
Figure S5.7 - Efficiencies of nitrification (Neff) and denitrification (Deff) during continuous MBBR-Ac 

and MBBR-Et operation. 
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Figure S5.8 - Temporal profiles of influent and effluent DOC concentrations during continuous 

MBBR-Ac (a) and MBBR-Et (b) operation. 

 
Figure S5.9 - Concentrations of carrier-attached and suspended biomass during continuous MBBR-

Ac (a) and MBBR-Et (b) operation. 
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6.   

6.1 Introduction 

The water quality of rivers, lakes and estuaries is strongly affected by human activities 

[1]. The excessive use of nutrients and their subsequent discharge into water bodies is 

responsible for the eutrophication phenomenon and severely affects the natural aquatic 

biota. Generally, biological N removal in WWTPs is achieved by two separated biological 

processes, i.e. nitrification and denitrification, or alternating anaerobic/anoxic/aerobic 

phases to perform combined N removal and biological P removal (e.g. UCT system). 

However, the combined removal of these two nutrients in continuous-flow mode, typical 

of WWPTs, commonly requires the presence of several basins for each oxygen regime 

applied, or several batch-type bioreactors, i.e. SBRs, working in parallel, resulting in 

complicated and expensive operation. 

SND has been reported as a promising process for N removal, being economically 

favorable and technically feasible compared to CAS [2]. Biofilm technologies, such as 

MBBR, FBBR or AGS, are ideal systems to achieve a simultaneous removal of N and P 

due to the formation of a multispecies biofilm [3]. Biofilm is mainly composed by 

stratified layers of bacteria and its microbial community composition depends on the 

inoculated sludge and influent wastewater characteristics [4,5]. The main mechanism of 

solute substrate transport from the bulk liquid into microbial cell in the biofilm is 

diffusion [6]. Diffusion limitations generate gradients of electron donors (e.g. organic 

carbon) and electron acceptors (e.g. DO) within the biofilm, resulting in the formation of 

aerobic, anoxic and anaerobic zones, enabling the coexistence of nitrifying, denitrifying 

and heterotrophic bacteria [7]. The microbial interactions are affected by operation factors 

such as wastewater composition, organic loading rate (OLR), DO and feed C/N ratio. 

The aim of this doctoral thesis was to study a compact solution to achieve simultaneous 

removal of C, N and P compounds in a continuous-flow MBBR. The main purpose was 

to help small communities struggling with the implementation of wastewater treatment 

facilities by offering a low-cost and effective treatment solution. The experimental works 

was organized in three phases. In a first phase, the coexistence of stable bacteria involved 

in nutrients and carbon removal was studied under stable microaerobic conditions (DO = 

1.0 ± 0.2 mg L-1) and different feed C/N ratios (Chapter 3). In a second phase, the aeration 

strategy was shifted to intermittent mode between microaerobic and aerobic conditions 

and different DO ranges were investigated (Chapter 4). In a third phase, the feasibility of 

performing combined SPND and biological P removal in continuous-flow intermittently-
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aerated MBBRs and the impact of organic carbon source (i.e. ethanol and acetate) on the 

process was investigated (Chapter 5).  

6.2 Aeration strategy choice 

The right choice of aeration strategy is fundamental to ensure the activities of the 

different microbial families involved in C, N and P removal. DO distribution within the 

biofilm strongly impact nitrification and denitrification activities [7]. Applying high DO 

levels in the bulk liquid can allow to fully penetrate the biofilm, which favor nitrification 

and limit denitrification efficiency [8]. Otherwise, low DO concentrations can inhibit 

nitrifying activity due to competition between AOB/NOB with HAB for the available 

DO. Nitrifying bacteria are characterized by a lower growth rate and higher affinity 

constant to oxygen compared to HAB. As a consequence, HAB can limit the existence of 

nitrifyers within the biofilm [9].   

