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Abstract 

The present thesis is framed within a wider project, promoted by the University of Cagliari and 

the Italian National Research Council, which pursued as its general objective the development 

of a novel integrated system for the biological combined anaerobic production of H2 and CH4 

from the organic fraction of municipal solid waste (OFMSW), the valorization of solid residues 

by aerobic bio-oxidation (composting) and the biological treatment of ammonium-rich liquid 

by products by two-stage partial nitritation (PN)/anaerobic ammonium oxidation (anammox) 

process. 

According to the project plan, a biological combined anaerobic production of H2 and CH4 from 

the OFMSW took place in two different bioreactors, in a double-step configuration. The 

effluent from the second reactor underwent a liquid/solid separation. The assessment of 

feasibility of the treatment of the liquid fraction by means of two-stage autotrophic nitrogen 

removal was the research question that tracked the main investigation line of the work described 

in the present thesis. The application of the coupled PN/anammox process, also referred to as 

fully autotrophic nitrogen removal, would allow to increase the sustainability of the entire 

OFMSW treatment chain, since the need for carbon addition (and concomitant increased sludge 

production) is omitted, oxygen consumption (i.e., energy requirement) is reduced, and the 

emission of nitrous oxide (a significant factor in the greenhouse gas footprint of the total water 

chain) can be cut significantly.  

To date, few researches focused on the application of partial nitritation/anammox process for 

the treatment of the liquid fraction originated by the anaerobic digestion of organic substrates 

such as OFMSW. Moreover, the two-stage anaerobic digestion of such substrates is a relatively 

novel technology which has not deeply investigated yet in terms of its potential environmental 

impact, and few studies focused on characterization and management of the liquid residues. 

To the best of our knowledge, no previous study was performed concerning the application of 

the two-stage PN/anammox process for the treatment of the anaerobic supernatant of a two-

stage anaerobic digestion of organic fraction of municipal solid waste and food waste. 
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Objectives and summary 

The present thesis is framed within the field of wastewater treatment, and specifically in the 

field of nitrogen removal from high ammonium-containing wastewater originating from the 

anaerobic digestion of solid waste. 

The discovery of anaerobic ammonia oxidation (anammox) organisms, more than 20 years ago, 

represented a revolution in biological nutrient removal (BNR) processes. Anammox 

metabolism allows the oxidation of ammonium in the absence of oxygen, using nitrite as final 

electron acceptor. Thus, a previous step to anammox is required in order to provide a partial 

aerobic oxidation of ammonium to nitrite, i.e. partial nitritation (PN).  

The development of the coupled PN/anammox process, also referred to as fully autotrophic 

nitrogen removal, allowed to increase the sustainability of wastewater treatment as the need for 

carbon addition (and concomitant increased sludge production) is omitted and oxygen 

consumption is reduced, as well as the emission of nitrous oxide, which has become a 

significant factor in the greenhouse gas footprint of the total water chain. Such coupled process 

was first operated in two distinct reactors (two-stage PN/anammox); subsequently, 

simultaneous PN and anammox process was achieved in a single reactor. 

Several different anammox-based technologies have been rapidly and widely investigated and 

developed, and almost 100 full-scale plants were established by the end of 2014. Also, many 

reactor configurations have been proposed, such as continuous stirred tank reactor, sequencing 

batch reactor, membrane bioreactor, etc.  

Anammox-based treatments were applied to different influent streams, usually characterized by 

high ammonium content and low biodegradable organic matter concentration such as landfill 

leachate and supernatant from anaerobic digestion of waste sludge; more recently, the range of 

treated wastewater widened, including industrial wastewater from petrochemical, 

pharmaceutical, fish canning industry, as well as supernatant from anaerobic digestion and co-

digestion of different organic substrates, such as organic waste originated from urban 

environment. 

In Europe and Italy, several problems concerning the correct management of the organic 

fraction of municipal solid waste (OFMSW) are still far from being solved. The most applied 

treatment technologies, i.e. composting and anaerobic digestion (AD), are characterized by 

important weaknesses which make them not attractive as stand-alone processes. In particular, 

operative costs related to composting are not counter-balanced by incomes deriving from 



 

2 

entering the final product into the market; on the other hand, conventional anaerobic digestion 

(AD) of the OFMSW lacks in terms of process stability due to the intrinsic heterogeneity of 

organic residues, the difficulty of hydrolysis of solid and complex substrates in the early stage 

of the process, the need for water recirculation in wet systems and the high ammonium 

concentration (>500 mgNH4-N/L) in the final digestate, which is unsuitable to be treated in 

conventional wastewater treatment plants. Therefore, it becomes essential to look at the 

management of the OFMSW from a wider perspective. 

Within such framework, the HyMeCA (Hydrogen Methane Compost Ammonia) project was 

promoted by the Department of Civil-Environmental Engineering of the University of Cagliari 

(DICAAR) and by the Institute of Environmental Geology and Geoengineering of the Italian 

National Research Council (IGAG-CNR), and funded by Autonomous Region of Sardinia (Law 

7/2007) in order to pursue, as its General Objective, the development of a novel integrated 

system for the biological combined anaerobic production of H2 and CH4 from the OFMSW (and 

particularly from food waste), the valorization of solid residues by aerobic bio-oxidation 

(composting) and the biological treatment of liquid byproducts by an advanced process based 

on double stage partial nitritation/anaerobic ammonium oxidation. 

The biological combined anaerobic production of H2 and CH4 from the OFMSW took place in 

two different bioreactors, in a double-step configuration, under mesophilic and wet conditions; 

in particular, the effluent from the hydrogenogenic reactor (first step) was fed to the 

methanogenic reactor (second step). The effluent from the methanogenic reactor underwent a 

liquid/solid separation; the solid fraction was addressed to a different research group, which 

investigated the valorization of such residue through aerobic stabilization (composting), while 

the assessment of feasibility of the treatment of the liquid fraction by means of two-stage 

autotrophic nitrogen removal was the research question that tracked the main investigation line 

of the work described in the present thesis. 

To date, few researches focused on the application of partial nitritation/anammox process to the 

treatment of the liquid fraction originated by the anaerobic digestion of organic substrates such 

as OFMSW, food waste (FW) or kitchen waste (KW). Moreover, the two-stage anaerobic 

digestion of such substrates is a relatively novel technology which has not been deeply 

investigated yet, and few studies focused on characterization and management of the liquid 

residues. 
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To the best of our knowledge, no previous study was performed concerning the application of 

the two-stage PN/anammox process for the treatment of the anaerobic supernatant of a two-

stage anaerobic digestion of organic fraction of municipal solid waste and food waste. 

On the basis of all the aforementioned, the feasibility of the proposed treatment was first 

preliminarily evaluated by starting and operating a partial nitritation continuous flow stirred 

tank reactor (CSTR) and a granular anammox sequencing batch reactor (SBR) using a synthetic 

influent, in order to determine the best operating conditions. In a second phase, the target 

wastewater, i.e. the supernatant originating from the two-stage AD of FW, was fed into the 

PN/anammox process; the experiment aimed at the identification and adjustment of the key 

operational parameters, and at a general assessment of the feasibility of the process. 

The main content of each chapter of the present thesis will be detailed in the following sections. 

In Chapter 1, a literature survey concerning the management of OFMSW and FW in Italy and 

the management of liquid residues is reported, together with an insight on the two-stage AD 

aimed at hydrogen and methane production, and the difference in supernatant characteristics. 

In Chapter 2, the partial nitritation process and the anammox process are described, with 

particular concern to inhibiting factors that might have been present in the target wastewater. A 

survey on different applications of anammox-based technologies is also provided. 

In Chapter 3, the experimental activity aimed at the preliminary evaluation of the feasibility of 

the proposed treatment is described and the results reported. A presentation synthesizing the 

work, accompanied by a poster, was presented at the Frontiers International Conference on 

Wastewater Treatment and Modelling (FICWTM2017) which took place in Palermo (Italy) on 

May, 2017. A full paper was then published on the special issue of Lecture Notes in Civil 

Engineering book series, (Springer). 

Part of the experimental activity carried out using the synthetic influent was aimed at the 

assessment of nitrous oxide (N2O) emissions from the partial nitritation reactor. Results from 

this experiment were presented at the 15th International Conference on Environmental Science 

and Technology (CEST2017) which took place in Rhodes (Greece) on September, 2017. In 

Chapter 4, aim, methodology and results of the experiment are described. Starting from the data 

collected in the experiment, a full paper was also written and submitted to Desalination and 

Water Treatment journal for peer review, and recently published online. 

In Chapter 5, the experimental activity carried out using the real target wastewater is described 

and results reported. Main issue faced during the experiment concerned the adjustment of the 
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operational parameters in order to produce a suitable effluent, especially in terms of nitrite to 

ammonium molar ratio. Different solutions were proposed and tested. Such issue directly 

affected the subsequent anammox treatment: two solutions were proposed, one of which was, 

to the best of our knowledge, experimentally tested only once. Moreover, a novel biomass 

characterization based on the digital measurement of biomass color was tested as potential 

quick, simple and cost-effective indirect measurement of process performance, metabolic 

activity and biomass enrichment. Such technology was recently proposed and tested on biomass 

fed with synthetic influent only; no previous application of this approach was reported on 

biomass operating with real wastewater. This resulted in a specific biomass preparation and 

measurement protocol that was elaborated and tested in order to evaluate the potential influence 

of the presence of dyed real wastewater on biomass color characterization. 

A research stay abroad was conducted during the PhD course, primarily aimed at achieving 

direct experience in operating a single-stage PN/anammox system. Thus, a four-month stay, 

from January to May, 2018, was carried out at the University of Santiago de Compostela 

(Spain), under the supervision of Prof. Anuska Mosquera Corral. During such productive 

period, an experiment was planned and performed in the framework of a research project co-

funded by European Commission and Government of Galicia (Spain). In the experiment, two 

lab-scale single-stage PN/anammox SBRs were operated at room temperature, and the effects 

of repeated prolonged starvation-reactivation alternating periods on process performance and 

biomass characteristics were assessed. Background, methodology and results of the experiment 

are reported in Chapter 6. 
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Chapter 1  

Nitrogen emissions related to anaerobic digestion of food 

waste 

1.1 Organic fraction of municipal solid waste (OFMSW) and food waste (FW) in Italy: 

production and management 

Production of municipal solid waste in Italy accounted for 30.1 million tons (Mt) in 2016, 

corresponding to a +2% increase with respect to 2015. Sorted waste accounted for 52.5% of the 

total collected, and organic fraction (i.e., food waste, FW, and “green” waste, GW - garden 

cuttings, hedge trimmings, fallen leaves, dead plant matter, etc.) represented 41% of them, i.e. 

~6.5 Mt [1].  

Composting, integrated anaerobic/aerobic treatment and anaerobic digestion are the most 

common biological treatment applied to both municipal and industrial organic waste in Italy. 

Almost 5.7 Mt of OFMSW were sent to biological treatments in 2016 (+10% with respect to 

2015). Composting represented the most used technology for the treatment of OFMSW (3.4 

Mt: FW, 1.95 Mt; GW, 1.44 Mt), which provided 82.3% of total composted waste [1]. 

Composting is an energy-consuming technology aimed at the recycling of organic matter by 

producing valuable products such as fertilizers and soil improvers; its economic and 

environmental sustainability as the main process for organic waste recovery and valorization 

has been recently revised. In a recent study [2] technical, economic, and environmental aspects 

of composting and anaerobic digestion (AD), and their potential to improve the sustainability 

of waste management, were examined: authors concluded that AD is environmentally favorable 

in terms of lower greenhouse gas (GHG) emissions due to production of biogas as a renewable 

energy source, while in composting, no single aeration scheme or additive has been found to be 

effective in reducing odor and GHG emissions simultaneously; moreover, AD was considered 

economically more advantageous than composting, depending on plant scale and valorization 

of end products, while composting appeared more profitable at smaller scales (e.g. <20,000 t). 

Therefore, AD may be favored for centralized treatment. Such results confirmed those reported 

in another 2006 study [3]. 

The number of AD plants in Italy constantly increased in the last decade. By 2015, 46 AD plants 

were realized with a total authorized capacity of 2 Mt; most plants (26) integrate AD with (post) 
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composting of digestate (i.e., the mixed liquid/solid residual fraction of the anaerobic digestion 

treatment) [4]. Such integrated aerobic/anaerobic waste treatment plants increased in number 

up to 31 in 2016, with a total authorized capacity of 2.5 Mt: major contribution came from FW, 

with ~1.9 Mt treated (81% of the total) [1]. Anaerobic digestion as solely waste treatment 

technology was lesser used in Italy, treating 0.89 Mt in 2016; OFMSW accounted for 0.25 Mt, 

36.3% of the total, while the rest of the inflow was mostly constituted of waste sludge (WAS) 

from municipal wastewater treatment plants [1].  

Waste treated through anaerobic digestion altogether, both as stand-alone treatment and 

coupled in an anaerobic/aerobic integrated process, amounted to 2.97 Mt in 2016: as depicted 

in Figure 1.1, food waste largely represented the major contribution, and OFMSW overall 

accounted for 81% of total [1]. 

 

Figure 1.1: Variety of waste treated by AD, both as only treatment and coupled 

with aerobic post treatment, in Italy, year 2016. Elaboration from 2017 ISPRA 

official data [1]. 

 

In conclusion, to date organic matter from MSW is still mainly (~59%) recovered and valorized 

through composting, in particular regarding its lignocellulosic fraction (green waste); on the 

other hand, anaerobic digestion utilization for biogas and biomethane production from organic 

waste increased during last years (+33% from 2015 to 2016). This is reflected in the recent 

efforts made to improve AD efficiency, optimize process economics, and mitigate adverse 

environmental impacts: the number of publications regarding AD has increased dramatically in 

the past decade, while publications on composting have remained at a similar level [2].  
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1.2 One-stage and two-stage anaerobic digestion of organic waste 

In current applications of anaerobic digestion (AD) systems, organic matter is converted into a 

mixture of gaseous compounds, mainly methane (CH4) and carbon dioxide (CO2), via acid 

fermentation and volatile fatty acids (VFAs) degradation, and through the activity of two groups 

of microorganisms: acid-forming and methane-forming bacterial biomass, respectively [5]. 

In a single-reactor system, namely one-stage anaerobic digestion, those microorganisms are 

kept together in a balance, which is delicate, because both groups differ widely in terms of 

physiology, nutritional needs, growth kinetics, and sensitivity towards environmental 

conditions [5]. Considering these aspects, the two-stage AD system, where the sub-processes 

organic matter hydrolysis and its fermentation to organic acids are physically separated from 

the methane production process, was proposed since many years [5]. 

In two-stage AD systems, the physical separation of the reactors responsible for the two 

independent processes enables optimal conditions for the acidogenic and the methanogenic 

bacterial biomass to be established, thus optimizing specific metabolic activities and ultimately 

maximizing methane generation [6]. Moreover, the issue of operating AD in the two-stage 

configuration has become topical in recent years as a result of the interest aroused by the 

possibility of producing bio-hydrogen from organic substrates [7]. 

As alternative energy carriers to fossil fuels, hydrogen represents one of the most attractive 

solution because of its high energy content, environmental friendliness (as the only final by-

product of its combustion is water), and also because it can give substantial social, economic 

and environmental credentials [8].  

The major challenge in the use of this promising energy carrier lies in its sustainable production 

and storage. In commercial applications, hydrogen has been produced from natural gas, oil, and 

by other industrial methods which are highly energy intensive and use non-renewable sources 

of energy which makes them less attractive from an environmental point of view [8]. 

Alternatively, hydrogen can be produced from biological processes which are less energy 

intensive and more environment-friendly, i.e. in terms of global reduction of CO2 [8].  

Biohydrogen can be produced by both autotrophic and heterotrophic microorganisms: in 

autotrophic conversions (also known as direct or indirect biophotolysis), solar energy is directly 

converted to hydrogen via photosynthetic reactions mediated by photosynthetic 

microorganisms, i.e. microalgae, protists and photosynthetic bacteria, while in heterotrophic 

conditions the organic substrates are transformed into simpler organic compounds with 



 

8 

simultaneous production of molecular hydrogen [8]. There are two types of heterotrophic 

conversions: photo-fermentation carried out by photosynthetic bacteria and dark fermentation 

(DF) carried out by anaerobic bacteria that convert carbohydrates into biohydrogen [8]. 

In dark fermentation, the produced H2 is recoverable, provided that a harsh environment for 

hydrogenophylic methanogens is guaranteed [5]; in addition, a mix of volatile fatty acids 

(VFAs) and reduced end products including alcohols is generated as well. Thus, the second 

anaerobic digestion stage for CH4 production, although mostly applied, is not the only viable 

option as the subsequent treatment phase downstream of DF. Alternative paths may possibly 

include: a photo-fermentation stage aimed at H2 production; a microbial electrolysis cell 

devoted to H2 production; a microbial fuel cell for direct electricity generation; a biochemical 

stage for biopolymer production [5].  

Two-stage AD aimed at the sequential H2 and CH4 production is, from a theoretical point of 

view, energetically more favourable than single-stage AD [5]. Second generation biomass 

sources, such as waste biomass, are abundant and can thus support the supply of renewable 

substrates for DF [8]; in particular, organic fraction of municipal waste (OFMSW), generally 

constituted of food waste (FW), containing a high biodegradable carbohydrates fraction, 

represents a good substrate for DF [8]. Thus, FW has been used extensively in DF experiments 

[7]. 

DF followed by AD has shown technical and economic feasibility of the integrated process up 

to pilot scale [8]. According to Schievano et al. [13], several studies eventually confirmed the 

supremacy of two-stage DF+AD process on single-stage AD in terms of energy recover at both 

thermophilic and mesophilic conditions; however, overall advantages of DF+AD in comparison 

with single-stage AD, concerning effluent stream and its subsequent treatment, are still 

investigated. 

In a recent study, De Gioannis et al. [5] performed several one- and two-stage anaerobic 

digestion batch tests of a standardized food waste, aimed at recovering methane and hydrogen 

plus methane, respectively, in order to achieve a direct comparison between the two 

configurations and assess the benefits associated with the two-stage approach in terms of overall 

energy recovery. The results obtained suggest that a two-stage process where the first reactor 

is properly operated in order to achieve a significant net hydrogen production, may display a 

20% comparatively higher energy recovery yield as a result, mainly, of enhanced methane 

generation, as well as of the associated hydrogen production [5]. With regard to the digestate 

characteristics, the 25% increase in volatile solids removal achieved in the two-stage anaerobic 
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digestion system (66.7% VS removal vs. 53.3%) implied a higher degree of digestate 

stabilization [5].  

Different results were reported in a 2012 study by Schievano et al. [9]. The authors compared 

a two-stage (DF+AD) and one-stage AD lab-scale CSTR systems, fed with identical organic 

substrates (mixture of swine manure and market biowaste) and loading rates. Despite no 

significant differences in overall energy recovery were found for the two-stage and one-stage, 

the chemical characterizations suggested remarkable dissimilarities between the two AD 

systems: in particular, the two-stage process seemed to be slightly less efficient in degrading 

organic matter and this was linked to a partial inefficiency of the methanogenic reactor of the 

two-stage process. Digestate from single-stage AD system showed total VFA concentrations 

approximately 10 times lower than those in DF+AD; moreover, while no significant difference 

was measured for TN and NH4 content in liquid fraction, slightly lower alkalinity/N ratio was 

observed in two-stage effluent stream.  

Cavinato et al. [10] studied the optimization of a two-phase DF+AD thermophilic process 

treating biowaste, carried out at pilot scale using two stirred reactors (CSTRs). Fed biowaste 

consisted of ground OFMSW diluted with water. Effluent stream was characterized by a 

relatively high content in VFA (90-650 mg/L) and a total alkalinity/TKN molar ratio around 

1.3. 

In conclusion, two-stage AD aimed at separated biohydrogen and biomethane production was 

proved to represent a valid solution for the valorization of second generation biomass source, 

namely organic waste such as food waste, agricultural waste, etc. During dark fermentation, 

enhanced hydrolysis and fermentation of organic matter produce a high-concentrated stream of 

mixed volatile fatty acids (VFAs) and reduced end products including alcohols; although such 

compounds may potentially enhance methanogenic activity, environmental conditions in AD 

reactor should be strictly controlled, in order to avoid inhibition of methanogenic bacteria, due 

to low pH/acid or to the accumulation of toxic compounds such as alcohols or aromatic 

compounds (i.e., phenols). An (even partial) inhibition of methanogenic activity may result in 

a certain amount of relatively rapidly degradable organic matter left undegraded in the effluent 

stream, and also to lower alkalinity level [9]. Such characteristics are to be taken into account 

when coupled partial nitritation (PN)/anammox treatment is proposed for nitrogen removal 

from supernatant originating from two-stage AD of OFMSW. 
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1.3 Nitrogen content and management of the liquid fraction from AD of OFMSW 

The main advantages of AD include energy generation through the use of biogas and the 

production of an effluent stream that is rich in nutrients and can be suitably exploited, under 

certain conditions [11]. Use of the digested effluents in agriculture as organic fertilizer 

according to the current legislation, e.g. the nitrate directive (91/676/EEC, The Council of the 

European Communities, 1991), and based on crop needs is advised [12], but this management 

strategy may be limited by factors like transport requirements, water content, or presence of 

heavy metals and pathogenic microorganisms [13]; moreover, the main criticality in digestate 

final use is nitrogen release into the environment (up to 30% of ammonia nitrogen can be lost 

by volatilization, due to an enhancement in soil pH) [14]. Consequently, adequate post-

treatment is required in order to remove nutrients from the anaerobic effluent [11]. However, 

the management of nitrogen dosage is sometimes difficult because of the variability of the 

feedstock, as the composition of whole digestate is mainly influenced by the input materials 

[14,15].  

The anaerobic effluent usually undergoes a solid/liquid separation process, thus creating two 

different streams: the solid stream and the liquid waste stream that is known as the anaerobic 

supernatant [11]. As stated in section 1.1, most of the OFMSW treated through AD is food 

waste (FW), which is characterized by low C/N ratios (~10) and low pH (4−5), and high 

amounts of soluble organic matter that can be easily converted to intermediates. FW mainly 

consists of carbohydrates, fat, and protein [2]. The anaerobic digestion of such substrates results 

in the transfer of nutrients from the solid to the liquid phase. Consequently, the resulting 

anaerobic supernatant is characterized by very high ammonium nitrogen concentrations [11]. 

Direct discharge of the anaerobic supernatant to the municipal sewers is not an option as it 

would unbalance the chemical oxygen demand / total Kjeldahl nitrogen / total phosphorus 

(COD/TKN/TP) ratio of municipal wastewater [16].  

In the literature, there are few studies that examine the characteristics and post-treatment of the 

anaerobic supernatant produced from the treatment of OFMSW. According to the in-depth 

study by Malamis et al. [11], which represents the main source regarding this topic, the 

characteristics of the supernatant produced from the anaerobic treatment of the OFMSW and 

from the co-digestion of OFMSW with other biodegradable organic waste streams (waste 

sludge, agri-food industrial waste) depend on the substrates compositions, on the operating 

conditions of the anaerobic digestion process and on the efficiency of the solid/liquid separation 
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process. Despite the heterogeneous nature of OFMSW and the fact that the operating conditions 

of the anaerobic processes employed by researchers are different, common characteristics arise:  

• the anaerobic supernatant is characterized by very high NH4-N content (0.5-7.5 gN/L) 

and high COD/biochemical oxygen demand (BOD5) ratio (2-6). The high COD/BOD5 

ratio is characteristic of effluents from fermentation processes showing that effective 

biodegradation has taken place in the digester; 

• in most cases, anaerobic supernatant is also characterized by high ortho-phosphate and 

total phosphorus concentration. Nutrient levels are high as the feed to the anaerobic 

digester is usually rich in nutrients and at the same time the anaerobic digestion process 

cannot effectively remove nutrients; 

• the ratio of BOD5/TKN is low (~1) and thus the biological nitrogen removal through 

the conventional process of heterotrophic denitrification requires the addition of readily 

biodegradable organic matter; 

• alkalinity in the supernatant from anaerobic digestion of OFMSW can vary significantly 

depending on the hydraulic retention time (HRT), the temperature and the 

characteristics of the feed waste. The molar ratio of alkalinity to TKN is usually low 

(<1.5-2); thus, the effluent alkalinity is not usually sufficient to achieve complete 

nitrification. 

With regard to nitrogen removal/recovery from the supernatant, various physicochemical and 

biological processes are reported [15]. The usual physicochemical processes include:  

• ammonia stripping; 

• struvite precipitation; 

• membrane filtration processes (ultrafiltration or microfiltration potentially coupled with 

reverse osmosis); 

• evaporation. 