The MBBRs operated under IA were characterized by an accelerated start-up phase 

compared to MBBR operated under microaerobic conditions (mMBBR). As described in 

Chapter 3, during start up period, DO concentrations in the mMBBR were gradually 

decreased to 1.0 mg L-1 in order to facilitate the adaptation of nitrifying bacteria. This 

was suggested by previous experiments in which a severe inhibition of nitrifying activity 

was observed when microaerobic conditions were set at the beginning of reactor 

operation. In contrast, IA operation rapidly enabled the simultaneous activities of 

nitrifying and denitrifying bacteria in MBBRs. IA consists in the alternation of aeration 

and non-aeration phases in order to stimulate nitrifying activity under aerobic conditions, 

while under non-aeration phase denitrification is allowed due to decrease of DO 

concentrations to low values [10]. In Chapters 4 and 5, IA was ensured by fixing DO 

setpoints and ranges (0.2–2 mg L-1, 0.2–3 mg L-1 and 0.2–4 mg L -1). The different DO 

regimes tested significantly influenced the nitrifying and denitrifying activities of the 

IAMBBR biofilm, resulting in dynamic trends of NH4
+, NO3

− and NO2
− concentrations 

in the effluent during the experimental activity. In addition, the different DO ranges tested 

impacted the microbial community inside biofilm, revealing how this environmental 

variable is an important factor affecting SND and SPND process [11]. Applying a DO 

range of 0.2–2 mg L-1 determined a relative abundance of nitrifying bacteria lower than 

2%, being responsible of effluent NH4
+ concentrations up to 9 mg L-1 at a feed C/N ratio 

of 2.8 (Chapter 4). The increase of DO range to 0.2–3 mg L-1 favored the proliferation of 

nitrifiers, i.e. Nitrosomonas, showing an increase of relative abundance from 1% to 4.2% 

and allowing to achieve higher NH4
+ REs. However, aeration should be controlled. 
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Applying DO levels between 0.2–4 mg L -1 resulted in poor denitrification and 

nitrification activities due to an excessive proliferation of HAB, e.g. Chryseolinea. Excess 

HAB proliferation results in the shortage of organic carbon which affects both DNB and 

PAO activities, while nitrifying bacteria such Nitrosomonas registered a sharply decrease 

of relative abundance from 4.8% to 2.5% due to an increased competition with HAB for 

DO and N-NH4
+ (Chapter 4). 

IA was also an effective approach to inhibit nitratation (NO2
- → NO3

-) and achieve a 

SPND process (Chapter 5). The alternation between anoxic and aerobic conditions has 

been reported as a possible strategy to inhibit NOB activity and favor NO2
- accumulation 

[12,13]. Under anoxic conditions, both NOB and AOB activities are inhibited, whereas 

under aerobic conditions AOB activity recovers faster than NOB activity determining 

NO2
- accumulation [14]. The comparison between SND and SPND performances of 

MBBRs will be discussed in Section 6.4.  

Finally, it should be highlighted that IA strategy can limit the energy cost compared to 

continuous aeration [15]. Of course, effective evaluation of cost saving must be evaluated 

with a full-scale experimental approach. 

6.3 Effect of feed C/N ratio 

The feed C/N ratio directly affect TIN RE, since low values can limit denitrification 

efficiency due to lack of carbon source, while high values can determine an excess growth 

of HAB leading to poor nitrification activity due to competition between HAB and 

AOB/NOB for DO and N-NH4
+ [16]. Generally, municipal wastewater is characterized 

by low C/N ratios, requiring additional carbon source to improve denitrification [13]. The 

SND process is reported able to reduce carbon demand by almost 30% compared to the 

conventional pre-denitrification cycle [17]. 