In general, biological processes are less expensive than the physicochemical ones and have the 

advantage that nitrogen is removed, i.e. converted into a gaseous form [11]. 

1.3.1 Biological treatment of the anaerobic supernatant originating from the treatment of 

OFMSW 

In the past years, both suspended and attached growth systems have been employed at different 

scales (lab, pilot and full) for the treatment of supernatant produced by AD of OFMSW and 

FW, including continuous flow stirred tank reactors (CFSTRs), sequencing batch reactors 
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(SBRs), membrane bioreactors (MBRs), conventional activated sludge (CAS) processes, 

moving bed biofilm reactors (MBBRs) and their combinations (i.e. MBBR–SBR) [11].  

The anaerobic supernatant contains a significant amount of organic compounds that cannot be 

degraded under anaerobic conditions. The post-treatment of the supernatant through aerobic 

biodegradation can remove several of these compounds [11], even though some recalcitrant 

compounds such as humic acids resist to degradation [14].  

The biological processes employed for nitrogen removal from the anaerobic supernatant 

produced by the treatment of OFMSW include: (i) conventional nitrification/denitrification, (ii) 

short-cut nitrogen removal through partial nitrification (i.e., nitritation) combined with 

heterotrophic denitritation and (iii) the completely autotrophic nitrogen removal process, i.e. 

combined (partial) nitritation and anaerobic ammonium oxidation (anammox) [11].  

Compared to completely autotrophic nitrogen removal, nitritation/denitritation may be more 

robust and reliable as it is less sensitive to environmental and operating parameters [17]; in 

addition, coupled to certain short-chain carbon sources, it may allow the contemporary 

denitrifying phosphorus removal via-nitrite (DPRN), e.g. via external addition from 

fermentation liquids [17]. Thus, as documented in literature, nitritation/denitritation is to date 

the most common biological treatment process for the removal of nitrogen from supernatant 

produced by AD of OFMSW [11], while the only application of anammox bacteria is reported 

by Caffaz et al. [16]. 
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Chapter 2  

Anammox-based technologies for ammonium-rich 

wastewater treatment 

2.1 Introduction 

Anaerobic ammonia oxidation (anammox) has been one of the most innovative developments 

in biological wastewater treatment in recent years [1]. In the anammox reaction, ammonium 

nitrogen is anaerobically oxidized to molecular nitrogen with nitrite used as the electron 

acceptor. Its impact on biologic nutrient removal (BNR) systems is still expanding. 

Coupling of partial nitritation (PN) and anaerobic ammonia oxidation (anammox) was first 

tested by Jetten et al. in 1997 [2] using two different reactors, while in 2002 Sliekers et al. 

described the one-stage completely autotrophic nitrogen removal over nitrite (i.e., CANON) 

system [3]. Main advantages recognized to the complete autotrophic nitrogen removal (short, 

PN/anammox) over conventional nitrification/denitrification (N/DN) and short-cut biological 

nitrogen removal via nitrite (SBNR, also: nitritation/denitritation) are: no need for organic 

substrates; negligible waste sludge production (0.08 kgVSS/kgN, compared to ~1 kgVSS/kgN 

of conventional N/DN [4]); lower oxygen demand (1.9 kgO2/kgN instead of 4.6 kgO2/kgN of 

N/D [5]); reduced CO2 emissions (actually, PN/anammox is a CO2-consuming process [4]). 

Within the last decade several technologies have been developed and successfully implemented 

in full scale, e.g. sequencing batch reactors, granular sludge reactors, and moving bed biofilm 

reactors. Early PN/A implementations used two-stage reactor configurations or made use of 

already existing nitritation systems (e.g. SHARON type reactors). With more full-scale 

experiences, focus has shifted mainly to single-stage systems. Until 2014, almost 100 full scale 

PN/anammox plants were established worldwide [1]. 

2.2 Partial nitritation: process description and influencing factors 

2.2.1 Introduction 

Nitrification process, i.e. the aerobic ammonia oxidation to nitrate, consists of two subsequent 

reactions carried on by different bacterial group. The first step is the oxidation of ammonium 

(NH4
+) to nitrite (NO2

-) carried out by the ammonia-oxidizing bacteria (AOB), while the second 
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step is the oxidation of nitrite (NO2
-) to nitrate (NO3

-) carried out by the nitrite-oxidizing 

bacteria (NOB). Effective nitritation relies on stimulating the first step of nitrification while 

inhibiting the second step and by consequence accumulating ammonia-oxidizing bacteria 

(AOB). Successful AOB accumulation depends upon the knowledge of their microbial 

characteristics and kinetics parameters as well as the main parameters that can selectively 

inhibit NOB growth or allow AOB to outcompete them [6]. Moreover, anammox process 

requires an influent a NO2
-/NH4

+ molar ratio around 1.0-1.3 [5]: such influent is produced when 

the oxidation of ammonium to nitrite under aerobic conditions account for roughly 50-55% of 

initial ammonium, i.e. when partial nitritation process is achieved. 

Several bioreactors configurations either in suspended or attached growth have been used 

towards achieving full and partial nitritation, using different operating conditions [6]. 

Microbiology and metabolism of ammonia-oxidizing bacteria have been extensively 

investigated in the past years [6–9]. To date, five AOB genera have been recognized and 

classified in the Proteobacteria class, four of which lies in the β-Proteobacteria subclass, while 

one cluster of Nitrosococcus belongs to the γ-Proteobacteria subclass [6].  

Ammonia oxidation to nitrite (Eq. 2.1) is carried on by AOB within two steps with 

hydroxylamine (NH2OH) as an intermediate product [6]. The first step is the oxidation of 

ammonia to hydroxylamine, catalyzed by the membrane bound ammonia monooxygenase 

(AMO) enzyme: this step requires a molecular oxygen and a pair of electrons. In the second 

step, hydroxylamine is further oxidized to nitrite catalyzed by the hydroxylamine 

oxidoreductase (HAO) enzyme using oxygen from water and an additional molecular oxygen 

as a terminal electron acceptor. This step generates two pairs of electrons, one pair of which is 

compensated for the support of the first step of ammonia oxidation, whereas the other pair is 

passed to the terminal oxidase via an electron transport chain, generating a proton motive force 

[9]. Such process serves as energy-yielding reaction for AOB which utilize ammonia as their 

sole source of energy. Besides being AOB energy source, part of the ammonia is used for their 

cell growth as nitrogen source while carbon dioxide serves as their chief carbon source (Eq. 2.2) 

[6,9]. The energy released as a result of (Eq. 2.1 is utilized in reaction (Eq. 2.2. The two can be 

combined to form an overall synthesis-oxidation reaction. Several different stoichiometries 

were proposed, depending on observed biomass yields [9]; one of the most used is reported in 

(Eq. 2.3 [10].  

NH4
+ + 1.5O2 → NO2

− + 2H+ + H2O + (58 ÷ 84) kcal (Eq. 2.1) 
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13NH4
+ + 15CO2 → 10NO2

− + 3C5H7O2N + 23H+ + 4H2O (Eq. 2.2) 

NH4
+ + 1.985HCO3

− + 0.074CO2 + 1.403O2

→ 0.985NO2
− + 1.985CO2 + 0.015C5H7O2N + 2.941H2O 

(Eq. 2.3) 

 

Remarkably, stoichiometric coefficients imply that per mole of ammonium removed, such 

process requires a significant amount of oxygen, produces a small amount of biomass, and 

results in substantial destruction of alkalinity through the production of hydrogen ions [9]. 

The AOB and NOB kinetics have been thoroughly studied: however, an evident variation has 

been observed in the reported kinetics values, as summarized by Soliman et al. [6]. This wide 

range in the values of kinetics parameters is due to the different conditions that vary from a 

study to another such as: wastewater characteristics (low or high strength), operational 

conditions (temperature, pH, DO), reactor configuration (suspended or attached growth), 

identification technique (experimental or model based) [6]. Strategies for achieving and 

maintaining nitritation and partial nitritation are thus based on the control of such different 

conditions, aimed at achieving AOB accumulation and NOB inhibition or washout [8]. 

2.2.2 Dissolved oxygen concentration 

Ammonia oxidizing bacteria were proved to be less inhibited by low dissolved oxygen (DO) 

concentration, compared to NOB, and DO concentration below 1.0 ppm is supposed to be 

sufficient to induce the dominance of the ammonia oxidizers [9]. Such behavior is generally 

explained by higher energy yield provided by ammonium oxidation than by nitrite oxidation, 

resulting in a greater oxygen affinity of AOB, compared to NOB, i.e. in a lower half saturation 

constant (KO) value [8,11]. However, experimentally determined values of KO reported in 

literature widely vary, i.e. 0.2–1.5 mgO2/L and 1.2–1.5 mgO2/L for AOB and NOB, 

respectively [8]. Other authors [12] suggested NOB are inhibited by toxic ammonia oxidation 

intermediates such as hydroxylamine, which accumulate at low DO, more than by different 

oxygen affinity. Limiting DO levels (~0.5 ppm) as well as aeration patterns (such as quick 

alternance between aerated and not aerated conditions) were first suggested and subsequently 

proved to be a suitable strategy to achieve inhibition of NOB activity [13,14]. Several SBR 

deammonification full-scale plants have implemented their own aeration strategies; most of 

them have used intermittent aeration [1]. 
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2.2.3 pH and free ammonia/free nitrous acid concentration 

Both AOB and NOB microbial activity is directly influenced by pH of the environment. The 

pH range for AOB growth is commonly 7.0–8.6, while that for NOB activity was 6.0–7.5 [14]. 

Such different optimum pH ranges may allow to exert selective pressures against NOB activity, 

although pH influence on AOB selection over NOB is mainly ascribed to change in free 

ammonia and free nitrous acid concentration. 

Ammonium (NH4
+) and nitrite (NO2

−) represent the ionized forms of ammonia (NH3, also 

identified as Free Ammonia, FA) and nitrous acid (HNO2, also identified as Free Nitrous Acid, 

FNA), respectively. The laws that regulate the equilibrium between dissociated and 

undissociated forms of each compound were expressed by Anthonisen et al. [15], and depend 

on pH and temperature. Generally, when pH raises, FA increases and FNA decreases, and vice 

versa. FA and FNA concentration are of great concern because they are supposed to represent 

actual substrate for AOB and NOB, respectively, rather than ammonium and nitrite, moreover, 

they are recognized as inhibiting compounds both to AOB and NOB, at different concentrations 

[11]. A wide range of FA/FNA inhibiting values of AOB/NOB activity are reported in 

literature: such variability can be explained by differences in microbial communities; however, 

NOB always showed either FA or FNA inhibition at much lower concentrations compared to 

AOB [14].  

2.2.4 Alkalinity and inorganic carbon 

AOB and NOB are autotrophic organisms that use inorganic carbon (IC) as the essential 

assimilative carbon source: thus, IC is a key factor to affect the stable and effective removal 

rate of the nitrification process [14]. According to some studies, AOB bioactivity would be 

inhibited under IC limited conditions [14,16,17]. 

Additionally, IC serves as the bicarbonate alkalinity to compensate the acidity produced by 

nitritation process (almost two moles of H+ are produced per mole of oxidized ammonium, (Eq. 

2.1 and (Eq. 2.2). Thus, if initial alkalinity/ammonium molar ratio (Alk/N ratio) is <2, acidity 

accumulates and pH decreases, leading to the AOB activity decrease and inhibition (pH<6.5). 

In this sense, Alk/N ratio was proved to be a key factor to achieve a partial nitritation and 

regulate the ammonium oxidation rate to nitrite [18,19], which is a crucial aspect when PN is 

coupled to a subsequent anammox process. 
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2.2.5 Temperature and sludge retention time 

Hellinga et al. [20] concluded that temperatures above 25°C lead to an increase of the specific 

growth rate of ammonia oxidizing bacteria, which become higher than that of nitrite oxidizing 

bacteria. The SHARON process (Single reactor High activity Ammonia Removal Over Nitrite) 

is based on this principle. In this process, nitrification of ammonium to nitrite is established in 

a chemostat by working at high temperature (above 25°C) and maintaining an appropriate 

sludge retention time (SRT) of 1–1.5 days, so that ammonium oxidizers are maintained in the 

reactor, while nitrite oxidizers are washed out and further nitrification of nitrite to nitrate is 

prevented [11]. However, partial nitritation process was also successfully started up and 

maintained at lower temperatures (25°C) [8]. These results suggested that the application of 

the partial nitritation process could be not restricted to effluents with temperatures 30°C, such 

as the effluents from methanogenic reactors, but could be applicable to many kinds of industrial 

wastewater treatments [11]. In recent years, many researchers began to pay more attention to 

application of nitritation/denitritation and PN/anammox to mainstream municipal wastewater 

treatment, with lower temperature and lower ammonium concentrations [21]. 

2.2.6 Organic matter 

Presence of biodegradable organic matter may lead to the growth of ordinary heterotrophic 

organisms (OHO) which could consume oxygen and uptake ammonium at a higher rate than 

AOB, thus causing a decrease in nitritation effectiveness. Mosquera Corral et al. [22] observed 

that AOB were outcompeted by OHO in a SHARON reactor for acetate dosage above 0.2 

gC/gN, leading to the deterioration of PN process. However, the types of influent carbon 

sources also affected partial nitrification, since the biochemical reactions involved in 

nitrification are driven by enzymes, whose activities are largely depending upon carbon sources 

[8]. 

2.2.7 Other influencing and inhibiting factors 

The presence of phosphates could assume a crucial role in achieving AOB to outcompete NOB, 

since NOB were proved to be unable to perform nitrite oxidation in absence of phosphates 

(“phosphate block”) [11]. 

Many industrial wastewaters are characterized by high salinity, which can potentially represent 

an inhibitory factor; however, stable partial nitritation was achieved in a SHARON reactor 

operated under a salt concentration of 400 mM NaCl (>23 g/L) [23]. 
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Light is inhibiting to both AOB and NOB, through the oxidation of cytochrome c caused by 

light in the presence of oxygen [9]. 

Many other organic and mineral compounds were tested and reported to exert inhibitory effects 

on AOB and NOB, often at different levels. 

Benzene, toluene and xylene induce a significant decrease in the values for nitrification specific 

rates affecting mainly the ammonia oxidation pathway [11].  

Formic, acetic, propionic and n-butyric acid all inhibited nitrite oxidation, but exhibited no 

significant effect on ammonium oxidation [24]. 

Chlorate, cyanide, azide and hydrazine were proved to be more inhibitory to the oxidation of 

nitrite than to the oxidation of ammonium. Other toxic components that influence nitrite 

oxidation are the disinfectants bromide and chloride [11] 

Heavy metals chromium, nickel, copper, zinc, lead and cadmium might inhibit both steps of 

nitrification reaction but the inhibition effects are different [25]. Contradictory results were 

found, e.g. inhibition effects by nickel towards NOB were observed at low concentrations 

(0.7 mg/L); however, Nitrosomonas sp. was found to be equally or even more sensitive than 

Nitrobacter sp. towards nickel and copper, while other studies testing a set of heavy metals 

reported NOB inhibition by cadmium, but not by copper, or even no inhibitions effect at all [9]. 

Hydroxylamine has been found to severely inhibit Nitrobacter: no nitrite oxidation occurred 

when 0.42 mg NH2OH-N/L was present. Addition of 2.5–5 mg NH2OH-N/L to a submerged 

filter system significantly enhanced nitrite accumulation during nitrification. Moreover, this 

inhibitory effect of hydroxylamine on NOB was found to be irreversible [9]. Yang and Alleman 

[12] noted that the nitrite build-up in activated sludge batch cultures, correlated with the 

accumulation of free hydroxylamine, and not necessarily with FA nor with low DO 

concentrations [9]. 

Adding inhibitors for NOB is another approach for partial nitrification, such as sulfide, 

hydroxylamine, salt, heavy metals, chlorate, cyanate, halide, azide, hydrazine, and organic 

chemicals [9]. 
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2.3 Anaerobic ammonia oxidation: process description and influencing factors 

2.3.1 Introduction 

In 1995, Mulder et al. [26] observed in a denitrifying fluidized bed reactor losses in nitrogen 

balances which could be explained by the occurrence of anaerobic ammonia oxidation. Van de 

Graaf [27] demonstrated that the process was biologically mediated by microorganisms, 

labelled as anammox (anaerobic ammonia oxidation) organisms. Later, nitrite was proved to be 

the final electron acceptor, and not nitrate as initially figured, with hydroxylamine and 

hydrazine as main intermediate products [28]. 

Strous et al. [29] defined the stoichiometry of the overall synthesis-oxidation reaction (Eq. 2.4) 

which is to date still widely accepted, basing on mass balances on different microbial cultures 

enriched in anammox species; however, it was recently revised (Eq. 2.5) using a highly enriched 

culture of planktonic anammox bacterial cells [30]. 

NH4
+ + 1.32NO2

− + 0.066HCO3
− + 0.13H+ →

→ 1.02N2 + 2.03H2O + 0.066CH2O1.5N0.15 + 0.26NO3
− 

(Eq. 2.4) 

NH4
+ + 1.146NO2

− + 0.071HCO3
− + 0.057H+ →

→ 0.986N2 + 2.002H2O + 0.071CH1.74O0.31N0.20 + 0.161NO3
− 

(Eq. 2.5) 

 

Increasing number of studies and applications of anammox-based biological wastewater 

treatment have been reported since its first appearance [11]. Such processes are characterized 

by high volumetric nitrogen removal rates (NRR), low operative costs and reduced volume and 

area requirement [31]. Although the engineering application of anammox based technologies is 

affected by a limited bacteria growth rate and by a broad spectrum of inhibiting compounds 

normally present in wastewater [32], it has been successfully applied on a variety of 

ammonium-rich wastewater, such as anaerobic digestion supernatant, landfill leachate, swine 

manure, and wastewater from chemical, petrochemical and pharmaceutical industry; within 

2014 almost 100 full scale plants were established [1].  

2.3.2 Microbiology and kinetic aspects 

Anammox bacteria have been found in numerous natural sea and freshwater environments, and 

it is believed they play a significant role in natural nitrogen cycle: according to Dalsgaard [33], 

up to 70% of dinitrogen gas produced in marine sediments may be ascribed to anammox 

activity. They are characterized by a typical reddish pigmentation (Figure 2.1), attributed to the 
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high content in cytochrome c protein [29]. It is widely accepted that they are also characterized 

by a low specific growth rate: although different values were reported in literature [11], 

doubling time of 11 days calculated by Strous et al. [29], corresponding to a µmax=0.065 d−1, 

still represents a reference value. 

Anammox bacteria are affiliated with a monophyletic group in the phylum Planctomycetes [34], 

and the following five candidate genera have been tentatively proposed based on 16S and 23S 

rRNA gene sequence similarities: Candidatus Kuenenia, Candidatus Brocadia, Candidatus 

Anammoxoglobus, Candidatus Jettenia and Candidatus Scalindua; each bacterial genus 

contain phylogenetically diverse species of bacteria [35]. 

All anammox bacteria are strictly anaerobic organisms, characterized by a peculiar cell 

structure. The central cell structure, bound by a highly curved membrane, is called the 

anammoxosome, which observations define as a true cell organelle [36]. A variety of heme c 

proteins, such as hydroxylamine oxidoreductase (HAO)-like proteins and the hydrazine 

synthase (HZS) complex, are involved in anammox catabolism and are hypothesized to reside 

in the anammoxosome [36]. Another unique feature of anammox bacteria is the nature of the 

anammoxosome membrane constituents, i.e. the presence of saturated C17-C20 fatty acids and 

alcohols that are fused by cis-ring junctions to make ladder-like (‘ladderane’) cyclobutane and 

cyclohexane ring systems, which make the membrane highly packed and impermeable [36].  

 

Figure 2.1: Anammox granular aggregates cultivated at DICAAR laboratories by means of a 

sequencing batch reactor operated at NLR=1.5 gN/L·d.  
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The detailed description of anammox metabolism is still uncomplete [36]. As reported in recent 

reviews [35,36], an hypothetical catabolic model taking energy conservation into account was 

proposed by Strous et al. [37] on the basis of genome analyses and results from physiological 

experiments, suggesting a three-step process: (i) nitrite reduction to nitric oxide (NO), (ii) 

hydrazine (N2H4) biosynthesis from NO and ammonium and (iii) hydrazine dehydration to N2 

gas. The hydrazine biosynthesis and dehydration are supposed to take place at the 

anammoxosome. 

As reported by Kartal et al. [36], it has been established that anammox organisms are able to 

convert organic and inorganic compounds to sustain their metabolism, most notably formate, 

acetate, and propionate; however, organic compounds are fully oxidized to CO2 rather than 

being incorporated into cell biomass. Results from dedicated experiments indicated that 

apparently, ammonium was the preferred electron donor, whereas the organic compounds 

would be cometabolized, a type of metabolism that might be classified as ‘facultative chemo-

organotrophy’. The detailed description of such metabolic pathways still remains unclear and 

is currently investigated.  

Anammox bacteria were observed to perform the oxidation of organic (or inorganic) electron 

donors allowing them to metabolize in the absence of ammonium, thus adopting a ‘disguised’ 

denitrifying life-style. In this process, nitrate is first converted to nitrite, half of which is reduced 

to ammonium. Hereafter, ammonium and nitrite are combined to yield N2 by the anammox 

pathway. The six- electron reduction of nitrite to ammonium resembles the dissimilatory nitrite 

reduction to ammonium (DNRA) mechanism. However, the enzymes catalyzing such reaction 

still remain elusive. While acting as ‘disguised’ denitrifiers, both nitrogen atoms in N2 derive 

from nitrate, unlike in the standard anammox process. This will make it hard to assign N2 

production through nitrate reduction to anammox or ‘true’ denitrifiers. This ambiguity may lead 

to the underestimation of the contribution of anammox bacteria to N2 production in nature and 

explain contradictory results [36]. 

2.3.3 Nitrite, free nitrous acid, ammonium and free ammonia 

Nitrite is a toxic compound to many bacteria species, and anammox, although nitrite is directly 

involved in their metabolism, is not an exception. Thus, nitrite concentration control is a key 

process control parameter in engineered systems. 

Nitrite inhibition has been thoroughly investigated; although it has been widely recognized that 

anammox inhibition occurs at lower nitrite level compared to ammonium, there is still not a 

complete agreement on threshold values beyond which inhibition can be observed [11]. Strous 
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et al. [29] reported a total biomass inhibition at nitrite concentration of 100 mgN/L; later, 

Dapena-Mora et al. [38] observed 50% activity reduction after the biomass being exposed to 

concentrations up to 350 mgNO2-N/L. Such differences may be ascribed to numerous different 

operating conditions (inoculum, treated wastewater, reactor type, pH, HRT, feeding strategy, 

biomass aggregation, biomass growth support material, etc.) applied in different studies [39].  

Fernandez et al. [40] observed that FNA was the actual inhibiting compound, more than ionized 

nitrite, while opposite results were later observed by Lotti et al. [41]. In 2012, Jin et al. [32] 

synthesized many different results regarding nitrite and FNA anammox inhibition, concluding 

that an influent nitrite concentration of 280 mg/L (~85 mgN/L) can be assumed as ‘alarm’ 

threshold, while biomass should not be exposed to concentrations higher than 100 mgN/L (~330 

mgNO2/L) in order to avoid inhibition. 

Finally, Puyol et al. [42], assessed anammox activity inhibition through batch tests carried on 

at different nitrite, FNA and pH conditions. Results were fitted through a non-competitive 

inhibitory model: such model predicted that anammox inhibition was caused by both ionized 

nitrite and FNA, and inhibitory constants were predicted to be 561 mgN/L and 0.117 mgN/L 

for nitrite and FNA, respectively. The authors concluded that pH of the medium strongly affects 

the behavior of both chemical species, so that at pH values lower than 7.1, FNA is an important 

contributor to the inhibition; whereas, ionized nitrite is the predominant cause of inhibition at 

higher pH values. 

As to ammonium, first studies did not highlight any relevant inhibiting effect on anammox 

biomass, up to 1000 mgN/L [29], while Dapena-Mora et al., [38] calculated a 50% activity 

reducing concentration of 770 mgNH4-N/L; at the same time, the authors recognized FA as the 

actual inhibiting compound. Fernandez et al. [40] determined that stable anammox activity 

required FA concentration below 20-25 mgN/L to be maintained. However, different values 

were reported in literature, as pointed out by Jin et al. [32].  

2.3.4 Inorganic carbon 

Inorganic carbon (which is present in water mainly as bicarbonate) plays an important role in 

anammox process, not only as carbon source for the chemiolitotrophic metabolism, but also as 

pH regulating factor, thus helping in maintaining FA/ammonium and FNA/nitrite equilibrium. 

In 2008, Liao et al. [43] carried on an experiment aimed at assessing effects of different 

bicarbonate concentration on anammox activity. An increase in process performance and 

nitrogen removal efficiency was observed as bicarbonate increased from 1.0 to 1.5 and then to 
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1.75 g/L, while higher (2 g/L) bicarbonate concentrations led to a rapid decrease in process 

performance, mainly ascribed to FA inhibition caused by pH raise up to 8.1.  

2.3.5 Temperature and pH 

Temperature and pH influence on anammox bacteria have been studied extensively in recent 

years. These parameters strongly influence anammox bacteria directly, e.g. when determining 

the reaction rate and kinetics, as well as indirectly, e.g. when determining the toxicity of 

ammonium and nitrite, as FA and FNA, respectively [44]. 

Different authors [11,29,45] reported an optimal temperature range for anammox activity 

between 30 and 40°C. At temperature >45°C irreversible activity depletion was observed, 

ascribed to thermal cell lysis [46]. This means that the required temperature is much higher than 

the average municipal wastewater temperature. An effective low-temperature anammox 

process seems to be one of the most challenging but profitable processes to be performed in the 

mainstream of the municipal wastewater treatment plant [44]. Progressive anammox adaptation 

to low temperature was observed in different studies [46,47]. Several other sources also 

reported that a stable and reliable anammox process can be performed at room temperatures 

(<30°C) in single-stage reactors with relatively high nitrogen removal rates; moreover, they 

suggest that lower temperatures (below 12-13°C) strongly affect the anammox process [44]. 

Anammox activity is directly affected by pH change [44], as well as indirect effect may be 

caused by FA or FNA change along with pH. Thus, a broad range of optimal pH values were 

reported, ranging between 6.5 and 8.3 [44]. In a recent study [44], a meta-analysis of data 

collected from eight experiments was attempted, using a second-order polynomial equation 

correlating pH, temperature and relative specific activity with respect to a reference temperature 

of 30°C. Results indicated that along with the significant temperature influence on anammox 

activity, higher activity values were observed at higher pH, within a pH range of 7.2-8.1; 

furthermore, this effect intensified along with a decreasing temperature. Such results were 

considered consistent with those reported in previous studies. 

However, the data confirm that constant pH control is crucial for stable anammox performance. 

Maintaining the optimal pH in laboratory scale reactors is commonly done [44]. Acid/base 

dosing systems are also used in full-scale anammox plants [1,44]. 

2.3.6 Organic matter 

Generally, there are two different proposed mechanisms for the non-toxic organic matter 

inhibition of anammox [32]: (i) anammox bacteria competition with heterotrophic denitrifying 
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bacteria, which grow faster and can outcompete anammox in nitrite utilization under high 

concentration of organic matter; (ii) anammox bacteria perform different metabolic pathways, 

i.e., using organic matter rather than ammonium and nitrite as a substrate, as described in 

section 2.3.2.  

Heterotrophic denitrifiers are characterized, in optimal conditions, by higher growth rates, 

compared to anammox. However, slowly degradable compounds may represent a limiting 

substrate to such organisms, thus reducing their growth rate to the same values as anammox, 

irrespective of the initial COD concentration or COD/N ratio. Coexistence of anammox and 

denitrifying bacteria may play a significant role for the treatment of industrial wastewater 

characterized by high concentrations of both nitrogen and COD [48]; such coexistence may be 

facilitated through efficient controls of dissolved oxygen (DO), pH and temperature [32]. 

Generally, different authors reported anammox inhibition at COD concentration around 300 

mg/L and COD/NO2-N ratio of 2-3 [49]. 

Effect of specific organic compounds, both toxic and non-toxic, on anammox bacteria were 

also reported. 

Guven et al. [50] observed that anammox bacteria were irreversibly inhibited when exposed to 

relatively low concentration (15 mg/L) of ethanol and methanol. Methanol inhibition was also 

observed by other authors [32]. The mechanism of methanol inhibition of anammox was 

ultimately found to be formaldehyde inhibition. As reported by Isaka et al. [51], methanol may 

be converted to formaldehyde intracellularly because of the action of the anammox enzyme 

hydroxylamine oxidoreductase. Formaldehyde destroys enzyme and protein activity by 

irreversibly cross-linking the peptide chains, thus causing the irreversible inhibition of 

anammox. Based on these facts, the inhibition of anammox by alcohols is most likely caused 

by the anammox enzyme converting the alcohols into their corresponding aldehydes, which 

directly inhibits the Anammox reaction [32]. 

Other authors reported that anammox cultures acclimated to toxic compounds such as phenols 

(300-800 mg/L), cyanides (10-90 mg/L) and tiocyanate (300-500 mg/L) [52]. 

Short- and long-term inhibition caused by phenols was recently studied in both acclimated and 

unacclimated biomass in an upflow sludge blanket reactor (UASB), at lab scale, and using 

synthetic medium [53]. Phenols were observed to exert a remarkable effect on cell membranes, 

altering their permeability and structural integrity. Short-term effect resulted in a 50% activity 

reduction at phenol concentration around 680 mg/L; long-term experiments proved that the 

exposition of an unacclimated biomass to 50 mg/L phenols may significantly, although 
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reversibly, reduce anammox activity. Acclimation strategy to the same phenol concentration 

resulted in a limited reduction in nitrogen removal efficiency (-10%) and in specific activity, 

compared to the initial values. 

Few researches focused on assessing anammox inhibition by antibiotics, although high 

antibiotic concentrations were detected in aquatic environments, such as sewage treatment plant 

effluents, surface water, and even ground water [32]. To date, ten different antibiotics were 

tested [54]. Anammox are inhibited by antibiotics; however, results show that resistance of 

anammox bacteria to antibiotics in mixed-culture systems could be enhanced by the presence 

of non-anammox biomass [54]. 

2.3.7 Other influencing and inhibiting factors 

Since anammox bacteria were found in anoxic marine environments (mainly ascribed to 

Scalindua genera), they may represent a solution for the treatment of peculiar industrial 

wastewater characterized by high salinity. The presence of high-salinity concentrations in 

anammox systems has been studied deeply in the last decade, and the results confirmed that, 

although the response depends on the salt concentrations, enriched anammox consortium was 

sufficiently adapted up to 15 gNaCl/L [54] and there were not effects in specific anammox 

activity, while reduced activity was observed at 30 gNaCl/L [55]. Recently, Scaglione et al. 

[56] tested anammox inhibition upon exposure to digestates from biogas plants treating the 

organic fraction of municipal solid waste, and reported a significant correlation between 

observed inhibition and wastewater conductivity. The fitting modified non-competitive 

inhibition model resulted in an IC50 (concentration resulting in a 50% inhibition) value of 

6.09±1.17 mS/cm (corresponding to ~1.70 gNaCl/L), significantly lower than other values 

reported in literature. Such low value was explained by several factors, such as using a mixture 

of different salts rather than using the sole NaCl, different measurement conditions, and 

inoculum enriched in anammox genera previously reported as more sensitive to salinity 

changes. The authors concluded that salinity/conductivity may be used as control parameter to 

infer the short-term inhibition effect of certain wastewaters. 

Phosphate is a common inorganic inhibitor of the anammox process, although few specific 

studies are reported [32]. An IC50 value of 650 mgP/L was determined by Dapena Mora in 2007 

[38]. More recently, Carvajal-Arroyo et al. [57] investigated anammox inhibition caused by 

different compounds on both granular and suspended anammox enriched biomass, and 

observed that exposure to phosphate caused a modest activity decrease in suspended biomass 

with increasing phosphate concentration (IC50=25.3±5.9 mM, corresponding to ~780 mgP/L); 
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while phosphate stimulated the activity of the granular biomass by 60% at concentrations 

ranging 10–50 mM (300-1500 mgP/L). Authors concluded that such results suggested that the 

impact of phosphate on anammox activity is highly dependent on the aggregation degree of the 

biomass. 

The same authors tested the effect of sulfide, which is commonly found in anaerobic reactors 

as a product of mineralization of organic matter or sulfate reduction, on both granular and 

suspended anammox bacteria, in assays supplied with 0.1–10.0 mM Na2S, i.e. 3.2-321 mgS/L 

[57]. The toxicity of sulfide has often been associated with its unionized form (H2S): the authors 

reported that undissociated H2S caused serious inhibition of the anammox activity with IC50 

values of 0.03 and 0.11 mM (0.96 and 3.53 mgS/L) for the suspended and granular biomass, 

respectively. A concentration of unionized H2S as low as 0.32 mM (10.3 mgS/L) caused 

complete inhibition of the suspended biomass, while granular aggregates were able to conserve 

~24% of initial activity value at higher concentrations (0.9 mM, i.e. 28.9 mgS/L). No H2S 

consumption was observed in either abiotic or biological treatments during the course of the 

experiment. Authors ascribed the strong sulfide inhibiting effect to the high dependence of 

anammox process on heme proteins, since sulfide had been reported to interact with heme 

centers of cytochrome oxidase as well as to cause reduction of the heme iron in cytochrome c 

[57]. In another experiment, Jin et al. [58] observed that inhibitory effects of sulfide on 

anammox depended on substrate and sulfide level and exposure time. Long-term exposure to 

sulfide-S at 32 mg/L damaged the anammox performance, which could restore after a long 

operation time. The presence of sulfide altered the operational characteristics of the anammox 

system: specific anammox activity was almost totally depleted within 90 days, and the heme c 

level decreased by 42.3% after sulfide inhibition. The sulfide in the influent decreased the 

granule diameter and damaged the cell. The biomass growth rate was inhibited with the 

apparent doubling time of the nitrogen removal capacity largely extended [58]. 

Anammox bacteria were proved to be strictly anaerobic and inhibited by the presence of 

dissolved oxygen. It was reported that anammox process was inhibited reversibly by DO at a 

low level (<1-2% air saturation) and irreversibly at higher oxygen concentrations (>18% air 

saturation) [32]. More recently, Carvajal-Arroyo [57] determined IC50 value of 3.8 and 2.3 

ppmO2 for suspended and granular anammox biomass, respectively. However, DO is normally 

strictly controlled in anammox systems for avoiding oxygen inhibition, even at full scale [1]. 

In recent years, several publications have focused on the individual effects of heavy metals on 

the anammox process; however, the joint effect of heavy metals on the anammox process 
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remains poorly documented [59]. Heavy metals are not easily biodegradable and can 

accumulate in organisms, causing biological accumulation toxicity. Some kinds of nitrogen-

rich wastewater, such as landfill leachate, often contain high levels of heavy metal ions, such 

as Cu, Zn, Pb, Cd, Ag, Hg [32,59]. Van de Graaf et al. [27] reported complete anammox 

inhibition at a HgCl2 concentration of 1 mM. In a recent study [59], concurrent inhibition effect 

of Cu(II) and Zn(II) ions on anammox activity was evaluated. The most severe inhibition, 

resulting in a 20.1% residual anammox activity (compared to control value), occurred at Cu(II) 

and Zn(II) concentrations of 16.3 and 20.0 mg/L, respectively. Notably, the cumulative toxicity 

was mitigated by intermittent exposure acclimation. 

2.4 Anammox-based technologies and applications 

Autotrophic nitrogen removal consists of two different processes (i.e., partial nitritation and 

anammox) which can be carried out either in two different reactors (two-stage PN/anammox) 

or in a single reactor (single-stage PN/anammox). As recently reported by Lackner et al. [1], 

early PN/A implementations used two-stage reactor configurations or made use of already 

existing nitritation systems (e.g. SHARON type reactors). With more lab-, pilot- and full-scale 

experiences, focus has shifted mainly to single-stage systems, which implied less operational 

costs; however, two-stage configuration allowed higher process flexibility, e.g. for the 

treatment of wastewater containing toxic compounds as well as biodegradable organic matter, 

which were removed in the first stage, avoiding anammox process contamination [60,61]. 

In single-stage systems, environmental conditions promote simultaneous co-existence of both 

AOB and anammox bacteria, as well as heterotrophic denitrifying bacteria, while inhibiting 

NOB activity [62]. Most used strategy in this sense requires microaerated conditions (<0.5-1 

ppm) and pH control [1]. Aeration strategy probably represents the most critical operational 

parameter, as it directly influences DO concentration and gas-liquid oxygen transfer rate: this 

is of great importance in biofilm or granular systems, where diffusion can be limiting [63]. 

Different aeration strategies have been proposed to achieve a stable process to speed up the 

start-up phase and also to mitigate greenhouse gas emissions [64]. 

A variety of reactors configurations has been applied up to full-scale implementations, 

including the moving bed biofilm reactor (MBBR), granular sludge processes, up-flow 

anaerobic sludge blanket (UASB), and SBR, which is the most commonly used [1].  

In recent years, major efforts have been made towards the implementation of anammox-based 

technologies in mainstream municipal wastewater treatment [21,65]. 
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Chapter 3  

Preliminary evaluation of PN/anammox process feasibility to 

treat ammonium-rich effluents produced by double-stage 

anaerobic digestion of food waste 

3.1 Introduction 

Due to its increasing production observed in recent years, the eco-sustainable management of 

food waste (FW) has become a challenging environmental priority. The attractive possibility to 

modify the anaerobic digestion (AD) process of such wastes in order to achieve the recovery of 

energy as a mixture of H2 and CH4 (biohythane), rather than only CH4, is currently under 

investigation [1]. However, since AD has no significant effect on nitrogen, its liquid effluents 

are characterized by high ammonium concentrations (>1,000 mgNH4-N/L) and represent, if not 

properly managed, a threat to the environment. In order to develop a truly eco-sustainable 

approach, maximization of energy recovery from FW by anaerobic digestion (AD-FW) must 

be considered as important as the minimization of its potential environmental impacts. 

Within this framework, a double-stage system based on partial nitritation (PN) and granular 

sludge Anammox (ANaerobic AMMonium OXidation) was started up in this study, and fed 

with a synthetic influent simulating the NH4-N content and alkalinity of real wastewater 

produced by an AD-FW system aimed at the recovery of H2 and CH4. In order to determine the 

best operating conditions, different hydraulic retention times (HRT) and nitrogen loading rates 

(NLR) were tested for both reactors, and the effects of other process parameters and influent 

characteristics on reactors performance were thoroughly evaluated. Moreover, acute toxicity 

assessments and prolonged exposure tests were carried out to evaluate the response of 

unacclimated biomass to the real AD-FW wastewater. 

A comprehensive set of information was gathered, which will be helpful for the progressive 

replacement of the synthetic influent with real AD-FW wastewater. 

3.2 Materials and methods 

The PN unit consisted of a 2 L continuous flow stirred tank reactor operated as a chemostat 

(without biomass recirculation). A thermostatic bath was used to control temperature at 
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35±0.5°C; pH was constantly monitored and kept within the range 6.0-7.5 by dosing acid 

(H2SO4, 1M) or base (NaOH, 1M) solutions. Dissolved oxygen (DO) concentration was 

continuously monitored, and maintained at the desired level by supplying a variable mixture of 

air and dinitrogen gas in the bulk liquid at a constant rate (1 L/min). 

The reactor was inoculated with activated sludge drawn from the municipal wastewater 

treatment plant of Cagliari (Italy) and fed with a synthetic medium with a NH4-N concentration 

of 1,500 mg/L. Influent flow rate was kept at 1.4 mL/min, resulting in a hydraulic retention 

time (HRT) and a corresponding sludge retention time (SRT) of 1 d. Total nitrogen loading rate 

(NLR) was 1.5 gN/L·d. The influent alkalinity to ammonium-nitrogen molar ratio (Alk/N) was 

increased from 1 to 1.3 by adding bicarbonate (as NaHCO3) to the medium. The overall 

composition of the synthetic medium was: NH4HCO3 8,466 mg/L, KH2PO4 1,000 mg/L, 

MgSO4 100 mg/L, NaHCO3 0-2,700 mg/L, and 10 mL/L trace elements according to [2]. The 

resulting pH was 7.8-8.0. 

The plan of the experimental activity is summarized in Table 3.1. 

Table 3.1. Plan of the experimental activity PN reactor. 

Phase Duration NH4-N 

inf. 

NLR HRT Alk/N Dissolved 

Oxygen (DO) 

(d) (g/L) (gN/L·d) (d) (-) (mg/L) 

S1 59 1.5 1.0 1.5 1.0* ~sat. 

S2 54 1.5 1.2 1.25 1.0 ~sat. 

S3 60 1.5 1.5 1.0 1.0 ~sat. 

S4 30 1.5 1.5 1.0 1.0 2.0 

S5 21 1.5 1.5 1.0 1.3** 2.0 

S6 21 1.5 1.5 1.0 1.3 1.5 

S7 6 1.5 1.5 1.0 1.3 1.0 

* typical value reported in literature for synthetic influents of partial nitritation reactors. 

** average value observed in real AD-FW wastewater. 

 

As to the Anammox unit, a 3 L sequencing batch reactor (SBR) was operated at controlled 

temperature (35±0.5 °C) and pH (7.0±0.1), and inoculated with granular Anammox biomass 

originating from a previous experimental campaign. The 6-hour cycle configuration consisted 

of 200-267 min feeding, 83-150 min reaction, 5 min settling and 5 min effluent withdrawal. 

Mechanical mixing was provided by a marine impeller (80±5 rpm). At the beginning of each 

working cycle, inert N2 gas was flushed for 5 min, in order to assure anaerobic conditions inside 

the SBR. Temperature was controlled by a water jacket and a thermostatic bath (HAAKE, mod. 

F3-K); pH was maintained within the chosen range using 1M HCl and 1M NaOH. The vessel 
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was completely covered with tin foil, in order to avoid any penetration of light which would 

hinder anammox activity [3]. Temperature, ORP and pH monitoring was performed using InPro 

3250i pH/ORP probe (Mettler-Toledo) connected to a digital transmitter (Mettler Toledo, mod. 

M300). Process timing and control were performed via National Instrument CompactRio 

system and a custom made LabView (v.10.0) application. 

The composition of the synthetic medium was: NH4HCO3 3,848-3,938 mg/L, NaNO2 3,952-

4,030 mg/L, MgSO4·7 H2O 200 mg/L, KH2PO4 6.25 mg/L, CaCl2 300 mg/L, FeSO4·7 H2O 

12.5 mg/L and trace elements solution 1.25 mL/L [4]. Total influent nitrogen concentration was 

kept equal to 1,500 mg/L. Nitrogen loading rate (NLR) was progressively increased during the 

experiment, and hydraulic retention time (HRT) changed correspondingly, as showed in table 

3.2, Accordingly, the influent flow rate and the volumetric exchange ratio varied between 1.0-

2.0 mL/min and 0.11-0.17, respectively. 

Table 3.2. Plan of the experimental activity and main operating conditions for the Anammox unit. 

Phase Duration NH4-N 

inf. 

NO2-N 

inf. 

Influent NO2-N/NH4-N 

molar ratio 

NLR HRT 

(d) (g/L) (g/L) (-) (gN/L·d) (d) 

A1 35 0.70 0.80 1.15 1.0 1.5 

A2 43 0.70 0.80 1.15 1.2 1.25 

A3 176 0.70 0.80 1.15 1.5 1.0 

A4 96 0.65 0.85 1.30 1.5 1.0 

 

Influent and effluent NH4-N concentration was determined according to Standard Methods [5], 

using a Hitachi U-2000 spectrophotometer at a wavelength of 420 nm. NO2-N and NO3-N was 

determined by ion-chromatography using a DIONEX ICS-90 equipped with an AS14A Ion-

PAC 5 μm column. All samples were filtered (0.45 μm) before analyses, which were performed 

in triplicate. Free Ammonia (FA) and Free Nitrous Acid (FNA) concentrations were estimated 

according to Anthonisen et al. [6]. Total suspended solids (TSS) and volatile suspended solids 

(VSS) concentrations were determined according to Standard Methods [5]. 

Batch assessment of acute toxicity effects of real AD-FW wastewater produced by a two-stage 

anaerobic digestion process aimed at the recovery of H2 and CH4 from food waste on 

ammonium oxidizing bacteria were carried out as described by Ficara and Rozzi [7] on 

unacclimated biomass drawn from the PN reactor. Such test is based on the determination of 

IC50 value, i.e. the concentration of the tested wastewater/compound causing a 50% decrease in 

initial AOB activity. Also, prolonged exposure tests were carried out on the PN reactor by 
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temporarily replacing the synthetic influent with real AD-FW wastewater, using different 

exposure times. Specific Anammox activity (SAA) was determined according to [8]. 

Microbiological characterization was performed by fluorescence in situ hybridization (FISH) 

on representative biomass samples, according to Amann et al. [9]. Hybridizations with group 

specific probes for ammonium oxidizing bacteria (NSO1225, NSO190), nitrite oxidizing 

bacteria (NTSPA and NIT3), and Anammox bacteria (AMX820, AMX368 and PLA46) were 

carried out simultaneously with probes EUB338, EUB338-II and EUB338-III combined in a 

mixture (EUB338mix) for the detection of most bacteria, and with DAPI staining for 

quantifying the total number of cells. All probes were purchased from MWG-Biotech 

(Germany), and synthesized with 5’-FITC (green) and 5’-Cy3 (red) labels. Details on 

oligonucleotide probes are available at ProbeBase (Loy et al., 2007). Slides were examined with 

an epifluorescence microscope (Olympus BX51) at different magnifications (100, 400 and 

1000x); images were captured with an Olympus XM10 camera using Cell-F software 

(Olympus, Germany). DAIME software [10] was used for FISH quantification of hybridized 

cells.  

3.3 Results and discussion 

Partial nitritation was successfully achieved at each applied HRT (Figure 3.1), and NO3-N 

production remained always below 3% of total influent nitrogen, indicating the successful 

washout of nitrite oxidizing bacteria (NOB). However, a slightly longer period was required to 

achieve stable NH4-N removal efficiencies at the lowest HRT tested (it took 6, 5 and 11 days 

for HRT of 1.5, 1.25 and 1 d, respectively), due to the combined effect of low solids retention 

time and increased NLR. 

According to FISH analysis (Figure 3.2a and 3.2b), ammonium oxidizing bacteria were found 

to be dominant in the system (74% of total bacteria), and confirmed the almost complete 

washout of NOB (3% of total bacteria). 

Overall process performance did not change substantially, as summarized in Table 3.3. In 

particular, both NH4-N removal efficiency and effluent NO2-N/NH4-N molar ratio were lower 

than the stoichiometric values (i.e. 50% and 1.0, respectively), given the influent 

Alkalinity/NH4-N molar ratio of 1 and irrespective of the DO concentrations tested. As 

suggested by Van Hulle et al. [11], the short applied HRT (1 d) may have caused a mild limiting 

effect on AOB cell growth, as confirmed by the relatively low biomass concentration achieved 

in the PN reactor (134-198 mgVSS/L). As for other possible inhibiting factors, such as an 
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excess of free ammonia and free nitrous acid, or a lack of inorganic carbon, they can be 

reasonably excluded, since they were outside the ranges considered as inhibiting, according to 

Van Hulle et al. [12] and Guisasola et al. [13], respectively. 

 

Figure 3.1: Time profiles of ammonium removal efficiency (●) and effluent NO2-N/NH4-N molar ratio (□) 

during Phases S1, S2 and S3 of the Sharon reactor. 

 

 

Figure 3.2: FISH micrographs of PN biomass samples drawn at the end of Phase S3 

(a, b), and Anammox biomass samples drawn at the end of Phase A4 (c, d). a) Cy3-

labeled ammonium oxidizing bacteria (NSO1225 probe); b) overlapping of FITC-

labeled EUBmix and Cy3-labeled NSO1225 probes, resulting in yellow AOB cells; 

c) Cy3-labeled anammox bacteria (AMX820 probe); d) overlapping of FITC-labeled 

EUBmix and Cy3-labeled AMX820 probes, resulting in yellow anammox cells. Scale 

bar is 20 µm. 
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Table 3.3: Average performance values of PN reactor during Phases S1 to S4. 