Chapter 3 illustrates the effects of three different feed C/N ratios (2.7, 4.2 and 5.6) on 

SND in MBBR under microaerobic conditions. The lowest TIN REs (on average) were 

achieved at feed C/N ratios of 2.7 (46%) and 5.6 (51%), while TIN REs up to 68% were 

achieved at a feed C/N ratio of 4.2 (65%). The low TIN removal obtained at feed C/N 

ratio of 2.7 was attributed to the lack of electron donor for denitrification, as about 14 mg 

L-1 of N-NOx
- were averagely observed in the effluent. At the same time, the highest 

nitrifying activity (316 mg N gVSS-1 d-1) was achieved after cultivation at feed C/N ratio 

of 2.7 [18]. In a similar way, feed C/N ratio of 2.6 resulted in poor TIN RE in the 

IAMBBR working at DO levels between 0.2 and 3 mg L-1 due to lack of carbon source, 

while increasing the feed C/N ratio from 2.6 to 3.6 determined an increase of TIN RE 
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from 40% to 62%. The increase of feed C/N ratio from 2.7 to 3.6 also had a beneficial 

effect on the removal of P-PO4
3-, resulting in an increase of P-PO4

3- RE from 66% to 75% 

(Chapter 4). The overall growth of DNB abundance and the enhancement of P-PO4
3- RE 

have suggested a possible DNB involvement in P removal.  

6.4 SND via nitrate vs SND via nitrite 

SND via nitrite (or SPND) is based on complete inhibition of NO2
- oxidation 

(nitratation), thus NO2
- are directly reduced by DNB. This results in a cost savings in 

terms of energy required for aeration during aerobic phase and a lower demand for 

organic matter under anoxic condition [19]. 

The SPND process was studied in two continuous-flow MBBRs under 

microaerobic/aerobic conditions fed with different carbon source, one with acetate 

(MBBR-Ac) and one with ethanol (MBBR-Et). Alkaline pH (≈8.2), temperatures 

between 26 and 28°C and an SRT of 4 days were adopted to suppress NOB during 

cultivation phase (Chapter 5). MBBRs performing SPND (MBBR-Et and MBBR-Ac) 

reached average TIN REs of around 81–88%, showing an efficiency increase of almost 

20% compared to that achieved in MBBR performing SND under similar IA conditions 

(DO=0.2–3 mg L-1) and feed C/N ratios (3.6) (Chapter 4). Nitrosomonas genus was the 

only nitrifying bacteria detected by Illumina sequencing analysis on MBBR-Et and 

MBBR-Ac biofilm and suspended biomass, while no typical NOB was detected [20]. 

Continuous-flow MBBRs performing SPND could be a compact or an upgrading solution 

for small community wastewater treatment plants, often characterized by low TIN RE 

and small footprint.  

One drawback of SPND is the possibility of NOB adaptation to low DO concentrations 

resulting in a complete nitrification [21]. This can be explained by a “r-strategist” 

approach of some nitrifying bacteria such as Nitrospira, which are able to thrive at low 

DO concentrations, being different from k-strategist such as Nitrobacter that thrive at 

high DO levels [22,23]. Results illustrated in Chapter 4 show that Nitrospira were never 

detected during the first 108 days of IAMBBR operation. However, relative abundance 

of this genus at end of the study almost doubled those of Nitrosomonas, demonstrating a 

long-term adaptation to low DO concentrations. Although satisfactory SPND process 

could by maintained for almost 70 days under IA conditions, increase of DO levels due 

to malfunctioning of the control system might threaten the process and could result in 

rapid NO3
- occurrence in the effluent (Chapter 5).  
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6.5 Phosphorus removal: to be or not be due to PAO? 

During this study, TIP RE ranging from 16 to 95% was observed in the MBBRs. P-

PO4
3- required for cell growth can be evaluated based on C:N:P ratio of 100:5:1 reported 

by Thompson et al. [24]. Based on this ratio, values between 2–32% of feed P could be 

used for growth by biomass, revealing a luxury P uptake by microorganisms with 

probably accumulating ability. Illumina sequencing analysis revealed the presence of 

putative PAOs such as Hydrogenophaga, Acidovorax and Pseudomonas with high 

relative abundances, suggesting their key roles in biological P uptake [25]. Biological P 

removal is commonly achieved alternating anaerobic and aerobic/anoxic conditions by 

microorganisms able to store more PO4
3- than required for growth [26,27]. However, 

MBBRs were operated in continuous-flow without an anaerobic phase due to the presence 

of DO and/or N-NOx in the bulk. In literature, biological P removal has been found to 

occur under strictly aerobic conditions, or to continue when the anaerobic/aerobic 

alternation is switched to continuous aerobic conditions in presence of VFAs [28–30]. 