Phase Effluent  

NH4-N 

Effluent  

NO2-N 

Effluent  

NO3-N 

Effluent NO2-N/NH4-N 

molar ratio 

NH4-N removal 

efficiency  

 (mg L-1) (mg L-1) (mg L-1) (-) (%) 

S1 787±52 627±66 7.7±3.4 0.90±0.09 48.2±2.2 

S2 756±33 781±42 19.6±1.9 1.04±0.08 49.2±2.0 

S3 799±30 721±20 10.3±3.3 0.90±0.05 46.4±2.2 

S4 802±41 714±43 10.8±3.5 0.89±0.09 47.0±2.3 

 

During Phase S5, the increase in Alk/N ratio up to the average value observed in real AD-FW 

wastewater (i.e., 1.3) led to a corresponding increase in both NH4-N removal efficiency (from 

47.0±2.3 to 60.8±4.5%) and effluent NO2-N/NH4-N molar ratio (from 0.89±0.09 to 1.58±0.27), 

compared to Phase S4. Surprisingly, good process performance was maintained even when DO 

concentration was reduced to 1.5 ppm (Phase S6), which is lower than DO levels usually 

adopted in conventional wastewater treatment plants; however, such interesting behavior must 

be confirmed with real AD-FW wastewater, where organics are also present. Further decrease 

in DO concentration (Phase S7) led to irreversible worsening of process performance (Figure 

3.3). 

 

Figure 3.3: Time profiles of ammonium removal efficiency (●) and effluent NO2-N/NH4-N molar 

ratio (□) during Phase S5 (D.O., 2 ppm), S6 (D.O., 1.5 ppm) and S7 (D.O., 1 ppm) of the PN reactor. 

 

Acute toxicity assessments carried out on unacclimated biomass drawn from the PN reactor 

showed the strong toxicity of real AD-FW even at low concentrations: IC50 dosages ranged 

from 11 to 47 mL/L, with a strong positive correlation with VSS concentration (Figure 3.4). 

Prolonged exposure tests (exposure times of 1 h, 2 h, 4 h and 8 h) were carried out during S3 

experimental phase. Results showed an increase in process performance, which was directly 
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proportional to exposure time. During the 8 h-long test, NH4-N removal efficiency and effluent 

NO2-N increased from 47% to 56%, and from 726 to 848 mg/L, respectively. Such positive 

effect progressively decreased after switching back to the synthetic feeding, and it was related 

to the combination of AD-FW wastewater higher Alk/N ratio compared to S3 synthetic influent 

(1.3 and 1.0, respectively), and dilution rate in the chemostat, which avoided biomass inhibition. 

 

Figure 3.4. Correlation between VSS concentration and 

measured IC50 value of real AD-FW wastewater on PN 

biomass. 

 

As to the Anammox reactor, a fairly stable behaviour was observed throughout the whole 

experiment (Fig. 3.5): nitrite discharge rate (NitDR) was negligible (mostly zero), the NRR 

(nitrogen removal rate) to NLR ratio (NRR/NLR) was 97±4%, and the total nitrogen removal 

efficiency (NRE) was 89±4%, indicating good process performance. The observed removed 

NH4-N/removed NO2-N/produced NO3-N ratio was 1/1.24±0.10/0.19±0.02 during Phases A1 

through A3. During Phase A4, a higher influent NO2-N/NH4-N ratio was applied, mainly 

resulting in a slight increase in overall performance (NRR/NLR ratio and NRE increased to 

98.5±0.5% and 89.9±0.5%, respectively). 
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Figure 3.5: Time profiles of NLR, NRR, NitDR and NRE in the Anammox unit. 

 

SAA showed an increasing trend as the applied NLR was increased (Phases A1-A3), while no 

substantial differences were observed between Phases A3 and A4 (Figure 3.6).  

As expected, FISH analysis confirmed the abundance of Anammox bacteria (Figure 3.2.c and 

3.2.d), which accounted for 66±1.8% of total bacteria (Phase A4), in agreement with previously 

reported studies [14]. 

 

 

Figure 3.5: Average specific Anammox activity (SAA) observed 

during Phases A1, A2, A3 and A4. 
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3.4 Conclusions 

Based on the results observed, the following main conclusions can be drawn: 

• reducing the HRT in the PN reactor did not cause any significant effect on process 

performance, although a slightly longer time was required to achieve process stability; 

• increasing synthetic influent alkalinity up to typical values of real AD-FW wastewater 

led to an improvement of PN reactor performance, which produced an effluent suitable 

to be treated by Anammox even at low DO concentrations (1.5 ppm); 

• although acute toxicity batch assessments showed a potential toxicity of real AD-FW 

wastewater, prolonged exposure tests (continuous operation) showed an improvement 

of process performance, suggesting the combination of AD-FW wastewater high 

alkalinity and dilution rate in the chemostat as a possible key factor to avoid inhibition 

and process failure when switching to real AD-FW wastewater; 

• granular Anammox SBR was able to withstand the same NLRs applied to the PN unit, 

and the increase of influent NO2-N/NH4-N molar ratio (corresponding to higher NH4-N 

removal rates in the Sharon reactor) led to an increase in NRE. 

• The information gathered in this study will be useful for the treatment of real AD-FW 

wastewater. 
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Chapter 4  

Evaluation of nitrous oxide gaseous emissions from a partial 

nitritation reactor operating under different conditions 

4.1 Introduction 

According to the intergovernmental panel on climate change [1], nitrous oxide (N2O) has a 

strong ozone layer depleting potential, and the third largest radiative forcing (i.e., the capacity 

of a gas to affect the balance between incoming solar radiation and outgoing infrared radiation, 

thereby contributing to climate change) among the anthropogenic gases, with an estimated 

lifetime of 131 years and a global warming potential up to 300 fold higher than CO2. 

Although the emissions of nitrous oxide from wastewater treatment plants (WWTPs) are 

relatively small (3% of the estimated total anthropogenic N2O emissions), indeed they represent 

a significant factor (26%) in the greenhouse gas (GHG) footprint of the total water chain [2]. 

In recent years, the assessment of N2O emissions from WWTPs, in particular from biological 

nitrogen removal processes, has become of great environmental concern. Law et al. [3] reported 

two key metabolic pathways involved in N2O production by autotrophic ammonia oxidizing 

bacteria (AOB): autotrophic ammonia oxidation, where N2O can be formed as a side product 

during the conversion of the ammonium-oxidation intermediate hydroxylamine (NH2OH) to 

nitrite; and nitrifier denitrification (i.e. the reduction of NO2 to NO and N2O by autotrophic 

AOB, under oxygen limiting conditions). 

For the treatment of ammonium-rich liquid streams like, among the others, reject water, landfill 

leachate, livestock manure, and petrochemical wastewater [4–7], the combination of partial 

nitritation (PN) and anammox (ANaerobic AMMonium OXidation) has been proved to be an 

efficient and cost-effective solution, compared with conventional biological processes based on 

nitrification and denitrification. However, shortcut nitrogen removal via the nitrite pathway is 

likely a major contributor to overall N2O emission [8], since nitrite is reported to trigger nitrous 

oxide production [2]. 

In this study, a lab-scale PN reactor was fed with an ammonium-rich synthetic medium 

simulating the NH4-N content and alkalinity of the liquid effluent produced by the anaerobic 

digestion of food waste (AD-FW), and gaseous N2O emissions were measured with different 
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operating conditions, in order to strike the right balance between overall process performance 

and N2O release in the atmosphere. 

4.2 Materials and methods 

4.2.1 Reactor setup and operation 

The PN unit consisted of a 2 L continuous flow stirred tank reactor operated as a chemostat 

(without biomass recirculation). A thermostatic bath was used to control temperature at 

35±0.5°C; pH was constantly monitored and kept within the range 6.0-7.5 by dosing acid 

(H2SO4, 1M) or base (NaOH, 1M) solutions. 

During the experiments, dissolved oxygen (DO) concentration was continuously monitored, 

and maintained at the desired level by supplying a variable mixture of air and dinitrogen gas in 

the bulk liquid at a constant rate (1 L/min). 

A schematic representation of the experimental apparatus is reported in Figure 4.1. 

 

Figure 4.1: Schematic representation of the experimental apparatus. 

 

As reported in Milia et al. [9], the reactor was inoculated with activated sludge drawn from the 

municipal wastewater treatment plant of Cagliari (Italy), fed with an ammonium-rich synthetic 

medium (1,500 mgNH4-N/L), and operated for four months before carrying out the experiments 

described in this study. 
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Influent flow rate was kept at 1.4 mL/min, resulting in a hydraulic retention time (HRT) and a 

corresponding sludge retention time (SRT) of 1 d. Total nitrogen loading rate (NLR) was 1.5 

gN/L·d. The influent alkalinity to ammonium-nitrogen molar ratio (Alk/N) was increased from 

1 to 1.3 by adding bicarbonate (as NaHCO3) to the medium. The plan of the experimental 

activity is summarized in Table 1. 

Table 4.1: Plan of the experimental activity. 

Phase Duration 

(d) 

DO 

(mgO2/L) 

Alk/N 

(-) 

1 34 5.0 1.0* 

2 19 3.0 1.0 

3 17 2.0 1.0 

4 21 2.0  1.3** 

5 21 1.5 1.3 

6 6 1.0 1.3 

* typical value reported in literature for synthetic influents fed to PN reactors. 

** average value observed in real AD-FW wastewater. 

 

The overall composition of the synthetic medium was: NH4HCO3 8,466 mg/L, KH2PO4 1,000 

mg/L, MgSO4 100 mg/L, NaHCO3 0-2,700 mg/L, and 10 mL/L trace elements according to 

Milia et al. [6]. The resulting pH was 7.8-8.0. 

4.2.2 Analytical procedures 

Influent and effluent NH4-N concentration was determined according to Standard Methods 

[10], using a Hitachi U-2000 spectrophotometer at a wavelength of 420 nm. The concentration 

of NO2-N and NO3-N was determined by ion-chromatography using a DIONEX ICS-90 

equipped with an AS14A Ion-PAC 5 μm column. All samples were filtered (0.45 μm) before 

analyses, which were performed in triplicate. Free Ammonia (FA) and Free Nitrous Acid (FNA) 

concentrations were estimated according to Anthonisen et al. (1976) [11]. Total suspended 

solids (TSS) and volatile suspended solids (VSS) concentrations were determined according to 

Standard Methods [10]. 

Nitrous oxide measurement campaigns were carried out during each experimental Phase, as 

steady state conditions were achieved (the only exception was Phase 6, due to the lack of 

process stability): headspace gas was collected from the reactor at constant flow rate (1 L/min), 

sent to a gas conditioning system (Bühler, mod. TGAK 3) and then to a gas analyzer (Servomex, 

mod. 4100), where continuous measurement of N2O concentration (as ppmv) was performed 

via infra-red gas-filter correlation. Continuous mixing and aeration avoided N2O accumulation 

in the bulk liquid. Each measurement campaign lasted from 13 to 24 hours, and data acquisition 
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rate was set at 1 sample/min. The N2O-N emission rate (ER) was calculated according to Lv et 

al. [12], with some modifications (Eq. 1): 

ER = 𝑐 ∙ 𝑄 ∙ 𝑝 ∙ 𝑀𝑁 ∙ 2/(1000 ∙ 𝑅 ∙ 𝑇 ∙ 𝑉𝐿)  (Eq. 1) 

Where: ER is the N2O-N emission rate (mgN/L·d), c is the N2O level in the gas sample (ppmv), 

Q is the volumetric flow rate of the off-gas (L/d), p is the atmospheric pressure (1 atm), MN is 

the molar mass of nitrogen (g/mol), R is the gas constant (0.082056 L·atm/mol·K), T is the 

temperature (K) and VL is the working volume of the reactor (L). 

The N2O-N emission factor (EF) was then calculated by dividing ER by the corresponding 

average ammonium-nitrogen oxidation rate (AOR, mgN/L·d). 

Liquid samples were also collected from the mixed liquor at the beginning/end of each N2O 

measurement campaign, and analyzed in order to determine NH4-N, NO2-N and NO3-N 

concentrations. The dissolved N2O concentration could not be measured in the present 

experiment; by the way, continuous blowing of a variable mixture of air and dinitrogen gas at 

a constant rate allowed continuous stripping of dissolved nitrous oxide from the liquid phase. 

Moreover, given the operational conditions applied, gas solubility could be considered as a 

constant, thus, the evaluation of nitrous oxide gaseous emissions could be assumed as 

representative of overall N2O production. 

4.3 Results and discussion 

4.3.1 Reactor performance 

During the whole experiment, error in nitrogen balances averaged out at less than 1%. As shown 

in Figure 4.2, the decrease in DO concentration from 5 to 2 mgO2/L (Phases 1-3) did not cause 

any significant change in NH4-N, NO2-N and NO3-N effluent concentrations; coherently, the 

average ammonium removal efficiency and effluent NO2/NH4 molar ratio measured through 

Phases 1 to 3 were 47±3% and 0.9±0.1, respectively, indicating very stable process 

performance. Despite the high process stability, such values were found to be slightly lower 

than expected (i.e., 50% and 1.0, respectively), considering the applied Alk/N molar ratio [13]. 

As suggested by Van Hulle et al. [13], the short applied HRT (1 d) may have caused a mild 

limiting effect on AOB cell growth, as confirmed by the relatively low biomass concentration 

achieved in the PN reactor (Table 4.2). As for other possible inhibiting factors, such as an excess 

of free ammonia and free nitrous acid, or a lack of inorganic carbon, they can be reasonably 
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excluded, since they were outside the ranges considered as inhibiting, according to Van Hulle 

et al. [14] and Guisasola et al. [15], respectively. 

 

Figure 4.2. Trends of NH4-N (influent and effluent), NO2-N (effluent) and NO3-N (effluent) 

concentrations observed during the whole experimental study. 

 

Starting from day 70 (Phase 4), the increase in Alk/N molar ratio to 1.3 led to a corresponding 

increase in both NH4-N removal efficiency (from 47±3 to 61±5%) and effluent NO2/NH4 molar 

ratio (from 0.9±0.1 to 1.6±0.3), compared to previous Phases. Decreasing DO concentration to 

1.5 mgO2/L (Phase 5) did not cause any significant change in overall process performance, 

suggesting that limiting conditions did not occurred even below the DO concentration usually 

adopted in conventional WWTPs. 

Table 4.2. Average process performance observed during each experimental Phase, under steady state conditions 

(Phase 6 is not considered, due to process instability). 

Phase Influent 

NH4-N 

Effluent 

NH4-N 

Effluent 

NO2-N 

Effluent 

NO3-N 

NH4 

removal 

efficiency 

Effluent 

NO2/NH4 

ratio 

Biomass 

concentration 

Maximum FA 

concentration 

 (mg/L) (mg/L) (mg/L) (mg/L) (%) (-) (mgVSS/L) (mgNH3/L) 

1 1522±29 806±32 749±33 12±2 47±2 0.9±0.1 157±47 13.8 

2 1536±21 819±47 707±59 12±4 47±3 0.9±0.1 134±26 14.0 

3 1490±6 789±42 709±16 9±2 47±3 0.9±0.1 135±25 13.5 

4 1482±47 580±59 902±90 2±2 61±5 1.6±0.3 177±16 9.9 

5 1535±13 598±59 953±64 4±2 61±4 1.6±0.2 198±25 10.2 

 

However, the further decrease in DO concentration from 1.5 to 1.0 mgO2/L (Phase 6) led to the 

irreversible worsening of process performance (Figure 4.2): ammonia started to accumulate and 

pH raised up to 7.5 due to the lower alkalinity removal. After few days an almost complete 

washout of biomass was observed. Maximum FA concentration in the reactor was estimated 
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around 50 mgNH3/L, much lower than those indicated as inhibiting by Van Hulle et al. [14]; 

therefore, the worsening of process performance was ascribed to the occurrence of oxygen 

limiting conditions. The threshold level observed in this study for DO concentration (1.5 

mgO2/L) may depend on several factors (e.g., reactor configuration, low HRT, etc.), and is 

consistent with the broad range of DO threshold concentrations reported in previous studies: 

Guisasola et al. [16] indicated an oxygen affinity constant for autotrophic ammonium oxidation 

within the range 0.16-2.0 mgO2/L; Van Hulle et al. [14] observed the worsening of process 

performance in a Sharon reactor operating at DO concentration lower than 3 mgO2/L; more 

recently, partial nitritation SBRs were successfully operated at DO concentration even lower 

than 1 mgO2/L [12,17]. Although it cannot be excluded that fine tuning of process parameters 

would allow to reduce the DO threshold concentration, such investigation was out of the scope 

of this study. 

4.3.2 N2O emissions 

As long as process performance was good and stable in terms of AOR and ammonium 

conversion to nitrite (Phases 1-5), N2O emissions in the off-gas remained very low (average 

N2O concentration in the off-gas and ER ranged between 2.5-3.2 ppmv and 2.1-2.7 mgN/L·d, 

respectively), regardless of the applied DO concentration (Figure 4.3a). Coherently, the 

increase in AOR due to the higher Alk/N molar ratio applied during Phases 4 and 5 was 

accompanied by a significant reduction of N2O-N emission factor, i.e. from 0.35% (Phases 1-

3) to 0.23% (Phases 4-5) of AOR (Figure 4.3b). The low N2O-N emission factors observed 

during Phases 1 to 5 can be likely ascribed to the positive effect of continuous mixing and 

aeration, which minimized the occurrence of anoxic conditions in the lab-scale reactor even at 

relatively low DO concentrations (1.5 mgO2/L, Phase 5), thus reducing the occurrence of 

nitrifier denitrification. Indeed, such results look promising, compared with those previously 

reported in literature, although a direct comparison may be difficult, since the broad range of 

reported N2O emission rates refer to very different system configurations (i.e. chemostat, 

continuous flow stirred tank reactor, sequencing batch reactor), size (i.e. lab-scale, pilot plant, 

full-scale plant) and operating conditions [2,18,19]. 
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Figure 4.3. Process performance in terms of AOR and N2O-N emission rate (a), and N2O-N emission factor 

(b), observed during the experimental campaign. 

 

De Graaff et al. [20] treated the liquid effluent of a UASB reactor using a continuous flow 

reactor without biomass retention, with a DO concentration above 2 mgO2/L, and detected a 

N2O emission factor ranging between 0.6 and 2.6% of total nitrogen load (0.14-0.30% in this 

study); Law et al. [21] determined an average N2O emission factor of 1.0±0.1% of total 

ammonium converted in a PN-SBR; lab-scale PN-SBR systems, fed with synthetic influents 

and operated at different DO levels, were also studied by Rathnayake et al. [22] (DO = 2 ppm), 

who reported quite variable nitrous oxide emission factors, averaged out at 1.5±0.8% of the 

converted ammonium, and Kinh et al. [8], who observed a N2O emission factor of 0.11-0.90% 

of oxidized ammonium, depending on pH, with DO kept in the range of 0.5-1.0 ppm: in both 

cases hydroxylamine oxidation, which is proportional to ammonia oxidation rate, was identified 

as the major N2O production contributor. On the other hand, a different behavior was observed 

in our study, since nitrous oxide emission factor decreased as AOR increased (Phases 4-5), thus 

indicating the minimization of hydroxylamine oxidation-driven N2O production at DO levels 

of 2 ppm or lower. Pijuan et al. [23] studied the effect of different DO concentrations on N2O 

emissions from a continuous pilot-scale granular airlift reactor performing both full and partial 

nitritation: the lowest emission factor (2.2% of total converted ammonium) was measured at 

DO concentrations above 4.5 mgO2/L (when DO was reduced, a proportional increase of N2O 

emission factor was observed, up to 6% of converted ammonium); a similar behavior was 

reported by Lv et al. [12] who achieved stable partial nitritation in a SBR operating at oxygen-

limiting conditions (DO = 0.35-0.85 mgO2/L), and measured N2O emissions ranging from 0.57 

to 2.35% of total influent nitrogen; conversely, in this study the emission factor decreased as 
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dissolved oxygen decreased (Phases 1-5), as long as limiting conditions did not occur. A 

schematic comparison among results reported in literature and those achieved in this study is 

reported in Table 4.3.  

As DO concentration was further reduced to 1 mgO2/L (Phase 6), the sudden increase in both 

N2O emission rate (> 4.5 mgN/L·d) and factor (up to 0.61% of AOR) was observed, consistently 

with the worsening of the overall process performance described previously. At DO 

concentrations below 1.5 mgO2/L, the shortage of available oxygen likely caused the increase 

in the anoxic formation of N2O due to nitrifier denitrification, which has been recognized as the 

main pathway contributing to N2O production [3]. Law et al. [24] observed an opposite behavior 

(i.e., the decrease in N2O production with decreasing DO concentration) in AOB cultures 

previously adapted to low DO concentrations (0.5-0.8 mgO2/L) and exposed to relatively high 

NH4-N and NO2-N concentrations (500 mgN/L); however, influent NH4-N concentration was 

much higher in our study (1,500 mgN/L), so that complete AOB acclimation to low DO levels 

may not be enough to achieve stable partial nitritation. 

4.4 Conclusions 

In this study, a PN reactor was fed with a synthetic medium at a constant NLR of 1.5 gN/L·d, 

and N2O gaseous emissions were measured with different applied Alk/N molar ratios (1.0-1.3) 

and DO concentrations (5.0-1.0 mgO2/L). As DO concentration was not limiting, stable process 

performance was achieved in terms of AOR and ammonium conversion to nitrite, and N2O 

emissions in the off-gas were lower than most of the values reported in previous studies. The 

increase in influent Alk/N was accompanied by the corresponding increase in AOR, while N2O 

emission rates did not change significantly, thus resulting in the reduction of the N2O-N 

emission factor. Unlike many of the results previously reported in literature, where increase in 

AOR or decrease in DO level appeared to trigger nitrous oxide production, reactor configuration 

adopted in this study (i.e., non-aerated settling and discharge phases were avoided) coupled 

with a continuous aeration strategy led to minimization of anoxic conditions. As a consequence, 

this contributed to the reduction of N2O emissions even at low, as long as not process-limiting, 

dissolved oxygen concentrations. As DO was set at 1.0 mgO2/L, overall process performance 

was irreversibly compromised: beside the drop in AOR, a corresponding increase in N2O-N 

emission factor was observed. Nitrifier denitrification, more than hydroxylamine oxidation, was 

suggested as the main pathway contributing to N2O formation.  
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Results showed that the environmental footprint of partial nitritation process can potentially be 

reduced by applying proper aeration strategy at relatively low DO concentrations; moreover, 

chemostat reactor configuration can represent a suitable choice even at high N load. Results are 

promising, and further investigation in this sense will be carried out treating real wastewater.  
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Table 4.3. Schematic comparison among results reported in literature. 

Reference PN-reactor type Influent type Influent NH4-N HRT NLR D.O. N2O-N emission 

factor 

N2O-N emission 

factor 

   (mg/L) (d) (gN/L d) (mg/L) (per influent NH4-N) (per oxidized NH4-

N) 

This 

study* 

Chemostat, lab-

scale 

Synthetic 1,535±13 1.0 1.5 1.5 0.14% 0.23% 

[8] SBR, lab-scale Synthetic 300-1,000 1.0 0.3-1.0 0.5-1.0 - 0.11-0.90% 

[12] SBR, lab-scale Synthetic 600 0.5 1.2 0.35-0.85 0.57-2.35% - 

[18] Chemostat, full 

scale 

Reject water 1,200-1,600 2.0-3.0 0.4-0.8 2.5 1.7% 3.4% 

[20] Air-lift 

continuous 

reactor, lab-

scale 

Anaerob. 

digested black 

water 

1,500±0.19 1.3-1.7 0.88-1.15 > 2 0.6-2.6% - 

[21] SBR, lab-scale Synthetic 1,000 1.0 8.0 0.5-0.8 - 1.0% 

[22] Granular SBR, 

lab-scale 

Synthetic 350 0.3 1.0 2.0 0.8±0.4% 1.5±0.8% 

[23] Granular airlift 

continuous 

reactor, pilot 

scale 

Reject water 726±50 0.4-0.6 0.85 4.4-6.7 

 

- 2.2±0.4 % 

[23] Granular airlift 

SBR, pilot scale 

Reject water 450±78 0.4-0.6 approx. 0.9 5.7-7.2 - 19.3±7.5 % 

* Values observed during Phase 5 (best performance) 

 

.
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Chapter 5  

Application of the two-step PN/Anammox process to the 

treatment of liquid residues produced by double-stage 

anaerobic digestion of food waste 

5.1 Introduction 

In the present chapter, the experimental activity carried out using the real target wastewater was 

described and results reported. The liquid fraction originating from a scale two-step anaerobic 

digestion of food waste system was characterized and fed in the PN reactor. PN reactor was 

seeded with conventional active sludge, and operated in a semi-continuous batch mode in order 

to promote the biomass AOB enrichment. Stable nitritation process was achieved within 42 

days, using the real wastewater as the only feeding. Subsequently, reactor operation was 

switched to continuous flux without biomass retention (chemostat). Different operating 

conditions were applied in order to achieve stable partial nitritation; fine tuning of operational 

parameters was also performed in order to achieve an effluent nitrite/ammonium molar ratio 

that matched the range considered suitable for subsequent anammox process. 

The effluent from PN unit progressively replaced the synthetic influent to the anammox reactor, 

and anammox was fed using 100% real wastewater for 74 days overall. Influent 

nitrite/ammonium molar ratio was at first regulated using chemicals, and then by mixing the 

effluent from PN unit with the target wastewater as such, i.e. not previously treated by PN unit. 

Such solution, although proposed by many authors, to the best of our knowledge was reported 

to be tested only once. 

A novel approach to anammox sludge characterization was also attempted in this experiment, 

based on the determination of the color of the biomass. To the best of our knowledge, a similar 

approach was proposed only once. Anammox bacteria are well-known to show a clear reddish 

color due to high content in heme c proteins: in this experiment, color of the biomass was 

univocally measured and related to increasing share of real wastewater on the influent, as well 

as to SAA and microbiological composition of the sludge, in order to assess whether a 

significant correspondence among those parameters could support such characterization as a 

potential quick, simple and cost-effective indirect measurement of process performance, 

metabolic activity and biomass enrichment  
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5.2 Materials and methods 

5.2.1 Reactors 

The Sharon unit consisted of a 2 L continuous flow stirred tank reactor operated as a chemostat 

(without biomass recirculation), at controlled temperature, pH and dissolved oxygen (DO) 

concentration. In particular, pH and DO were monitored using InPro 4280i and 6850i probes 

(Mettler-Toledo), respectively, which were connected to a digital transmitter (Mettler-Toledo, 

mod. M300). pH was kept below 7.6 by dosage of 1M H2SO4, while no low setpoint value was 

adopted. Different DO levels (2.5 mg/L to saturation) were provided by intermittent air supply. 

Air flow rate was adjusted to 1 NL/min. Temperature was kept at 35±0.5°C by a water jacket 

and a thermostatic bath (HAAKE, mod. F3-K).  

Influent flow rate was changed during the experiment, resulting in a variable HRT ranging from 

1.5 to 0.5 days. Reactor was initially inoculated with activated sludge drawn from the municipal 

wastewater treatment plant of Is Arenas, Cagliari (Italy), and operated under different 

conditions in order to achieve selection of ammonia oxidizing bacteria (AOB) and stable partial 

nitritation (see section 5.2.7). 

The Anammox unit consisted of a 3 L sequencing batch reactor (SBR), with a working volume 

of 2.13 L, operated at controlled temperature (35±0.5 °C) and pH (7.0±0.1), inoculated with 

granular Anammox biomass originating from a previous experimental campaign. The reactor 

was operated in fed-batch mode with a 6-hour cycle configuration (267 min feeding, 83 min 

reaction, 5 min settling and 5 min effluent withdrawal). Mechanical mixing was provided by a 

marine impeller (80±5 rpm). At the beginning of each working cycle, inert N2 gas was flushed 

for 5 min, in order to assure anaerobic conditions inside the SBR. The influent flowrate was set 

at 2.0 mL/min; the volumetric exchange ratio was kept equal to 0.17, corresponding to a 

hydraulic retention time (HRT) of 1 d. Temperature was controlled by a water jacket and a 

thermostatic bath (HAAKE, mod. F3-K); pH was maintained within the chosen range using 1M 

HCl and 1M NaOH. The vessel was completely covered with tin foil, in order to avoid any 

penetration of light which would hinder anammox activity [3]. Temperature, ORP and pH 

monitoring was performed using InPro 3250i pH/ORP probe (Mettler-Toledo) connected to a 

digital transmitter (Mettler Toledo, mod. M300). Process timing and control were performed 

via National Instrument CompactRio system and a custom made LabView (v.10.0) application. 

A schematic representation of the whole Anammox apparatus is reported in Figure 5.1.  
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Figure 5.1: Schematic representation of the whole Anammox apparatus. 

 

5.2.2 Treated wastewater 

According to Hy.Me.C.A. project goals, the target real wastewater, which was subsequently 

fed to the PN reactor, originated from the outcomes of a lab-scale system developed at DICAAR 

laboratories, and aimed at the production of hydrogen and methane by double stage anaerobic 

digestion of food waste (AD-FW). The liquid fraction was obtained through coagulation-

flocculation treatment, using a 3% v/v dosage of a cationic polyelectrolyte (Tillmanns Tillflock 

1460, 5 g/L emulsion). Average characterization is provided in Table 5.1.  

Main VFA detected were acetic acid (50%), propionic acid (13%) and butyric acid (13.5%). 

Table 5.1: Average composition of the target wastewater. 

Parameter Value u.m. 

pH 8.1±0.2 - 

NH4-N  1,507±98 mg/L 

TNb  1,611±105 mg/L 

Alkalinity 6,950±201 mgCaCO3/L 

TOC, soluble  480±60 mg/L 

COD, total  1,530±77 mg/L 

COD, soluble  1,121±56 mg/L 

BOD5/CODtot  0.19±0.02 - 

VFA  50±2 mg/L 

TSS  0.51±0.10 g/L 

VSS  0.38±0.10 g/L 
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5.2.3 Analytical methods 

NH4-N concentration was determined according to Standard Methods [4] using a Hitachi U-

2000 spectrophotometer at a wavelength of 420 nm. Concentrations of NO2-N and NO3-N were 

determined by ion-chromatography using a DIONEX ICS-90 equipped with an AS14A Ion-

PAC 5 μm column. All samples were filtered (0.45 μm) before analyses, which were performed 

in triplicate. Free Ammonia (FA) and Free Nitrous Acid (FNA) concentrations were estimated 

according to Anthonisen et al. (1976) [5]. Total nitrogen bound (TNb) was determined 

according to standard method EN ISO 11905-1 (digestion with peroxodisulphate and 

subsequent photometric detection) using Hach LCK338 cuvette test and Hach DR6800 

spectrophotometer. Alkalinity was measured by potentiometric titration to preselected end-

point pH, using an automatic titrator (AT-510, KEM electronics). 

Content in organic matter was routinely measured as dissolved total organic carbon (DOC) by 

means of a Shimadzu TOC-V analyzer. All samples were filtered (0.45 μm) before analysis, 

which was performed in triplicate. Total COD and soluble COD (i.e., after filtration of samples 

through a 0.45 μm membrane) were measured according to Standard Methods [4] 5220 B (open 

reflux method, digestion with potassium dichromate). The remarkable amount of nitrite (up to 

1,000 mgN/L) in the effluent of the Sharon unit / influent to the anammox unit, represented an 

unavoidable interference [4] that hindered the possibility of using COD assessment for reliable 

mass balance of organic matter. BOD was measured using a respirometry set based on a LSS 

(liquid phase, static gas, static liquid) principle [6] (Velp BOD Sensor System 6). It consisted 

of a set of dark glass airtight bottles equipped with pressure sensors for continuous measurement 

of the oxygen uptake. VFAs were measured by static headspace gas chromatography (Agilent, 

mod. 6890-N; headspace auto-sampler, Agilent, mod. 7694) equipped with a DB-FFAP column 

(30 m × 0.25 mm × 0.25 µm) and a flame ionization detector (FID). 1 g NaCl, 0.2 mL H2SO4 

2M and 20 µL crotonic acid 10 mM were added to samples (2 mL) before analysis. 

Total suspended solids (TSS) and volatile suspended solids (VSS) concentrations were 

determined according to Standard Methods [4]. 

5.2.4 Nitrogen mass balances 

During the experiment, influent and effluent total nitrogen was calculated as the sum of NH4-

N, NO2-N and NO3-N. Nitrogen uptake by heterotrophs in aerobic and anaerobic conditions 

was estimated, while nitrogen loss due to the growth of autotrophic bacteria (AOB, NOB and 

anammox) was generally neglected. 
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Supposedly, only aerobic metabolism took place inside the Sharon reactor. Apart from AOB 

and NOB activity, a contribution to ammonium removal may have been given by aerobic 

heterotrophic bacteria, since organic substrates were available in the influent. Ammonia uptake 

due to carbon removal by heterotrophs was then approximated according to stoichiometry with 

acetate as carbon source, as reported in Burton et al. [7], eq. 7-87: 

0.125 CH3COO− + 0.0295 NH4
+ + 0.103 O2 →

→ 0.0295C5H7O2N + 0.0955H2O + 0.0955HCO3
− + 0.007CO2 

Resulting in 0.118 moles of NH4 consumed per each mole of oxidized organic carbon, or 0.1376 

g of ammonia nitrogen per each gram of carbon.  

In Anammox unit, since complete anaerobic conditions were provided inside the reactor, 

consumption of organic carbon was only ascribed to denitrification activity. During feeding and 

reaction phases, both nitrate and nitrite were available in the bulk liquid as potential electron 

acceptors for denitrification. Previous studies on competition between nitrite and nitrate as 

electron acceptors in denitrification process showed that nitrate is preferred to nitrite, since the 

first is consumed and the latter accumulated at the same time [8], and that shortage of organic 

substrate leads to nitrite accumulation that can be removed only by the further addition of a 

carbon source [9]. Consequently, the observed DOC removal was related to a correspondent 

nitrate reduction to N2, and ammonium uptake for biomass synthesis was calculated according 

to the stoichiometry of full denitrification reported in Burton et al. [7], eq. 7-114, with acetate 

as electron donor: 

NO3
− + H+ + 0.33 NH4

+ + 1.45 CH3COO− →

→ 0.5 N2 + 0.33 C5H7O2N + 1.60 H2O + 1.12 HCO3
− + 0.12 CO2 

Resulting in 0.345 moles of NO3 reduced and 0.1138 moles of NH4 consumed per each mole 

of oxidized organic carbon, or 0.402 g of nitric nitrogen and 0.1327 g of ammonia nitrogen per 

each gram of carbon.  

Studies on denitrification potential of different carbon sources (both simple compounds and 

complex wastewater) reported different values. Generally, higher values of denitrifying 

biomass yield (YDN, gVSS/gCOD) lead to lower denitrification potential values (gN/gCOD) 

[7]. Lee and Welander [10] reported denitrification potential values of 0.25-0.28 gN/gCOD 

(0.67-0.75 gN/gTOC) for acetate. Sage et al. [11] also reported denitrification potentials of 

different and complex carbon sources ranging between 0.14 and 0.24 gN/gCOD (lactic acid, 

lactate, and others). The estimation of nitrate and ammonia consumption based on acetic acid-

based denitrification stoichiometry could thus lead to the underestimation of heterotrophic 
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denitrification impact on overall performance. Nonetheless, calculations lead to consistent 

nitrogen mass balances where denitrification accounted for 0-5% of total nitrogen removal. 

5.2.5 Characterization of anammox granular sludge 

Specific anammox activity (SAA) was performed according to chemical tracking method 

described by Van Loosdrecht et al. [6]. Test was performed in situ: at the end of feeding phase, 

a solution containing both NO2
- and NH4

+ (2,000 mgN/L each, as NaNO2 and NH4Cl) was 

spiked directly into the reactor in order to achieve an initial concentration of 40 mgN/L for both 

ammonium and nitrite. Samples were collected at fixed time intervals and analyzed in order to 

track nitrite, nitrate and ammonium profiles. Linear regression of the data resulted in volumetric 

ammonium and nitrite removal rates (rNH4 and rNO2, respectively) and nitrate production rate 

(rNO3), expressed as mgN/L·min. Finally, SAA (gN2-N/gVSS·d) was calculated as follows: 

SAA =  
𝑟𝑁𝐻4 + 𝑟𝑁𝑂2 − 𝑟𝑁𝑂3

VSS
∙

60 ∙ 24

1000
 

Also, stoichiometric ratios were calculated using the following expressions: 

Y𝑁𝑂2_𝑁𝐻4 =  
|𝑟𝑁𝑂2|

|𝑟𝑁𝐻4|
 

Y𝑁𝑂3_𝑁𝐻4 =  
|𝑟𝑁𝑂3|

|𝑟𝑁𝐻4|
 

Density of granules was assessed according to dextran blue method described by Beun et al. 

[12]. Granular aggregates were morphologically characterized in terms of size (particle size 

distribution, PSD) and aspect (roundness, aspect ratio) through image analysis (IA) technique. 

Biomass samples were collected from the reactor, sieve-drained, washed and resuspended in 

clean deoxygenated water, and put in 10 mm diameter Petri dishes. High resolution digital 

images of dark granules contrasted to a white background were acquired via a HP ScanJet 5590 

scanner. Identification of granules outlines and measure of morphological parameters was 

performed using Image-Pro Plus 6 (Cybermedia) software. Measured parameters were: mean 

diameter, aspect (i.e., the ratio between the minor and the major axis of the ellipse equivalent 

to the object) and roundness (i.e., an index ranging from 0 to 1 based on the ratio between area 

and perimeter of the object and of its equivalent circle – perfect circular shape giving a value 

of 1). 

Digital color analysis of Anammox granules was performed using a Konica Minolta CM 3610 

spectrophotometer. Data were represented using Konica Minolta SpectraMagic NX software. 

Colour was represented according to CIE Lab color space [13] as three numeric coordinates, 
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labeled as L*, a* and b* color components, ranging from 0 to 100 (L*) and from -128 to +127 

(a* and b*). L* is a measure of luminance; a* and b* are related to Hering’s color opponent 

process theory, i.e. a* represents the green-red opposition (negative and positive values, 

respectively), while b* the blue-yellow opposition (negative and positive values, respectively). 

(a*, b*) cartesian coordinate duplet was converted to corresponding polar coordinates, labelled 

as C* (chroma, which can also be intended as saturation), and h (hue, or hue angle, expressed 

as degrees), according to the following equations: 

C∗ =  √(a∗)2 + (b∗)2 

ℎ = arctan (
𝑏∗

𝑎∗
) 

Collected data were subsequently processed using spreadsheet. 

Granular biomass was prepared according to the following procedure: a mixed liquor sample 

(~10 mL) was collected from the reactor; granules were sieve-drained and then carefully 

disrupted using a glass-made mortar and pestle, in order to get a homogeneous suspension 

expressing not only the color of the surface of the granules, but also of their inner part. The 

suspension was then filtered through a glass fiber membrane with a porosity of 1.2 µm, and the 

resulting filter cake was analyzed to determine color composition. Since treated wastewater 

showed its own color (due to dissolved compounds and suspended particles), its contribution 

to granules color was also assessed; in particular, the filtrate from preliminary 1.2 µm filtration 

step was further filtered through a clean membrane which was analyzed as a blank sample. 

Color difference between samples and blanks was calculated according to CIE dE00 standard 

[14], which is a non linear expression involving L*, a* and b* and resulting in a positive number 

proportional to color “distance” in CIE Lab vector space. 

5.2.6 Microbiological characterization 

Microbiological characterization was performed by fluorescence in situ hybridization (FISH) 

on representative biomass samples, according to Amann et al. [15]. Hybridizations with group 

specific probes for ammonium oxidizing bacteria (NSO1225, NSO190), nitrite oxidizing 

bacteria (NTSPA and NIT3), and Anammox bacteria (AMX820, AMX368 and PLA46) were 

carried out simultaneously with probes EUB338, EUB338-II and EUB338-III combined in a 

mixture (EUB338mix) for the detection of most bacteria, and with DAPI staining for 

quantifying the total number of cells. All probes were purchased from MWG-Biotech 

(Germany), and synthesized with 5’-FITC (green) and 5’-Cy3 (red) labels. Details on 

oligonucleotide probes are available at ProbeBase [16]. Slides were examined with an 
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epifluorescence microscope (Olympus BX51) at different magnifications (100, 400 and 1000x); 

images were captured with an Olympus XM10 camera using Cell-F software (Olympus, 

Germany). DAIME software [17] was used for FISH quantification of hybridized cells. 

5.2.7 Plan of experimental activity 

Experimental activity on Sharon unit can be divided into two main phases: a startup phase and 

an operative phase.  

Startup phase lasted for 42 days and provided the selection of AOB over NOB and the 

achievement of stable partial nitritation in a reactor seeded with ~4 gTSS/L of conventional 

activated sludge from a municipal wastewater treatment plant located in Cagliari (Sardinia, 

Italy), and fed with the target wastewater.  

As summarized in Table 5.2, the selection reactor was operated in a semi-continuous batch 

mode and its activity was structured in cycles, each cycle entailing a reaction phase, followed 

by biomass settling, removing 1.4 L of supernatant and replacing it with an equal amount of 

untreated wastewater, and restart of reaction. Seven cycles were carried out, with different 

duration and DO and pH control settings, while temperature was kept at the setup value of 35°C. 

To control pH, acid (H2SO4 1M) and/or alkaline (NaHCO3 1M) solutions were dosed.  

Table 5.2: Structure of startup phase of the Sharon unit. 

Cycle Duration 

[d] 

DO 

[ppm] 

pH control 

1 7 ~ sat 

ˮ 

ˮ 

No 

ˮ 2 7 

3 7 Yes (7.0 – 7.3) 

4 8 3.0 

ˮ 

ˮ 

ˮ 

Yes (7.5) 

ˮ 

ˮ 

ˮ 

5 4 

6 2 

7 5 

 

Once satisfactory PN performance was achieved, reactor was suddenly converted to CFSTR 

mode (operative phase), operating as described in section 5.2.1. The HRT was progressively 

decreased in order to further exert the selective pressure based on low biomass retention time.  

During the operative phase, target wastewater was fed to Sharon unit operated in CFSTR mode, 

under different DO and HRT setup, in order to assess the feasibility of the treatment and to find 

the best operating conditions to produce a suitable effluent for subsequent treatment by 

anammox. 
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The whole operative phase lasted 248 days, and can be divided into three main Runs. Each run 

can be further divided into different steps, according to different HRT and DO setup values. 

Activity plan is summarized in Table 5.3. 

As to the Anammox unit, the whole experimental activity lasted 178 days and can be divided 

into three different phases, as summarized in Table 5.4. 

Table 5.3: Structure of operative phase of Sharon unit. 

Run Step Duration 

[d] 

HRT 

[d] 

DO 

[ppm] 

1 A 8 3.00 3.0 

B 7 2.50 3.0 

C 7 2.00 3.0 

D 12 1.50 3.0 

E 51 1.00 3.0 

F 36 1.00 2.5 

G 9 1.25 2.5 

2 A 6 1.25 ~sat 

B 9 1.00 ~sat 

C 20 1.00 3.0 

D 10 1.00 2.5 

E 7 1.00 2.75 

3 A 2 1.50 3.0 

B 4 1.25 3.0 

C 7 1.00 3.0 

D 7 0.80 3.0 

E 8 0.70 3.0 

F 8 0.60 3.0 

G 7 0.50 3.0 

H 5 0.55 3.0 

I 18 0.525 3.0 

 

The first phase was an acclimation phase: mineral influent used in previous experimental 

campaign (see Chapter 3) was progressively substituted by pre-treated target wastewater (also 

labelled as “real ww”, i.e. the supernatant of Sharon unit effluent), following a conservative 

exponential law described by Lopez et al. [18]: 

NLR(𝑡) = 𝐴 𝑒𝑓∙𝜇𝑚𝑎𝑥∙𝑡 

Where: A, pre-exponential factor, corresponding to the initial NLR (gN/L d); f, safety factor 

(0.3); µmax, maximum anammox specific growth rate (0.065 d−1), as proposed by Strous et al. 

(1998) [19]; t, time (d). Total nitrogen concentration of real ww was assumed to be equal to the 
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target value of 1,500 mgN/L (actual concentration slightly fluctuated), also used for mineral 

medium: under this assumption, NLR was proportional to influent volume only. An initial share 

of 10% of real ww was applied, corresponding to an initial A value of 0.15 gN/L d; resulting 

time course of substitution is graphically represented in Figure 5.2. 

Table 5.4: Structure of Anammox unit experimental activity. 

Phase Duration 

[d] 

Description 

1 105 Progressive increase of pre-treated target wastewater (i.e., effluent from 

PN treating the target real ww) on total influent volume 

2 18 100% pre-treated target wastewater feeding; manual correction of 

NO2/NH4 influent ratio by NH4Cl dosage 

3 56 Mixed pre-treated/untreated target wastewater influent providing an 

acceptable NO2/NH4 influent ratio (no manual correction) 

 

 

Figure 5.2: Progressive substitution of influent mineral medium with pre-treated 

target wastewater during Phase 1 of Anammox unit. 

 

Such feeding strategy, which was successfully applied in a previous study [20], was chosen in 

order to minimize the risk of anammox bacteria inhibition.  

From day 105 onward, reactor was only fed with the real ww. As discussed below, stable PN 

treatment of target wastewater often produced an effluent with a higher NO2/NH4 molar ratio 

than the optimal range values for Anammox process (1.0-1.3). During Phase 2 manual 

correction of nitrite to ammonium ratio was applied by appropriate NH4Cl dosage. 

A different solution for correcting influent NO2/NH4 molar ratio was then tested during Phase 

3. Pre-treated target wastewater was mixed with untreated target wastewater; such mix 
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consisted of 15% untreated and 85% pre-treated on average, and resulted in a NO2/NH4 molar 

ratio of 1.0-1.3, which was considered acceptable for Anammox operation. 

5.3 Results 

5.3.1 PN unit 

Startup phase was aimed at AOB selection over NOB, and establishment of a stable partial 

nitritation process using target wastewater as the only substrate. Experiment with mineral 

medium showed that successful startup could be achieved under the following conditions (see 

Chapter 3 for details): continuous flux stirred reactor without biomass retention, temperature 

equal to 35°C, pH7.6, HRT=1.0-1.5 days. Same conditions were initially applied to startup 

the Sharon unit with the target wastewater, but no ammonium removal was observed, while 

biomass was completely washed out in 3-5 days (data not shown). Such results led to pin down 

a different startup strategy. A selector system, aimed at the sludge enrichment in acclimated 

nitrifying biomass, was then proposed. Such selector system was designed to operate at low 

dilution rate and to allow biomass retention and acclimation to wastewater; moreover, variable 

biomass/wastewater contact times were applied, long enough to allow complete COD removal 

before nitrification occurred, thus avoiding competition between nitrifying bacteria and 

ordinary heterotrophic organisms for dissolved oxygen utilization. The simplest solution found 

was then the semi-continuous batch mode, described in section 5.2.7. 

During first two cycles neither oxygen or pH were controlled: average values of 3.6±0.8 ppm 

and 9.1±0.2 were measured, respectively. As depicted in Figure 5.3, in both cycles DOC rapidly 

decreased in first 1-2 days until stable values were observed, while ammonium and alkalinity 

were progressively consumed. By the way, no nitrite or nitrate production was detected. Such 

behavior could likely be ascribed to volatilization of ammonia and CO2 promoted by the 

combination of stable high pH and continuous aeration. pH control was then operated in cycle 

3 and kept within the range 7.0-7.3 by addition of acid (1M H2SO4) and alkaline (1M NaHCO3) 

solutions. Volatilization of free ammonia was avoided at first, but acid addition caused 

alkalinity consumption down to limiting concentration for nitrifiers activity. Eventually, a 

malfunction occurred during the weekend, causing an uncontrolled dosage of alkaline solution 

into the reactor, resulting in a pH raise to 11 and the almost total volatilization of ammonia. 
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Figure 5.3: Performance of Sharon unit during startup phase, cycles 1-3. 

 

Reactor was then inoculated again and restarted on day 23. Aeration mode was turned from 

continuous to intermittent, in order to avoid continuous stripping of ammonia and CO2. Air 

pump was automatically switched on (off) when measured DO was lower (higher) than the 

setpoint value of 3 ppm. Moreover, pH was still controlled and kept lower than 7.5.  

During cycle 4 (days 23-31), ammonium initially remained stable, while alkalinity rapidly 

dropped to very low values, due to its consumption to neutralize acid added for pH control. To 

provide enough alkalinity to sustain ammonium oxidation by AOB, manual dosage of NaHCO3 

was operated on day 26. On the following days, ammonium removal started to occur, while 

increasing nitrite levels were observed (Figure 5.4). More bicarbonate was dosed again on day 

29 and day 30, in order to promote total NH4 oxidation. On day 31 removed NH4 accounted for 

95% of initial value, then another cycle was initiated. On cycle 5 a similar but enhanced 

behavior was observed: ammonium started to decrease and nitrite started to increase from day 

32; acid dosage occurred on day 32 only, as well as the need for manual dosage of alkalinity. 