However, it cannot be excluded that the alternation between microaerobic and aerobic 

conditions generated transient anaerobic zones in the biofilm promoting PAO activity. 

The presence of an anaerobic microenvironment inside the biofilm was suggested by the 

presence of anammox-related bacteria (i.e. SM1A02 and OM190), detected with high 

abundances in MBBR-Et and MBBR-Ac. 

Low TP REs were observed in chapter 4 (16–25%) likely induced by high N-NO2
- 

concentrations (15 mg L-1) achieved in the effluent. Saito et al. (2004) investigated the 

effects of N-NO2
- concentrations on biological P uptake by PAOs, showing how 

inhibitory effects can be observed at 2 mg L-1, while value higher than 6 mg L-1 can totally 

inhibit P uptake under aerobic condition [22,32].   

Finally, competition between microorganism with P accumulating ability and HAB 

must be controlled. The change of DO range from 0.2–3 mg L-1 to 0.2–4 mg L-1 

determined an increase of P-PO4
3- concentrations higher than influent values (Chapter 4). 

The release of P-PO4
3- in the bulk solution was probably induced by a lack of carbon 

source due to an excessive proliferation of HAB and a concomitant decrease of 

Hydrogenophaga relative abundance from 9.5% to 6.8%. The competition between PAOs 

and HAB was further investigated in Chapter 5, doubling the feed C/P ratio from 11 to 

22 by decreasing influent P-PO4
3- concentrations. The increase of feed C/P ratios affecting 

both TP REs and microbial community. The decreasing of TP REs were followed by a 

decrease of putative PAOs relative abundance (Hydrogenophaga and Acidovorax) and an 



Chapter 6 

150 

 

overall increase of HAB. High feed COD/P-PO4
3- may be responsible of an excessive 

proliferation of HAB and result in outcompetition of PAOs [33].  

6.6 Key functional group in nitrogen and phosphorus 

removal 

The bacterial community structures of IAMBBR, MBBR-Ac and MBBR-Et were 

studied at different trophic levels (Chapter 4–5). At, phylum level, Proteobacteria and 

Bacteroidetes, which are mainly related to N and P removal in wastewater treatment 

system [34,35], showed the highest relative abundances in the biofilms, while at class 

level. AOB were represented exclusively by the genus Nitrosomonas. NOB genera, such 

as Nitrospira and Nitrosospira, were only detected in IAMBBR performing SND, while 

these genera were not detected in biofilm and suspended biomass of MBBRs performing 

SPND (Chapter 5). The denitrifying bacteria community was the most abundant in each 

reactor with a variety of representative genera, such as Thaurea, Flavobacterium, 

Rhizobium, Pseudomonas, and Luitemonas. The genus Thaurea was predominant both in 

biofilm and suspended biomass performing SPND coupled to P removal (4.5–14.2%), 

consistent with the existing reports on SPND process [11]. The genera Hydrogenophaga, 

Acidovorax and Pseudomonas have been indicated as putative PAO by several studies 

[25,36,37] and were likely responsible to P-PO4
3- RE. These genera were found capable 

to form and store poly-P, a key ability of PAOs. The Hydrogenophaga, conventionally 

classified as DNB, was a dominant species of IAMBBR biofilms and suspended biomass, 

with relative abundances ranging from 0.8% to 4.4% and from 1.3% to 4.5%, 

respectively.  