On day 35, 98% of initial ammonium was oxidized; final nitrite and nitrate concentrations were 

1,074 and 18 mgN/L, respectively. 
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Figure 5.4: Performance of Sharon unit during startup phase, cycles 4-7. 

 

Cycle 6 showed the best performance: a quasi-linear ammonium oxidation and corresponding 

nitrite production were observed. No acid dosage was needed since pH remained lower than 

setpoint value. Almost complete (98%) ammonium removal was detected after two days only. 

On cycle 7 a slightly worse performance was observed, since ammonium oxidation rate 

appeared lower than that on previous cycle (10 and 21 mgNH4-N/L·h, respectively). pH tended 

to increase, and a manual dosage of alkalinity was needed on day 39. Anyway, total conversion 

of ammonium to nitrite was observed in 5 days.  

On cycles 4-7, organic matter was quickly removed within the first 1-2 days of every cycle, 

consistently with the higher oxygen consumption rate ascribed to heterotrophs compared to 

autotrophs, and final DOC removal efficiency ranged between 82 and 91%. Free ammonia 

concentration >30-50 mgNH3-N/L was observed at the beginning of each cycle (up to 200 

mgN/L on day 38), and likely accumulated in the liquid fraction due to limited gas stripping. 

As nitrite accumulation and pH decrease occurred (last days of each cycle), free nitrous acid 

concentration up to 0.5-1.4 mgN/L were measured. Despite the high solids retention time and 

the availability of nitrite and dissolved oxygen, NOB activity was never relevant, and nitrate 

production always accounted for ~1% of oxidized ammonium. Likely, NOB were not washed 

out of the reactor, even though a decrease in biomass concentration was observed (Figure 5.5), 

but their activity was inhibited. 
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Figure 5.5: Biomass concentration in Sharon unit during startup phase, days 23-42, and subsequent operative 

phase, Run 1. 

 

Run 1. Change from semi-continuous batch to CFSTR (with HRT and SRT of 3 days) operating 

condition caused, at first, a decrease in MLTSS and MLVSS concentration (from 1.77 and 1.28 

g/L, day 0, to 0.42 and 0.36, day 7, respectively).  

Initially, the HRT was decreased from 3.0 to 1.5 d (steps A-D). As depicted in Figure 5.6, 

during this period ammonium oxidation rate (AOR) progressively increased as well as nitrite 

accumulation rate (NAR), resulting in increasing values of effluent nitrite/ammonium molar 

ratio, up to 1.92 (end of step D). Removal efficiency of organic matter progressively decreased, 

from average values of 80±5% (step A) to 55±11% (step D), even though DOC effluent 

concentration decreased as well. This behavior may likely be ascribed to lower influent organic 

content and biodegradable fraction, which then allowed AOB not to be outcompeted by 

heterotrophic bacteria.  

During step E, target HRT of 1 d, corresponding to the highest theoretical planned NLR (1.5 

kgN/L·d), was successfully reached. Anyway, a series of malfunctions to stirring, aeration and 

pH control caused the biomass to suffer prolonged lack of oxygen (day 43 and 47) and exposure 

to high free ammonia concentrations (day 54, up to 400 mgNH3/L), which hindered both 

autotrophic and heterotrophic performance. Progressive recovery of both partial nitritation and 

organic matter removal performance was subsequently achieved from day 55 onward. On day 

83 an ammonia oxidation rate and effluent nitrite/ammonia molar ratio of 66% and 2.1, 

respectively, were reached. Although such values closely matched the expected stoichiometric 
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values (given the influent alkalinity/ammonium ratio), they were too high in view of subsequent 

treatment by anammox. 

During step F, then, DO setup level was decreased to 2.5 ppm, while HRT was maintained at 1 

d, in order to reduce the effluent NO2-N/NH4-N ratio, thus providing a more suitable influent 

to subsequent anammox unit. 

 

Figure 5.6: Performance of Sharon unit during the operative phase, Run 1. On bottom plot, yellow 

horizontal belt indicates Anammox influent optimal NO2/NH4 molar ratio values (1.0 – 1.3). 

 

While heterotrophic activity appeared not to be affected by oxygen decrease (86±12% average 

DOC removal efficiency), a certain instability of nitritation process was observed. In order to 

match the bacterial oxygen demand with DO provided by new aeration level, and thus achieve 

again a stable process, both nitrogen and organic loads were reduced by increasing the HRT 

(from 1 to 1.25 d, step G), still resulting in unstable process performance. However, reactor 

broke on day 129 and experiment was interrupted. Biomass was collected from reactor and 

temporarily stored until a new vessel was set up. 
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Remarkably, no significant nitrate production was observed throughout the whole experimental 

Run: average effluent concentration was 19±9 mgNO3-N/L, accounting for 2±1% of AOR. 

Also, estimation of ammonium uptake due to heterotrophic bacterial growth resulted in 4±3% 

of total ammonia removed on average.  

Experimental Run 2 was set off by seeding the reactor with ~2 gTSS/L of selected biomass 

previously collected from experimental Run 1 settled effluents and subsequently stored at +4°C. 

Reactor was operated in CFSTR mode immediately. In order to speed up the recovery of process 

performance, continuous aeration was initially provided, while HRT was set to 1.25 d and then 

decreased to 1 d (step A and B, respectively). Nitritation process was successfully established 

again (Figure 5.7), and its stability under intermittent aeration with a DO setup level of 3 ppm 

was confirmed (Run 1 Step E, and Run 2 Step C). Differently, a quite variable efficiency in 

organic matter removal was observed, ranging between 40-80%). 

During step D, again a decrease in DO setup level (from 3.0 to 2.5 ppm) was attempted. A quick 

worsening in overall process performance was observed: AOR/NLR ratio dropped from 68% 

(day 35) to 20% (day 45), as well as effluent nitrite concentration and NO2-N/NH4-N ratio (from 

1068 mgN/L and 2.30 to 220 mgN/L and 0.18, respectively) and DOC removal efficiency (from 

80% to 43%, day 35 and 46, respectively).  

Operating conditions applied in Run 2 (steps C and D) replicated those of Run 1 (steps E and 

F), and their results were also comparable. Anyway, a different strategy was attempted to 

restore process stability. While in Run 1, HRT was increased in order to reduce oxygen demand 

(step G), on Run 2 (step E) DO level was increased from 2.5 to 2.75 ppm, while keeping 

nitrogen and organic loads unchanged. Eventually, further deterioration of process performance 

was observed, despite a recirculation of washed out biomass carried out on day 48, and reactor 

was stopped on day 52. 

Results from Runs 1 and 2 confirmed the feasibility to achieve a stable partial nitritation process 

using a CFSTR reactor seeded with conventional active sludge and fed with the target 

wastewater only, and suggested the application of intermittent aeration with a threshold DO 

value of 3 ppm as optimal operating condition at HRT values down to 1 d, corresponding to a 

NLR up to 1.5 gN/L·d. Stable process performance, by the way, produced an effluent with an 

excess of nitrite compared to residual ammonium, resulting in a not completely acceptable 

stream for the subsequent anammox process. 
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Figure 5.7: Performance of Sharon unit during the operative phase, Run 2. On 

bottom plot, yellow horizontal belt indicates Anammox influent optimal range of 

NO2/NH4 molar ratio (1.0 – 1.3). 

 

A third experimental run was then carried out in order to apply a strategy aimed at creating 

limiting conditions to nitritation activity, based on progressive increase of nitrogen and organic 

loads by reducing HRT, under constant aeration conditions. Results are depicted in Figure 5.8. 

Reactor was seeded again with residual biomass from the previous experimental run, and 

initially operated with a HRT of 1.5 d and intermittent aeration (DO setpoint equal to 3 ppm). 

Under these conditions, optimal process performance was rapidly achieved. HRT was then 

progressively reduced down to 0.6 d (step F), corresponding to an average NLR of 2.5 gN/L·d. 

Both partial nitritation and heterotrophic activity consistently occurred throughout steps A-F, 

but while the latter was not significantly affected by the increasing load (68±4% and 66±9% 

DOC removal efficiency, steps C and F, respectively), the former showed slightly decreasing 

performance, which led to a decrease in effluent NO2/NH4 molar ratio from 1.9±0.1 to 1.6±0.1.  
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Further HRT decrease to 0.5 d (step G), however, resulted in performance worsening, causing 

a moderate instability to both heterotrophic and AOB activity; HRT was then immediately 

raised to 0.55 d (step H) and, after performance recovery, subsequently decreased to 0.525 d 

(step I).  

Despite increasing TSS and VSS values had been observed throughout steps D-H, likely due to 

bacterial growth enhanced by increasing organic load, biomass washout started to occur during 

step I, which eventually resulted in irreversible worsening of nitritation activity. 

 

Figure 5.8: Performance of Sharon unit during the operative phase, Run 3. On bottom 

plot, yellow horizontal belt indicates Anammox influent optimal NO2/NH4 molar ratio 

values (1.0 – 1.3). 

 

Throughout the whole Run 3, DOC removal efficiency averaged out at 70±9%; nonetheless, 

estimated nitrogen uptake due to biomass growth peaked at 5% of total oxidized ammonium, 

thus not significantly undermining ammonium availability to AOB.  
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Throughout the whole experiment, when stable process was observed, ammonia oxidation 

proceeded up to stoichiometric limit, i.e. until inorganic carbon availability was not limiting 

(see Chapter 3), as far as oxygen was not also limiting, and resulted in an effluent 

nitrite/ammonium molar ratio of 1.9-2.1, quite higher than the optimum for the subsequent 

anammox treatment. While reducing the oxygen level repeatedly led to overall process failure, 

increasing load strategy initially showed to exert the required limiting effect to ammonia 

oxidation efficiency. However, once process equilibrium was altered, performance recovery 

was not rapidly achieved despite of different strategies proposed, indicating the process lacked 

in robustness. 

5.3.2 Anammox unit 

As to the Anammox unit, main results concerning nitrogen and organic matter removal are 

synthesized in Table 5.5 and Table 5.6, respectively, and expressed as average values on each 

experimental phase. 

Table 5.5: Average performance of Anammox unit during each experimental phase (nitrogen removal). 
 

Effluent 

TN 

NRE NRR/NLR 

ratio 

Removed 

NO2/Removed 

NH4 ratio 

Produced 

NO3/Removed 

NH4 ratio 

 [mgN/L] [%] [%] [mol/mol] [mol/mol] 

Phase 1 152±11 90±1 98±1 1.26±0.08 0.18±0.02 

Phase 2 172±27 89±2 97±2 1.26±0.23 0.17±0.04 

Phase 3 199±81 87±5 94±6 1.34±0.17 0.23±0.03 

 

Table 5.6: Average performance of Anammox unit during each experimental phase 

(carbon removal). 

 Effluent DOC DOC removal 

efficiency 

N removed by 

denitrification 

 [mgN/L] [%] [% on total N removed] 

Phase 1 45±10 35±13 0.9±0.4 

Phase 2 40±6 33±13 0.8±0.4 

Phase 3 54±9 58±7 3.2±0.8 

 

During phase 1, the increasing share of pre-treated real ww did not affect the process 

performance in terms of nitrogen removal efficiency (Figure 5.9). NRE and NRR/NLR ratio 

averaged out at 90±1% and 98±1%, respectively, and nitrite was almost always completely 

removed from the system. Observed stoichiometric removed NH4/removed NO2/produced NO3 

molar ratio mostly matched the range of values between those indicated by Strous et al. (1999) 

[19] and Lotti et al. (2014) [21] of 1:1.32:0.26 and 1:1.15:0.16, respectively. On the other hand, 
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as depicted in Figure 5.10 variable carbon removal efficiency values were observed (9-58%), 

in any case corresponding to actually limited mass consumption of organic matter: resulting 

estimated contribution of denitrification activity to overall N removal was in fact less than 1% 

on average. 

 

Figure 5.9: Anammox unit performance throughout the whole experimental period. 

(Top) Composition of NLR; (middle) NRE, NLR, NRR and NitDR; (bottom) 

measured influent and effluent stoichiometric ratios. Yellow horizontal belts indicate 

a range of stoichiometric values, considering those proposed by Strous et al. (1999) 

[19] and Lotti et al. (2014) [21]. 

 

During Phase 2, no significant changes in overall process performance indicators were 

observed, despite of a malfunction causing a small biomass loss on day 118; the addition of 

untreated real ww in the influent (Phase 3) initially caused the worsening in nitrogen removal. 

NRE decreased from day 122 and peaked to its lowest on day 135 (72%); coherently, nitrite 

accumulated up to 113 mgNO2-N/L (day 139). In order to prevent irreversible inhibition of 

anammox metabolism due to very prolonged exposure to high nitrite concentration (NO2-
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N100 mg/L), biomass was washed and resuspended three times in tap water on day 140. 

Performance recovery was then observed, and process stabilized by day 145. 

 

Figure 5.10: DOC effluent concentration and removal efficiency, and estimated 

contribution of denitrification on total nitrogen removal in Anammox unit. 

 

Addition of untreated real wastewater caused the presence of readily biodegradable substrate 

which enhanced the occurrence of denitrification: DOC removal efficiency increased up to 67% 

and denitrification contribution to nitrogen uptake significantly rose, peaking at ~5% of total 

removed nitrogen. 

Both TSS and VSS concentration inside the reactor showed an increasing trend during phase 1 

(Figure 5.11), likely due to residual solid content of pre-treated real wastewater which 

accumulated in the mixed liquor and also contributed to increasing TSS and VSS effluent 

concentration. Because of a biomass loss caused by a malfunction on day 118, a sudden drop 

(from 6.2 to 4.0 gVSS/L) in solids concentration inside the reactor was observed at the 

beginning of Phase 3, subsequently followed by a decrease in effluent TSS and VSS.  

With regard to specific anammox activity, as depicted in Figure 5.11 an increasing trend was 

observed throughout phase 1, with a maximum value of 0.71 gN2-N/gVSS·d on day 60. As the 

share of pre-treated real ww increased, SAA progressively decreased, reaching its lowest at the 

beginning of phase 3 (0.39 gN2-N/gVSS·d). Such decrease in SAA, combined with inhibitory 

effect of accumulated nitrite, may have led to process worsening observed on days 122-140. 

Even though optimal process performance was achieved again during the second half of phase 

3, SAA stabilized around 0.4 gN2-N/gVSS·d (Figure 5.12). 
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Figure 5.11: (Top) Specific Anammox Activity; (middle) reactor suspended solids 

and granules density; (bottom) effluent suspended solids, respectively, in Anammox 

unit. 

 

 

Figure 5.12: SAA and molar ratios average values for each 

experimental Phase. 
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As to granular sludge characterization, granules density did not vary significantly throughout 

the whole experimentation (ranging between 61 and 78 gTSS/L, Figure 5.11); however, small 

changes in size distribution were measured, as represented in Figure 5.13 and Table 5.7 

 

Figure 5.13: Granules size distribution during the experimental activity. Left, absolute frequency 

distribution (number of classes, 20; minimum and maximum diameter, 0.0 and 4.0 mm, respectively; 

size class width, 0.2 mm); right, cumulative particle size distribution. 

 

At a global scale, no significant differences were detected among main morphological 

indicators (mean diameter, aspect and roundness), with the exception of a slight decrease in 

shape regularity (mainly expressed by roundness) as the experiment proceeded, as further 

confirmed by the decreasing rate of granules with a roundness value 0.8: 62%, 51% and 39% 

for day 1, 123 and 161, respectively. 

Table 5.7: Average values of main morphological indicators of granular sludge. 

Sample Mean diameter 

[mm] 

Aspect 

[-] 

Roundness 

[-] 

Day 1 1.05±0.82 0.67±0.16 0.82±0.13 

Day 123 1.06±0.87 0.68±0.15 0.80±0.11 

Day 161 1.02±0.86 0.66±0.17 0.75±0.14 

 



83 

Particle size distribution assessment showed relevant changes in smaller size frequency (1 

mm): from initial state, at the end of phase 2 a significant decrease in 0.3-0.7 mm classes 

abundance was observed, together with the increase in their close classes (0.1 mm and 0.9-1.1 

mm), suggesting the creation of new granules coupled with either the enlargement or the 

disruption of part of existing granules. On day 163, increase in 0.3 mm and 1.1-1.3 mm classes 

combined with the corresponding decrease of 0.7-0.9 mm classes seemed to confirm this 

behavior. 

Color analysis was performed on samples – and corresponding blanks – collected on day 50, 

76, 91, 111, corresponding to a share of real ww on total influent of 30%, 50%, 70% (phase 1) 

and 100% (phase 2), respectively, and then on day 130 (phase 3). Data were expressed as three 

numerical coordinates in CIE Lab color space, i.e. L*, a* and b*. Software automatically 

provided the conversion of a* and b* into the corresponding polar coordinates, C* and h, which 

is also proportional to a*/b*ratio. Results of measurement are reported on average in Table 5.8; 

a representation on Lab color space is also provided on Figure 5.14. 

Table 5.8: Average values of measured color parameters. Standard deviation was always below 0.1. 

Sample L* a* b* C* h a*/b* 

30% 48.1 26.0 32.6 41.7 51.4 0.80 

50% 40.8 25.7 26.5 36.9 45.9 0.97 

70% 36.1 21.5 20.1 29.5 43.2 1.07 

100% 36.1 21.5 20.1 29.4 43.0 1.07 

Phase 3 38.7 23.0 23.1 32.5 45.1 1.00 

 

Blank L* a* b* C* h 

 

a*/b* 

30% 95.4 0.1 -1.0 1.0 274.5 -0.08 

50% 94.5 -0.1 0.6 0.6 95.5 -0.09 

70% 93.2 -0.3 2.7 2.7 96.4 -0.11 

100% 91.3 -0.1 1.5 1.5 92.9 -0.05 

Phase 3 85.9 -0.1 2.0 2.0 93.1 -0.05 

 

Biomass color changed throughout the experiment. In particular, as share of pre-treated ww 

increased up to 100%, wider variations were observed in L* (lightness) and C* sample values, 

while hue (and a*/b*ratio) value showed limited variations. With regard to blank values, a 

progressive decrease in L* value was observed, while negligible variations were detected for 

a* and b* values.  

Progressive darkening of both biomass and liquid fraction were observed, likely due to the 

higher content in suspended solids of influent wastewater.  
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Figure 5.14: Representation of color samples (blue circles) and blanks (white circles) in the CIE Lab color space. 

 

CIE dE00 color difference indicator was calculated for each “sample/blank” couple, in order to 

assess whether samples color changed not only because of the effect of increasing real 

wastewater share on total influent. Also, corresponding biomass samples were 

microbiologically characterized through FISH analysis, and relative abundance of anammox 

bacteria was determined (Table 5.9). 

Table 5.9: Calculated dE00 color difference and anammox bacteria 

relative abundance measurement. 

Sample dE00 

[-] 

Anammox bacteria abundance 

[%] 

30% 42.79 54.2 

50% 48.01 53.1 

70% 51.23 59.5 

100% 50.26 48.8 

Phase 3 45.16 n.a. 

 

Finally, dE00 color difference between each “sample-blank” couple was chosen as color main 

indicator, together with absolute C* value (which showed wider variations, and depended by 

a* and b* only) and a*/b*ratio (as indicator for hue changes, according to [1]), and then related 
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to corresponding share of real ww on total influent, SAA (as performance indicator) and 

anammox bacteria relative abundance. Linear fitting was operated in order to highlight potential 

positive correlations. Results are depicted on Figure 5.15. 

 

Figure 5.15: Scatter plots correlating color parameters with increasing share of pre-treated real ww on total 

influent, anammox biomass activity and bacteria abundance.  

 

Results confirmed the good correlation between color change and the increasing share of real 

ww on total influent, clearly suggesting that a dyed influent may alter the biomass observed 

color, likely because of adsorption of dyed compounds and/or particles on granules. No other 

significant correlation was found between color and biomass activity and composition 

indicators. 
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5.4 Discussion 

5.4.1 Startup of PN reactor 

Many different configurations and approaches were proposed for the startup and operation of 

(partial) nitritation reactors, either aimed at one- or two-stage (autotrophic) deammonification 

processes [22]; they all can be referred to three different strategies [23]: 

1. the combination of a relatively high temperature and short solids retention time 

(SRT) to promote the growth of AOB and the wash-out of NOB;  

2. process operation under high concentrations of FA and/or FNA to take advantage of 

NOB inhibition in these conditions;  

3. process operation under low concentrations of DO to take advantage of the lower 

NOB affinity for DO. 

The first strategy was at the base of the first described coupled Sharon-anammox process [24]: 

it allowed the achieving of stable partial nitritation within 2 weeks in a CSTR reactor fed with 

supernatant from AD of waste sludge, and operating at 35°C, HRT = 2 d and continuous 

aeration. In our study, a similar approach did not lead to stable PN, despite wastewaters showed 

a comparable composition (i.e., a COD/NH4-N ratio 1.02). Such result could be ascribed to 

(a) occurrence of acute inhibiting effect of the target wastewater over nitrifying bacteria, as 

reported on Chapter 3, and (b) higher organic matter content. Such factors did not allow 

ammonium oxidizing bacteria initially present in the inoculum to grow fast enough to avoid to 

be washed out of the system. The semi-continuous batch selector system, described in sections 

5.2.7 and 5.3.1, was then successfully applied and allowed to achieve satisfactory nitritation 

rates within 42 days.  

Systems based on decoupling of HRT and SRT, and thus allowing high SRT values (>6 d), such 

as SBR and MBR, have been widely used to achieve partial nitritation by means of different 

selection strategies and operational conditions, with startup duration varying from 40 to 300 

days [25]. At room temperature, strategies based on FA and low DO control aimed at NOB 

inhibition were proved to be efficient. Katsou et al. [26] took 100 d to operate a stable pilot-

scale nitritation-denitritation SBR at room temperature, fed with low strength UASB effluent 

and fermented biowaste and sewage, using both FA and low DO level to promote NOB 

inhibition; Gu et al. [27] tested a combined real-time control strategy, based on blower 

frequency and pH, achieving successful PN in a pilot-scale SBR at low temperature (11-16°C) 

and fed with low strength sewage, within 40 days. More recently, Liu et al. [28] achieved stable 

PN in a lab-scale SBR, operating at 29°C and fed with domestic wastewater, by submitting the 
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biomass (collected from a conventional activated sludge system and used as inoculum) to a long 

aerated starvation period (21 d) which irreversibly hindered the recovery of NOB activity. 

Moreover, a recent study [25] suggested that startup of PN SBR can be shortened by appropriate 

selection of seed inoculum, i.e. by avoiding the use of NOB-containing inoculum such as 

nitrifying conventional active sludge.  

In the present experiment, startup configuration was not specifically designed to suppress NOB; 

nonetheless, the occurrence of remarkable concentrations of both FA (up to 150-200 mgNH3/L, 

at the beginning of each cycle) and FNA (up to 2-4 mgHNO2/L, at the end of each cycle) likely 

contributed in strong inhibition of NOB activity. Similar results were reported by Caffaz et al. 

[29], who observed stable nitrite accumulation after 22 d of operation in a lab-scale MBBR 

seeded with CAS, fed with a real anaerobic supernatant after phosphate removal via struvite 

precipitation, and operating at 30°C with not limiting oxygen conditions; although the applied 

HRT was relatively short 0.5-2.0 d, the presence of biofilm carriers likely allowed both AOB 

and NOB to avoid hydraulic washout; nonetheless, only AOB activity was observed, while 

NOB inhibition was ascribed to FNA concentration (0.3-0.8 mg/L).  

Such results are consistent with the quite wide range of FA/FNA inhibiting values of AOB/NOB 

activity reported in literature. According to Feng et al. [22], such variability can be explained 

by differences in microbial communities; however, NOB always showed either FA or FNA 

inhibition at much lower concentrations compared to AOB. 

In conclusion, successful selection of AOB was achieved within 42 days by operating a semi-

continuous batch reactor seeded with conventional activated sludge and fed with the supernatant 

produced by a two-stage AD of OFMSW, under the following conditions: (a) prolonged 

biomass/wastewater contact time, aimed at achieving the complete oxidation of organic 

substrate before nitrification, thus avoiding competition between heterotrophic bacteria and 

AOB; (b) pH control, which reduced free ammonia concentration; (c) intermittent aeration, 

which allowed limited stripping of FA and CO2; (d) supplementary bicarbonate addition, which 

compensated alkalinity consumed by acid and promoted ammonium oxidation once organic 

substrate had been removed. 