Carbon source was another factor affecting the microbial community in bioreactors 

[38]. Acetate favored a more diversified microbial community, while ethanol stimulated 

the growth of heterotrophs (Chapter 5). Sequencing results showed a strong increase of 

HAB such as Bdellovibrio and Neochlamydia genera in MBBR-Et when the C/P ratio 

was increased from 11 to 22 with relative abundances reaching of 34.7% and 12.4%, 

respectively.  

6.7 Future research and practical applications 

In this study, simultaneous N removal coupled to P removal was studied in MBBRs 

operating under different aeration strategies and feed C/N ratios. Municipal synthetic 

wastewater was used to study the effect of different concentration of C, N and P. The 

carbon sources used were represented by readily available substrates such as VFA (i.e. 
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acetate) and alcohol (i.e. ethanol) [39]. In contrast, real municipal wastewater contains 

almost 50% of non-diffusible particulate form of total COD [40]. Hence, understanding 

the effect of real wastewater on TIN and P-PO4
3- RE is crucial to assess the suitability of 

the studied bioreactor system to real scale application. Reactor scale-up is necessary also 

to evaluate operational issue and costs of the IAMBBR technology. However, readily 

available organic carbon in full-scale WWTPs could be provided by establishing an 

anaerobic phase placed upstream the IAMBBR or by channeling part of the first-stage 

supernatant from a two-stage anaerobic digestion to the IAMBBR basin. In the future, 

trials could be performed for extending this solution to pre-existing and larger facilities 

(> 2000 PE) requiring additional treatment to achieve discharge limits. 

Literature lacks a hydrodynamic study describing the motion field of the MBBR 

carriers during the microaerobic/aerobic conditions. This is the subject an ongoing study 

conducted on a lab-scale MBBR realized in the laboratory LIA (Laboratio di Ingegneria 

delle Acque, San Vittore (Fr)) (Fig. 6.1). The realized lab-scale MBBR is 5 m long, 2 m 

wide and 2 m high, corresponding to a working volume of 10 m3. Fine bubble diffuser 

pipes (DBMT, ecoplants) and a mixer (Mx-ii 21154, SCM Tecnologie) have been 

installed on the bottom of MBBR and nearby the small wall on the left, respectively. The 

diffuser pipes were designed and realized in order to have two aeration mode: uniform 

aeration and one-side aeration. Almost 7 m3 of Carriers Biomaster 0.12KLS (Amitec s.r.l, 

Milano) have been purchased. Carriers (12.5 mm x 12.5 mm) are characterized by a 

density and specific surface area of 1.03 g cm-3 and 500 m2 m-3, respectively.  

 
Figure 6.1 - MBBR lab-scale set-up with 30% filling ratio. 

The MBBR is a complex multiphase system, making it also challenging to identify a 

technique that can allow a full study of the interaction between air, water and carrier [41]. 
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The main objective of the hydrodynamic study will be to achieve a homogeneous carrier 

distribution in MBBR, optimizing the filling ratio and aeration conditions, thus avoiding 

stagnant zones directly responsible for the formation of zones where anaerobic processes 

could be triggered. Future experimental activities could be pursued through different 

approaches. As a first pathway, computational fluid dynamics (CFD) simulations could 

be used to study the hydrodynamic behavior of the carriers, while the results could be 

verified directly on lab-scale MBBR. One of the main drawbacks of using CFDs could 

be the time required to simulate a scenario due to the complexity of the problem. A second 

possible pathway is to use a modified-carrier with a transponder to allow the track by 

means of Radio Frequency Identification (RIFD) technology. RFID is an automatic 

technology often used from industrial tracking to access control and composed by a reader 

and a transponder [42]. The reader generates an electromagnetic field at different 

frequencies used to track the transponder or tags, smart devise characterized by a code to 

be easily identified [43]. Finally, the tags are realized in several shapes and materials, 

making them adaptable to carriers. Overall, the hydrodynamic study will support the 

optimization of mixing conditions in the bioreactors with potential benefits on the 

biological process and reduction of operational costs. 
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