5.4.2 PN reactor performance and effluent NO2/NH4 molar ratio regulation 

Main results from PN experimentation can be synthesized as follows: 

• Successful stable PN of target ww was achieved in a CSTR operated at T=35°C, DO=3 

ppm, HRT0.6 d and NLR2.5 kgN/m3·d;  
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• when stable process proceeded, effluent nitrite/ammonium molar ratio was higher than 

the optimum for the subsequent anammox treatment; 

• oxygen regulation was proved not to be a suitable strategy to control ammonium 

oxidation rate and thus effluent NO2/NH4 ratio; process performance rapidly and 

irreversibly worsened when DO was set below 3 ppm, and neither DO increase nor NLR 

reduction led to its recovery; 

• progressive shortening of HRT, with the corresponding increase in NLR (1.5-2.5 

gN/L·d) initially led to a decrease in effluent NO2/NH4 ratio; however, excessive load 

(>2.5 gN/L·d) could not be managed by the system. 

Nitritation reactors have been previously operated for the treatment of effluents from AD of 

OFMSW mixed with other organic substrates, as waste sludge, piggery manure, vegetable and 

fruit waste [26,30,31]. In those studies, however, full (not partial) nitritation was requested, in 

order to realize a nitritation/denitritation process. In this sense, applied selective pressure aimed 

at the suppression of NOB only, without any limitation to nitrite accumulation. A recent 

overview on biological nutrient removal from supernatant originating by AD of OFMSW 

reported only one application of PN-anammox process for the treatment of such wastewater 

[30]; no literature references were found on the application of two-stage PN/anammox process 

for treating the liquid fraction produced by two-step, biohydrogen producing, AD systems of 

OFMSW. 

When PN is coupled with the anammox process, the control of nitritation rate in order to 

produce an effluent with a suitable nitrite/ammonium molar ratio is of crucial importance [32]. 

It has been theoretically and experimentally recognized that nitritation performance is heavily 

dependent on the available alkalinity (i.e., bicarbonate, inorganic carbon, IC) [33]. 

Stoichiometric alkalinity requirements for the production of a suitable anammox influent are 

1.14 molC/molN, or 4.07 gCaCO3/gNH4-N [23,33]. When alkalinity is too low, the effluent 

NO2/NH4 ratio is lower than the optimal value, thus potentially leading to ammonium 

accumulation and subsequent inhibition in the anammox unit; a control strategy based on 

addition of chemicals (bicarbonate) and manual influent Alk/N ratio adjusting was proposed by 

Ganiguè et al. [34]. 

When alkalinity is too high, more nitrite than needed may be produced by PN. In this situation, 

several approaches were proposed. Scaglione et al. [35] treated centrifuge supernatant coming 

from a full scale anaerobic digester fed with a mixture of piggery manure, poultry manure, and 

agro-wastes in a pilot scale PN SBR; ammonium oxidation efficiency was controlled by 
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regulating the influent alkalinity with HCl dosage to obtain the optimal NH4-N to alkalinity 

molar ratio of 1:1. Other solutions did not implicate addition of chemicals. According to Magrì 

et al. [23], three main options are possible based on the organic load availability: (i) take 

advantage of heterotrophic denitrification, (ii) appropriate fitting of the N loading rate (NLR), 

or (iii) bypass part of the influent and mix it with the effluent from the PN system. In addition, 

other strategies are based on aeration/DO control and on real time control through continuous 

monitoring of different parameters ([36–38]).  

Most recent studies on PN/anammox applied to anaerobic digester effluents, where PN process 

was carried on with continuous flow reactors, were Caffaz et al. [29], Yamamoto et al. [39], 

and Mosquera Corral et al. [40]. Caffaz et al. [29] used a continuous flux MBBR to treat the 

effluent produced by a full scale anaerobic co-digestion plant of OFMSW, olive mill wastewater 

and septage, operating at 30°C, and achieved a 1:1 nitrite/ammonium effluent ratio during 1 

year of operation at a NLR of 1.2 gN/L·d; however, no information were provided regarding 

alkalinity content of treated wastewater or about any specific strategy aimed at achieving such 

results. Similarly, lack in such information were observed for both Yamamoto et al. [39] and 

Mosquera-Corral et al. [40]; moreover, the latter reported quite unstable process when real 

wastewater, i.e. the effluent from anaerobic reactor treating the wastewater from a fish cannery, 

was fed into the Sharon reactor at a NLR of 1.0 gN/L·d. 

In the present study, influent alkalinity/ammonium molar ratio averaged out at 1.3, which led 

to an effluent NO2/NH4 molar ratio higher than the optimal one. Decreasing dissolved oxygen 

concentration (i.e., from 3.0 to 2.5) and increasing NLR (1.5-2.5 gN/L·d) were tested during 

phase 1-2 and 3, respectively, to regulate ammonium oxidation rate: both of them proved not 

to be suitable strategies. Differently, Magrì et al. (2012) [41] achieved significant corrections 

of effluent NO2/NH4 molar ratio testing both strategies on a pilot scale PN SBR operating at 

30°C and treating swine wastewater with 1026-1385 mgNH4-N/L and alkalinity/ammonium 

1.18-1.35 fold the stoichiometric ratio. In a first phase, aeration was fixed, while NLR changed 

(0.8-2.4 gN/L·d) apparently on a daily basis, achieving an average effluent NO2/NH4 molar 

ratio of 1.38, i.e. slightly higher than optimum. In a second phase, NLR was kept at 1.2 gN/L·d 

and continuous aeration flow rate was progressively improved, causing DO values vary in 0.0-

3.5 ppm range. Increasing air supply resulted in the corresponding increase in effluent nitrite to 

ammonium ratio (0.37-1.76 mol/mol). Even though clear regulating effects of those parameters 

were proved, their fine tuning resulting in the achievement of stable correct effluent NO2/NH4 

molar ratio was not reported. More recently, Li et al. [37] operated a continuous flux MBR to 

achieve partial nitritation treating mature (>5 years) landfill leachate with high 
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alkalinity/ammonium ratio, testing both HRT (consequently, NLR) and DO as key factors 

regulating effluent nitrite/ammonium ratio. An effluent NO2/NH4 molar ratio ranging between 

1.38-1.42 was achieved during 20 days operating at HRT=13.9 h (0.58 d; corresponding to a 

NLR=1.7 gN/L·d); however, subsequent decrease in nitrite build-up was observed, suggesting 

that half-nitritation could be quickly and easily realized by HRT control, but it may be difficult 

to maintain in the long-term. Such conclusion is in agreement with the results observed in the 

present study (Run 3). In a second phase of the same study, while NLR was kept at 1.1 gN/L·d, 

DO was slowly reduced from 3.0 to 1.0 ppm resulting in the system stably operated for 29 d 

with an effluent NO2/NH4 molar ratio of 1.14–1.57 (1.35 on average). Such results are in 

contrast with the ones from the present experiment. An explanation could be found in the 

difference in sludge retention time. In the present study, SRT was coupled with HRT and 

resulted in a fragile equilibrium between biomass growth and drainage, especially regarding 

autotrophic biomass: when the equilibrium was altered by oxygen decrease (Run 1-2; HRT=1 

d) growth rate likely decreased to insufficient values to counteract continuous drainage, 

eventually resulting in biomass washout and unsuccessful process recovery, while such 

washout was avoided in biomass retaining reactors such as MBR and SBR. 

Nonetheless, stable PN operation of CSTR fed with a real wastewater without any influent 

correction was achieved in the present study. 

5.4.3 Performance of Anammox unit 

It has to be noticed that despite PN-anammox process has been applied to the treatment of 

effluent from anaerobic digestion of a great variety of organic matter, even at full scale [42,43], 

very few references could be found regarding anammox applied to digestate of OFMSW [30].  

Anammox unit showed a good acclimation to pre-treated target ww (phase 1), and overall 

performance was not affected by progressive substitution of mineral medium. Only SAA 

showed significant variability along phase 1, first increasing from 0.52 to 0.71 gN2-N/gVSS·d 

(day 60, 36% real ww on total influent) and then decreasing and stabilizing around 0.44 gN2-

N/gVSS·d during phase 2. A similar behavior was reported by Qiao et al. [45] whose 

preliminary assessment of possible inhibitory effects of pretreated wastewater on Anammox 

biomass resulted in an improved SAA (maximum value: 0.27 gN2-N/gVSS·d) compared to that 

measured in reference mineral medium. SAA values observed throughout the whole present 

experiment are higher than those reported by Caffaz et al. [29] (i.e., 0.102 gN2-N/gVSS·L) for 

a pilot scale Anammox SBR operated at 35°C and fed with a pre-treated supernatant originating 
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from AD of OFMSW. During phase 2, stable performance and no biomass inhibition due to 

prolonged exposure to real wastewater were observed. 

As discussed in section 5.4.2, effluent from PN reactor showed a higher NO2/NH4 molar ratio 

than optimum for anammox unit. During phase 2, manual correction of such ratio was operated 

by means of chemicals addition: this solution is not substantially different than the correction 

of initial alkalinity/ammonium ratio of raw wastewater, which was previously discussed.  

Different authors [23,34] proposed the mixing of pretreated and untreated wastewater as the 

simplest solution for influent nitrite/ammonium ratio correction. However, only one study was 

found to having applied such solution. In their experiment, Qiao et al. [45] treated a livestock 

manure digester liquor with a two stage PN-anammox system. Anammox was fed with a mix 

of pretreated and raw wastewater (relative share not reported); authors observed a nitrite 

accumulation after the first week of operation, ascribed to unbalanced effluent with 

accumulated nitrite from PN reactor, which resulted in severe inhibition of anammox activity, 

followed by 100 days of unstable performance; eventually the resumption of anammox activity 

was achieved just after the pH was adjusted from 7.9 to 7.5. However, no specific positive or 

negative effect was ascribed to the presence of untreated wastewater in the influent. 

In the present experiment, addition of untreated wastewater (phase 3) resulted in a temporary 

decrease in process performance, which was subsequently recovered within 20 days. In a recent 

study, Scaglione et al. [46] tested for the first time the treatability of the liquid fraction of 

digested OFMSW with the anammox process by means of batch tests, and conductivity was 

identified as the most reliable aggregate parameter to evaluate potential short-term inhibitory 

effect of such wastewater. Mid term or long term inhibition was never specifically assessed. 

Results from the present experiment indicated that addition of influent untreated liquid fraction 

of digested OFMSW to an unacclimated Anammox reactor resulted in a temporary inhibition, 

which was spontaneously neutralized within 20 days. 

However, given the complex composition of such AD effluents [30,47], it was not possible to 

identify any specific compound or parameter at the origin of the temporary decrease in removal 

efficiency observed at the beginning of phase 3. A hypothesis may involve interference of 

organic matter to anammox metabolism, whose mechanisms are still unclear and depend on 

concentration and organic compound [48]; moreover, drastic lack in specific studies regarding 

application of PN-anammox to effluent from AD of OFMSW did not allow to find reliable 

comparisons.  
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5.4.4 Color analysis 

To the best of our knowledge, color characterization of granular sludge through specific 

measurement, equipment and CIE Lab (or any other) color space representation was previously 

tested by Kang et al. [1] only. In that study, three reactors fed with synthetic influent and 

operated at different biomass loading rate (BLR, i.e. the ratio between NLR and biomass 

concentration) led to detect three different surface-colored (“black”, “brown” and “red”) 

granular biomass characterized by different SAA and anaerobic ammonia oxidizing bacteria 

(AnAOB) enrichment grade. As main color indicator, authors indicated a*/b* ratio (which is 

proportional to h value), which was positively correlated through linear fitting both to SAA and 

BLR, but not with AnOB abundance neither cytochrome-c concentration. 

In the present study, differently, such approach was tested for the first time on a reactor fed 

with real wastewater, which showed its own color that may have contributed to overall biomass 

color. Such potential interference was estimated by introducing the blank measurement and the 

relative color difference assessment (dE00) as a prospective color indicator. Moreover, biomass 

was already enriched in metabolically active anammox bacteria at the beginning of the 

experiment, and always showed the typical reddish coloration. This resulted in a limited 

variability of a*/b* ratio, as a consequence of the quite stable hue observed throughout the 

experiment; therefore, a*/b* ratio did not appear as the best color indicator, especially when 

compared to C* parameter.  

Results of color/SAA and color/anammox abundance correlation did not allow to draw 

unambiguous conclusions; nevertheless, they may suggest the following observations: 

a) chroma C* can be considered as a more reliable index for color changes assessment in 

anammox-enriched biomass, compared to hue and other related parameters, such as 

a*/b* ratio; 

b) the occurrence of a dyed and/or a high SS containing influent wastewater may affect 

granules color, likely due to adsorption of colored particles on granules surface: an 

evaluation of this potential interference must be assessed or estimated, in order to 

evaluate color changes not depending by the influent wastewater. In this study, 

preparation and measurement of a blank sample was proposed, together with the 

evaluation of “net” color change of each “sample-blank” couple, expressed as color 

difference, dE00. 

Moreover, it can be reasonably stated that in a stable conditions-long term running anammox 

reactor, biomass may show a pretty stable color. Changes in operating conditions can result in 
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small biomass color alterations: in this case, it may be useful to identify a color reference (e.g., 

biomass color under unaltered conditions) and to evaluate relative color differences from 

reference sample. The CIE dE00 index would supposedly work better in this sense, since it was 

indeed designed to spot small color differences. 

Digital assessment of biomass color in anammox process may represent a quick, simple and 

cost-effective indirect measurement of process performance, metabolic activity and biomass 

enrichment; more studies are needed in this direction, with special regard to real wastewater 

treatment and/or to pilot/full scale plant application. 

5.5 Conclusions 

In this study, two-stage PN-anammox process was applied for the first time to the treatment of 

the liquid fraction produced by two-stage anaerobic digestion of municipal solid waste (target 

ww). 

Nitritation was first achieved within 42 days in a semi-continuous batch reactor seeded with 

conventional activated sludge and fed with target ww only. Startup strategy involved 

intermittent aeration and pH control to avoid NH3 production and subsequent stripping, and 

occasional NaHCO3 addition to regulate alkalinity; semi-continuous batch mode allowed 

prolonged biomass/wastewater contact and solid retention, promoting biomass acclimation and 

AOB growth; NOB inhibition was mainly ascribed to both free ammonia and free nitrous acid 

inhibition. 

The semi-continuous batch reactor was then converted into a CFSTR system. Stable PN was 

achieved treating the target ww only, under the following operating conditions: T=35°C, DO=3 

ppm, HRT0.6 d and NLR2.5 gN/L·d. Because of high influent alkalinity/ammonium ratio 

(1.3 mol/mol), PN effluent mostly resulted in a NO2/NH4 molar ratio higher than optimum range 

requested by subsequent anammox unit (1.6-2.1). Decreasing DO and increasing NLR were 

tested as control parameters for the adjustment of the effluent nitrite/ammonium molar ratio. 

While DO regulation led to process failure, NLR regulation initially seemed to be effective; 

however, biomass was not able to withstand NLR2.5 gN/L·d.  

Anammox SBR unit was operated in a fed batch mode at an average NLR of 1.5 gN/L·d. 

Synthetic influent was progressively replaced by PN effluent according to an exponential law 

(phase 1), in order to promote a gradual acclimation of the biomass. 100% pre-treated target 

ww was eventually fed (phase 2), and chemical addition was used to correct the influent 
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NO2/NH4 molar ratio. Stable good process performance was observed throughout phase 1 and 

2. Subsequently, influent NO2/NH4 molar ratio was corrected by mixing pre-treated and 

untreated target ww (phase 3). Such solution was tested for the first time using effluent from 

AD of OFMSW. A decrease in anammox performance was observed at first, but process 

recovery was achieved within 20 days. Average NRE ranged between 87 and 90% in each 

phase. Maximum SAA (0.71 gN2-N/gVSS·d) was observed during Phase 1 when share of pre-

treated target ww on total influent was 36%; during phase 2-3, SAA averaged out at 0.44 gN2-

N/gVSS·d. 

Digital color characterization of anammox granular biomass and subsequent representation 

through CIE Lab color space was applied for the first time on a system fed with real wastewater. 

Although results were not statistically well correlated to other performance indicator or to 

anammox bacteria abundance, some issues were pointed out about the need for measurement 

protocols considering possible interference by mixed liquor/influent wastewater color and 

suspended solids content. In this sense, a protocol introducing a blank assessment was proposed. 

Moreover, chroma C* was identified as a more representative color parameter. 
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Chapter 6  

Single-stage partial nitritation/anammox/denitrification SBR 

reactors operated in continuous and discontinuous mode: 

assessment of process performance and biomass 

characterization  

6.1 Introduction 

The present chapter synthesizes the experimental activity carried out at the Escola Técnica 

Superior de Enxeñaría at the University of Santiago de Compostela (ETSE-USC) in Spain, 

during a 4 months research stay under the supervision of Prof. Anuska Mosquera Corral. 

The experimental activity was carried out within the framework of the MEDRAR project, 

funded by Galician Agency for Innovation and co-funded by European Union – European 

Regional Development Fund. 

MEDRAR (MEjora en la DepuRación de Aguas Residuales en pequeños núcleos de población 

- Improvement in wastewater treatment in small residential clusters) project aimed at the 

development of a modular wastewater treatment plant applicable to small residential or 

industrial building clusters. Such modular system was proposed as a sustainable alternative 

compared to those currently applied in small towns, which often showed lacks in design and 

efficiency as well as high operational costs. Main objective of the project was then the 

assessment and validation of each single wastewater treatment unit based on different 

technologies, in order to map out a plant composed of interlocking process blocks. 

Different treatment units would aim at nutrient and organic matter recovery and valorization, 

as well as at the improved control of micropollutants and pathogenic organisms. Proposed 

technologies were: 

• anaerobic digestion of black water for energy production; 

• aerobic biofilm, autotrophic nitrogen removal (ELAN® technology), biofiltration and 

aerobic granular sludge for nutrient recovery and removal; 

• aerobic membrane process for water reuse; 

• tertiary treatment, water filtration and purification treatment: ozone, activated carbon, 

filtration through mussel shells, etc. 
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Wastewater were considered to originate either from sanitary or combined sewers: for each of 

them, the modular system would allow to apply a different treatment line in order to match the 

final destination: reuse, discharge in water body, etc. Integration of treatment units would be 

managed by a specifically designed control system.  

Within this framework, autotrophic nitrogen removal took place in the proposed black water 

treatment line (Figure 6.1). Black water from separated sanitary sewer would be treated in small 

anaerobic digester (AD) aimed at the conversion of organic matter into biogas. AD supernatant 

would be enriched in ammonium, and also contains slowly/not degradable organic 

micropollutants from pharmaceutical and personal care products (PPCPs) and residual 

degradable COD. Subsequent single-stage partial nitritation/anammox process at room 

temperature (ELAN® technology [1]) would be applied in order to remove nitrogen and 

residual COD, while a tertiary chemical-physical treatment would be used for PPCPs control 

and water purification. 

 

Figure 6.1: Proposed modular plant for black water treatment according to MEDRAR project. 

 

According to the project, such modular treatment line is designed to serve isolated residential 

clusters or even single buildings (e.g., small reactors can be installed in the basement of big 

office buildings in industrial areas). Such solution would have to deal with the typical high 

variability of stream flow rate associated to small towns, which could top at the extreme case 

of a single office/work building: in this case, wastewater flow rate would be zero during nights, 

weekends and holydays. In order to face the problem, many solutions could be proposed to 

regulate the flow rate, such as accumulation tanks; however, the simplest solution would be to 

run the reactors according to the variable influent flow rate. Thus, the research question resulted 

in: “regular and prolonged famine periods may affect the process performance and biomass 

characteristics?”. 
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The experimental activity carried out at USC during the research stay focused on the assessment 

of the effects of prolonged intermittent operation on a PN/anammox reactor. Design of the 

experiment was outlined as follows: 

• startup and operation of two ‘twins’ PN/anammox reactors under the same conditions, 

until steady-state conditions are achieved; 

• application of scheduled stops (nighttime, weekends, holidays) on one of them; 

• monitoring of process performance in terms of nitrogen and carbon removal, and 

biomass activity. 

6.2 Materials and methods 

6.2.1 Reactors setup 

Two glass vessels with a working volume of 4 L were used to carry out the experiment. Reactors 

were operated as sequencing batch reactors (SBR) with a 3-h cycle configuration (5 min mixed 

anoxic feeding; 160 min aerated reaction, 10 min settling and 5 min effluent withdrawal). 

Mechanical mixing (stirring velocity ~40 rpm) was provided by marine impellers operated by 

overhead stirrers (RW 20 digital, IKA). The influent flow rate was set at 160 mL/min in order 

to feed a volume of 800 mL per cycle; the resulting volumetric exchange ratio (i.e., the ratio 

between the influent volume and the total working volume) was 0.2, and the corresponding 

hydraulic retention time (HRT) was 15 h (0.625 d). Temperature was not controlled, and ranged 

between 15 and 24 °C; pH was monitored (PHC101 probe, Hach, and HQ40d multimeter, 

Hach), but not controlled, and ranged between 6.2 and 8.1, depending on the process 

performance. Dissolved oxygen was monitored (LDO101 probe, Hach, and HQ40d multimeter, 

Hach), but not controlled.  

Feeding and effluent withdrawal were operated by means of two peristaltic pumps; aeration 

was provided by a compressor (Laboport N 86, KNF), through a submerged glass air stone. Air 

flow rate was adjusted by means of a gas flow meter (P model, Aalborg). 

Process timing was performed via a programmable control system (Simatic S7-200, Siemens).  

The reactors were labeled as ‘SARD’ (Simultaneous AutotRophic Deammonification): one of 

them was always operated at the same conditions (SARD-C reactor) and served as control 

reactor, while the other was tested with regular and prolonged operation stops during the night 

and the weekend (SARD-D reactor). 
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6.2.2 Inoculum 

Reactors were inoculated with mixed nitrifying and anammox granular biomass drawn from 

the 230 m3 ELAN plant settled in Guillarei (Pontevedra, Galicia, Spain), and gently provided 

by FCC Aqualia. Initial total suspended solids (TSS) and volatile suspended solids (VSS) 

concentrations were 7.5 and 5.8 g/L, respectively (SARD-C) and 4.1 and 3.4 g/L, respectively 

(SARD-D). 

The ELAN® process (Spanish acronym for ELiminación Autotrófica de Nitrógeno, autotrophic 

nitrogen removal) was developed by FCC Aqualia in Spain. It is based on the use of a SBR 

with granular biomass to carry out the nitrogen removal by means of the partial nitritation-

anammox processes in a single stage. This system is operated in cycles of 3 or 6 h, and the 

feeding and the aeration are supplied to the reactor during most of cycle duration (90-95%). 

The ELAN process operates with DO concentrations between 0.8 and 4 mg O2/L, and 

mechanical stirring. To maintain the stability of the process, the controlled parameter is the 

consumed alkalinity to conductivity ratio (alk/cond). The ELAN process was able to treat loads 

between 0.8 and 1.0 gN/L·d [2,3]. Two full scale plants were started in 2015 in Spain, treating 

the supernatant from an anaerobic sludge co-digestion (municipal and meat processing wastes) 

plant, and the anaerobically predigested effluent from a fish canning factory, respectively. 

Inoculum used in the present experiment was drained from the former plant. 

6.2.3 Synthetic influent 

Reactors were fed with a synthetic influent simulating the anaerobically digested black water. 

Synthetic influent provided an ammonium and inorganic carbon (IC) concentration of 

300 mgN/L and 240 mgIC/L, respectively. Residual degradable organic matter from anaerobic 

digestion was estimated equal to 200 mgCOD/L, and provided as sodium acetate (NaAc). Such 

composition resulted in influent COD/N and molar alkalinity/nitrogen ratios of 

0.67 gCOD/gNH4-N and 0.93 molIC/molNH4-N, respectively. 

Final influent composition was: NH4Cl, 1.15 g/L; KHCO3, 2.0 g/L; CH3COONa·3H2O, 

0.43 g/L; KH2PO4, 18 mg/L; K2HPO4, 47 mg/L; MgSO4, 49 mg/L; trace elements solution, 

0.2 mL/L. Trace elements solution was prepared according to Vishniac and Santer [4]. Final 

influent pH was 7.9±0.2. 

6.2.4 Analytical methods  

Ammonium, nitrite and nitrate were measured via spectrophotometric measurements, according 

to APHA Standard Methods [5]. Influent and effluent organic matter content was expressed as 
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total organic carbon (TOC) concentration, which was determined using an automatic analyzer 

(TOC-5000, Shimadzu). Total nitrogen was measured by catalytic thermal decomposition-

chemiluminescence method (TNM-L, Shimadzu). TSS and VSS concentrations were 

determined according to APHA Standard Methods [5]. During the experiment, biomass from 

both reactors appeared composed partly of granular sludge and partly of suspended flocs. From 

day 65 onward, biomass was then characterized as it was (‘raw’ biomass) and with regard to its 

granular or flocculant fractions. The separation of the two fractions was performed by means 

of a 250 µm sieve. Smaller granules were further separated by centrifugation (1500 rpm, 5 min). 

6.2.5 Mass balance and calculations  

Nitrogen mass balance was done taking into account the following five different biological 

processes and corresponding reactions: 

i. ammonia oxidation to nitrite (i.e., nitritation) performed by ammonium 

oxidizing bacteria (AOB) [6]: 

NH4
+ + 1.9852HCO3

− + 0.07425CO2 + 1.4035O2

→ 0.9852NO2
− + 1.9852CO2 + 0.01485C5H7O2N + 2.9406H2O 

 

 

 

(Eq. 6.1) 

ii. nitrite oxidation to nitrate (i.e., nitratation) performed by nitrite oxidizing 

bacteria (NOB) [6]: 

NO2
− + 0.005NH4

+ + 0.005HCO3
− + 0.020H2CO3 + 0.471O2

→ NO3
− + 0.005C5H7O2N + 0.008H2O 

 

 

 

(Eq. 6.2) 

iii. anaerobic ammonium oxidation (anammox) [7]: 

NH4
+ + 1.146NO2

− + 0.071HCO3
− + 0.057H+

→ 0.986N2 + 0.161NO3
− + 0.071CH1.74O0.31N0.20 + 2.002H2O 

 

 

(Eq. 6.3) 

iv. aerobic heterotrophic carbon removal by ordinary heterotrophic 

organisms (OHO); acetate was considered as substrate [6]: 

0.125 CH3COO− + 0.0295NH4
+ + 0.103O2

→ 0.0295C5H7O2N + 0.0955H2O + 0.0955HCO3
− + 0.007CO2 

 

 

 

(Eq. 6.4) 

v. anoxic heterotrophic carbon removal (denitrification); acetate was 

considered as substrate [6]: 

NO3
− + H+ + 0.33NH4

+ + 1.45 CH3COO−

→ 0.5N2 + 0.33C5H7O2N + 1.60H2O + 1.12HCO3
− + 0.12CO2 

 

 

 

(Eq. 6.5) 
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The following assumptions were also assumed in order to simplify calculations: 

1. biomass growth, and subsequent ammonia-nitrogen uptake for cell synthesis, was 

mainly ascribed to OHO growth; 

2. all influent ammonium converted to N2 gas which was not used for biomass growth was 

used by PN/anammox process; 

3. nitratation (i.e. nitrate production from nitrite by NOB) was negligible compared to 

nitrate production by anammox and nitrate consumption by denitrifying bacteria;  

4. nitratation and denitrification did not occur simultaneously. 

Calculations were then carried out as follows. 

From rough data (influent and effluent concentrations), ∆TN and (∆TOC)TOT were calculated: 

∆TN =  (NH4
+-N + NO2

−-N + NO3
−-N)inf −  (NH4

+-N + NO2
−-N + NO3

−-N)eff (Eq. 6.6) 

(∆TOC)TOT =  (TOC)inf −  (TOC)eff (Eq. 6.7) 

An initial estimation of total nitrogen removed for bacteria growth (Nbiomass) was done according 

to the first initial assumption, i.e. estimating OHO growth. To do that, reactions reported in (Eq. 

6.4 and (Eq. 6.5 were considered, resulting in a nitrogen uptake of 0.1376 and 0.1355 mgNH4-

N/mgTOC for aerobic and anaerobic reaction, respectively. Thus, an average value of 0.1365 

mgNH4-N/mgTOC was assumed as representative of overall heterotrophic bacteria growth (Eq. 

6.8). 

Nbiomass = 0.1365 × (ΔTOC)TOT (Eq. 6.8) 

Anammox contribution to nitrogen mass balance was estimated according to the stoichiometry 

proposed by Lotti et al. [7] (Eq. 6.3), corresponding to 1.972 and 0.014 gN converted into 

dinitrogen gas and biomass, respectively, per gram of NH4-N removed. Hence, (Eq. 6.9, (Eq. 

6.10, (Eq. 6.11 and (Eq. 6.12 were used to estimate ammonium and nitrite removal, nitrate 

production and ammonium uptake for biomass synthesis by anammox bacteria. 

(∆NH4
+-N)AMX =

∆TN

1.9862
 (Eq. 6.9) 

(∆NO2
−-N)AMX = 1.146 × (∆NH4

+-N)AMX (Eq. 6.10) 

(∆NO3
−-N)AMX = 0.161 × (∆NH4

+-N)AMX (Eq. 6.11) 

(∆NH4
+-N)AMX_biomass = 0.0142 × (∆NH4

+-N)AMX (Eq. 6.12) 

When the measured nitrate production (Eq. 6.13) was higher than the estimated nitrate 

production by anammox bacteria, nitratation was considered to occur during the cycle, and 
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denitrification was neglected; when the effluent contained less nitrate than expected by 

anammox activity, denitrification was considered and nitratation was neglected, according to 

the assumption #3 and #4. Therefore, the calculation was split in two different paths (A and B), 

according to the sign of the difference between (∆NO3
−-N)TOT and (∆NO3

−-N)AMX, as reported 

in Table 6.1. 

Table 6.1: Calculation paths A and B. 

(∆NO3
−-N)TOT = (NO3

−-N)eff − (NO3
−-N)inf (Eq. 6.13) 

Path A: (∆NO3
−-N)TOT − (∆NO3

−-N)AMX > 0 

 NOB activity not negligible, no denitrification  

 (∆NO3
−-N)NOB = (∆NO3

−-N)TOT − (∆NO3
−-N)AMX (Eq. 6.14) 

 (∆NH4
+-N)NOB_biomass = 0.005 × (∆NO3

−-N)NOB (Eq. 6.15) 

 (∆NO3
−-N)Denit = 0 (Eq. 6.16) 

Path B: (∆NO3
−-N)TOT − (∆NO3

−-N)AMX < 0 

 No NOB activity, only denitrification.  

 (∆NO3
−-N)NOB = 0 (Eq. 6.17) 

 (∆NO3
−-N)Denit = (∆NO3

−-N)AMX − (∆NO3
−-N)TOT (Eq. 6.18) 

 
(∆TOC)Denit = 1.45 ∙ 2 ∙ 12.0107 ×

(∆NO3
−-N)Denit

14.0067
 (Eq. 6.19) 

 (∆NH4
+-N)Denit_biomass = 0.33 × (∆NO3

−-N)Denit (Eq. 6.20) 

 

Finally, organic carbon removal and ammonium uptake for biomass synthesis by aerobic OHO 

were calculated according to (Eq. 6.21) and (Eq. 6.22). Hence, overall N uptake due to biomass 

growth was calculated as the sum of each contribution. Such value was then assumed as the 

new initial estimation of total nitrogen removed for bacteria growth (Nbiomass), and calculation 

was iterated from the top. Iterations stopped when difference from initial and final Nbiomass 

values was <0.01 mgN/L. 

(∆TOC)OHO_aer = (∆TOC)TOT − (∆TOC)Denit (Eq. 6.21) 

(∆NH4
+-N)OHO_biomass =

(∆TOC)OHO_aer

0.125 ∙ 2 ∙ 12.0107
∙ 0.0295 ∙ 14.0067 (Eq. 6.22) 
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6.2.6 Specific activity assessment 

Respirometric assays were carried out in order to determine specific aerobic heterotrophic 

activity (SAOHO_Aer), as well as specific ammonium- and nitrite-oxidation activity (SAAOB and 

SANOB activity, respectively). Tests were performed according to Lòpez-Fiuza et al. [8], using 

a Biological Oxygen Monitor (BOM, YSI model 5300) with oxygen selective electrodes, model 

YSI 5331, equipped with a computer data acquisition system. The instrument was a 

discontinuous respirometer equipped with 15 ml vials with working volume of 10 ml. 

The biomass employed in each assay was drained from reactor and continuously aerated for at 

least 30 min before being used, in order to remove completely the possible remaining substrate. 

Biomass was then resuspended in each vial and diluted with phosphate buffer solution, in order 

to achieve a concentration of 1-2 gVSS/L. In AOB and NOB tests, NaHCO3 solution was added 

to the suspension in order to provide a final concentration of 2.5mM (0.21 mg/L). In OHO 

activity test, a nitrification inhibitor, i.e., 100 µL of allithiourea (ATU), 1 g/L, was added before 

starting the test. Also, in AOB activity test, a NOB activity inhibitor (i.e., 100 µL of sodium 

azide NaN3, 1 g/L) was added before starting the test. Vials were placed in a thermostatically 

controlled chamber (20°C) with a magnetic stirring system. The initial pH was adjusted to 7 

and air was used to obtain the initial level of dissolved oxygen saturation. Subsequently, 

aeration was stopped and DO was monitored along with time. After ~2-5 min the oxygen uptake 

rate (OUR, mgO2/L·min) corresponding to endogenous respiration was determined (OURend); 

Then, substrate was injected, causing a higher OUR, reflected by a steeper slope (corresponding 

to OURmax). At the end of the assay, TSS and VSS concentrations of the suspension were 

determined. Specific activities (SA) were then calculated as follows: 

SAAOB =  
(OURmax − OURend)

XVSS
∙

1

3.43
∙

1440 (min/d)

1000 (mg/g)
       [

gNH4
+-N

gVSS ∙  d
] (Eq. 6.23) 

SANOB =  
(OURmax − OURend)

XVSS
∙

1

1.14
∙

1440 (min/d)

1000 (mg/g)
       [

gNO2
−-N

gVSS ∙  d
] (Eq. 6.24) 

SAOHO_Aer =  
(OURmax − OURend)

XVSS
∙

1440 (min/d)

1000 (mg/g)
       [

gCOD

gVSS ∙  d
] (Eq. 6.25) 

Substrate addition consisted of 0.1 mL of ammonium (3.5 gN/L), nitrite (3.5 gN/L) or acetate 

solution (10 gCOD/L) for AOB, NOB and aerobic OHO assessment, respectively. 

Phosphate buffer solution consisted of (concentration in g/L): KH2PO4 (3.31), K2HPO4 (3.97), 

MgSO4·7H2O (1.84), MgCl2·10H2O (1.52), NaCl (0.8) and a nutrient solution (5 mL/L) as 

described by Lòpez-Fiuza [8].  
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Each assay was performed in triplicate. 

As to specific anammox activity (SAA) and specific denitrification activity (SADenit) 

assessment, manometric batch tests were carried out according to the methodology described 

by Dapena-Mora et al. [9]. The assays were performed in vials with a total volume of 38 mL 

and a volume of liquid of 25 mL, each closed with a gas-tight coated septum. The vials were 

inoculated with biomass drained from the reactors, previously washed and resuspended in 

phosphate buffer (KH2PO4, 0.14 g/L and K2HPO4, 0.75 g/L; initial pH value was 7.8). Final 

biomass concentration was 1.5-3.0 gVSS/L. The headspace and liquid phase were sparged with 

argon to remove dissolved oxygen. The vials were placed in a thermostatic shaker (HWY-200-

D, Lan technics; shaking speed, 150 rpm) until stable conditions were reached. Assays were 

performed at a fixed temperature of 20°C (average working temperature of reactors); specific 

anammox activity (SAA) was also replicated at 30°C (reference temperature for anammox 

activity). Then the substrates were added (total volume added, 1 mL) and pressure was 

equalized to the atmospheric one. The substrates consisted of ammonium+nitrite (both 

70 mgN/L) and acetate+nitrate (200 mgCOD/L and 25 mgN/L, respectively) for anammox and 

denitrification test, respectively.  

The production of N2 gas was tracked along with time by measuring the overpressure in the 

headspace at fixed time. Overpressure was measured via a handheld pressure transducer (Model 

PSI-5, Centrepoint electronics). At the end of the test, gas composition of each vial was 

analyzed via gas chromatography (Hewlett Packard 5890A with TCD) in order to confirm the 

production of N2; also, TSS and VSS concentrations were determined. 

Overpressure time courses typically showed an initial lag phase, followed by a linear increase 

of gas production along with time, and a final stationary phase. When no more overpressure 

increase was observed within 30-60 min, stationary phase was reached and assays were stopped. 

Maximum slope α (mmHg/min) was determined through linear regression of overpressure 

linear increase phase. Subsequently, nitrogen production rate and specific activity were 

calculated according to (Eq. 6.26 and (Eq. 6.27, respectively. 

dN2

dt
=  α ∙

VG

RT
       [

mol N2

min
] (Eq. 6.26) 

SAA , SADenit =  
dN2/dt

VSS ∙ VL
∙ 14.0067 ∙ 2 ∙ 1440     [

gN2-N

gVSS ∙  d
] (Eq. 6.27) 

Where: VG and VL, headspace gas and liquid phase volumes in each vial, respectively (L); R, 

gas constant (62.3637 mmHg·L/mol·K); T, temperature (K). 
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Each assay was performed in triplicate. 

6.3 Results 

The experimental activity had a total duration of 90 days. On day 0, both reactors were started 

up. The key operational parameter that needed to be adjusted in order to reach the optimal 

process performance was aeration flow rate. Indeed, high flow rate led to excess in oxygen 

availability, resulting in high DO level (>2 ppm) during most of the cycle duration, which 

inhibited anammox activity and promoted the nitrite conversion to nitrate; conversely, low flow 

rate resulted in limiting DO level, and consequently in poor ammonium and organic carbon 

removal efficiency. An optimal flow rate was found between 1.5-2.0 NL/min. 

After 28 days of operation, stable performance was considered to be achieved for both reactors. 

Hence, regular stops were applied on reactor D. Regular stops consisted of reactor not operated 

(no feeding, no stirring, no aeration and no withdrawal) for 4 of the normal 8 daily cycles, from 

Monday to Friday, and not operated at all on Saturdays and Sundays, as depicted on Figure 6.2. 

Thus, each reactor D operation stop ranged between 12 and 60 hours. 

 

Figure 6.2: Continuous and discontinuous operation of reactors C and D, respectively. White rectangles, normal 

operation cycle; grey rectangles, not operated cycle. 

 

6.3.1 Nitrogen and organic carbon removal and mass balance 

The discontinuous operation on reactor D automatically resulted in a sharp decreasing (-64%) 

in applied nitrogen loading rate (NLR) and organic loading rate (OLR): expected values 

changed from 0.48 to 0.17 gN/L·d, and from 0.32 to 0.11 gCOD/L·d, respectively.  

Time course of the main process performance indicators are depicted in Figure 6.3, Figure 6.4 

and Figure 6.5. During the whole experimentation, the most influential factor on process 

performance was the air flow rate. Troubles in adjusting the flow rate caused the fluctuating 

performance observed in the startup phase, up to day 20, and on days 58-68. However, stable 

performance was achieved and maintained in both reactors. 

Generally, process performance in reactor D was not apparently affected by the regular stops 

applied. Total nitrogen removal averaged out at 84% and 88% in reactors C and D, respectively, 
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although a significant fluctuation was observed, mostly ascribed to failure in air flow control. 

Effluent nitrite and nitrate concentrations averaged out at 2.7 mgNO2-N/L and 6.4 mgNO3-N/L, 

and 4.0 mgNO2-N/L and 7.4 mgNO3-N/L for reactor C and D, respectively. Remarkably, 

observed acetate removal efficiency was mostly lower than nitrogen removal (Figure 6.5). 

Average values of the main process performance indicators (TN and TOC removal efficiency, 

NRR/NLR ratio) are reported in Table 6.2: statistical analysis supported the hypothesis that 

average values of the two reactors were not significantly different (p>0.3). 

Mass balance calculations allowed to ascribe most of the observed nitrogen removal to the 

partial nitritation/anammox metabolism (92±8% and 93±8% for reactor C and D, respectively), 

while denitrification and assimilation accounted for 11% and 9% in reactor C, respectively, and 

9% and 9% in reactor D, respectively. However, the error in quantification of different 

metabolisms averaged out at 11% for both reactors. 

Figure 6.3: Nitrogen loading rate and nitrogen removal rate time profiles in SARD-C and D reactors (left and right, 

respectively). Red dashed line corresponded to day 28. 

 

 

Figure 6.4: Time profiles of influent and effluent nitrogen forms in SARD-C and D reactors (left and right, 

respectively). Red dashed line corresponded to day 28. 
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Figure 6.5: Time profiles of total nitrogen and total organic carbon removal efficiencies in SARD-C and D reactors 

(left and right, respectively). Red dashed line corresponded to day 28. 

 

Table 6.2: Average values of the main process performance indicators. 

 Reactor C Reactor D 

TN removal efficiency 84±17% 88±17% 

TOC removal efficiency 81±12% 78±12% 

NRR/NLR ratio 84±15% 88±13% 

 

In order to better highlight the evolution of the different analytes during a single working cycle, 

specific characterization was performed on both reactors when stable performance was 

observed. A typical resulting time profile of the different analytes is showed in Figure 6.6.  

Pulse feeding (20% of total reactor volume in 5 minutes) resulted in an initial increase of 

ammonium and TOC and a corresponding decrease in nitrite and nitrate concentration, only 

partially caused by dilution. Indeed, decrease in nitrate appeared faster than nitrite decrease, 

suggesting an active consumption, i.e. denitrification. Subsequently, nitrate started to increase 

quite linearly, while quite stable nitrite levels were observed; at the same time, ammonium 

progressively decreased. Aeration started after 5 min; however dissolved oxygen remained 

below 0.5 ppm during most of the cycle. Increase in DO concentration was detected after 120-

150 min, corresponding to a residual ammonium concentration <20 mgN/L; simultaneously, 

nitrite started to slowly accumulate. Remarkably, TOC showed an unexpected profile, with a 

quite stable concentration during most of the cycle, followed by a decreasing trend occurring 

in parallel to oxygen raise.  
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Figure 6.6: Time profiles of different parameters during a single cycle 

operation. 

 

6.3.2 Solids 

Reactor and effluent solid content during the experimental activity are depicted in Figure 6.7. 

During the startup phase (days 0-28) an increase in biomass concentration was observed in both 

reactors: inoculum originated from a full scale plant treating real wastewater, thus a positive 

effect of the synthetic feeding and controlled environment was expected. In both reactors, 

suspended biomass (already present in the inoculum) increased rapidly: as a consequence, 

progressive depletion in settling capacity was observed and measured through sludge volume 

index assessment (Table 6.3).  



113 

  

  
Figure 6.7: Time courses of reactor and effluent solids content in SARD-C and D reactors (left column and right 

column, respectively). Red dashed line corresponded to day 28. 

 

Remarkably, increase in poorly settling flocculant biomass content avoided the correct 

sedimentation of granules too; however, supernatant appeared well clarified. Eventually, such 

increasing trend led to detect relatively high solids content in the effluent from reactor C 

(~90 mgTSS/L on day 53); consequently, sludge started to be washed out from the reactor. 

Subsequently, reactor biomass concentration decreased (from 7.5 gVSS/L on day 23 to 

4.3 gVSS/L on day 54) as well as effluent solid concentration. However, sludge continued to 

show poor settling capacity, resulting in a slow, constant increase in effluent solid 

concentration, while biomass in reactor C appeared to have stabilized at 4.4±0.1 gVSS/L.  

As to reactor D, discontinuous operation apparently slowed down the development of 

suspended biomass. Interestingly, effluent solids concentration showed the same behavior 

observed in reactor C, but it was apparently shifted forward in time. Such behavior may be 

ascribed to the reduced organic and nitrogen loading rate, which limited biomass growth; 

however, progressive depletion of settling capacity and deterioration of effluent quality was 

only slowed down, but not avoided. 
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Table 6.3: Sludge settling capacity during the experimental activity. 
 

Reactor C 

(mL/gTSS) 

Reactor D 

(mL/gTSS) 

Day SVI5 SVI8 SVI30 SVI5 SVI8 SVI30 

2 64 na na na na na 

23 94 94 73 139 136 83 

55 192 192 180 175 170 136 

90 192 192 183 167 167 151 

 

Starting from day 65, biomass characterization was also performed on both the isolated 

suspended and granular fractions. Noticeably, correct separation was difficult to obtain, thus 

such measures were likely affected by significant errors. However, as reported in Table 6.4, in 

the last part of the experiment, reactor C showed an increase in granular fraction, while 

flocculant fraction appeared stable.  

Table 6.4: Observed sludge fractions during final experimental phase. 

Day Biomass fraction Reactor C  Reactor D  

  TSS VSS TSS VSS 

75 Mixed (g/L) 5.4 ± 0.2 4.6 ± 0.1 7.6 ± 1.1 6.5 ± 1.1 

90  5.2 ± 0.1 4.4 ± 0.1 6.0 ± 0.2 5.1 ± 0.2 

75 Granular (%) 43 ± 2 %  45 ± 2 % 33 ± 5 % 36 ± 6 % 

90  66 ± 7% 64 ± 6% 55 ± 4% 55 ± 4% 

75 Flocculant (%) 43 ± 2 % 49 ± 2 % 63 ± 6 % 63 ± 7 % 

90  41 ± 3% 52 ± 3% 40 ± 2% 44 ± 3% 

 

In reactor D a significant decrease in flocculant fraction was observed, together with a decrease 

in total biomass concentration and an increase in granular fraction. Such difference may be 

ascribed to reduced organic and nitrogen loading rate, as well as to prolonged anaerobic 

starvation, which limited the development of fast-growing suspended bacteria. 

6.3.3 Specific activity 

Specific anammox activity did not appear to be influenced by the different operating conditions 

in reactors C and D (Figure 6.8). SAA measured at 30 °C averaged out at 0.432 and 

0.459 gN/gVSS·d in reactors C and D, respectively, although a decreasing trend was observed 

in the last part of the experimental activity. SAA at 20°C, differently, showed a decreasing trend 

in the first phase of the experiment, then stable values stabilized were observed. Average values 

were 0.201 and 0.215 gN/gVSS·d for reactors C and D, respectively. 
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Figure 6.8: Specific anammox activity, measured at 30°C and 20°C in SARD-C and D reactors (left and right, 

respectively). 

 

On days 80-85, SAA at 30°C, as well as other specific activity assays, was also measured on 

isolated granular and flocculant biomass fractions of both reactors; results are showed in Figure 

6.10. As expected, anammox bacteria were mostly located on granular aggregates; however, 

relevant activity was detected in suspended biomass, indicating the presence of highly active 

small anammox granules, or even suspended anammox bacteria. 

AOB specific activity showed fluctuating values (Figure 6.9), which were mainly ascribed to 

errors in data collections and interpolations, due to little measured changes in OUR before and 

after the substrate addition. Measured ammonium oxidation activities were surprisingly low 

compared to overall ammonia oxidation efficiency, i.e. ranging between 12 and 48 mgNH4-

N/gVSS·d whereas a conventional nitrifying activated sludge resulted in 36-120 mgNH4-

N/gVSS·d [10]. Less surprisingly, AOB activity in reactor D progressively decreased compared 

to reactor C, as expected due to prolonged exposure to anoxic conditions. Moreover, AOB were 

expected to be located on the surface of the granules; differently, assays carried out withon 

isolated fractions showed that AOB activity was almost totally due to flocculant biomass in 

both reactors (Figure 6.10). Throughout the whole experimental period, no nitrite oxidation 

activity was observed. 

As to heterotrophic bacteria, both aerobic and anoxic, constantly increasing trends were 

observed in reactor C (Figure 6.9). A different result was found in reactor D: aerobic OHO 

activity showed a clear decrease after day 28, i.e. after regular stops started to be operated, while 

anaerobic OHO activity, on the contrary, showed the same increasing behavior as reactor C. 

Predictably, heterotrophic bacteria were present in suspended biomass more than granular 

biomass (Figure 6.10). 
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Figure 6.9: Results of AOB, aerobic and anaerobic OHO activity test. NOB activity was never detected. 

 

6.4 Discussion 

In recent years, many researches focused on the assessment of effects of starvation and 

reactivation on anammox process performance, as well as on microbiological or biochemical 

characterization of bacterial community [11–13]. Previous studies indeed pointed out at the 

sensitivity of anammox organisms to the environmental changes [12]. Carvajal-Arroyo et al. 

[11] were among the first to investigate the response of anammox bacteria to starvation, 

reporting increased sensitivity of anammox organisms to nitrite toxicity. More recent studies 

focused on the assessment of the best strategies to recover a satisfactory activity after prolonged 

starvation times: for instance, Zhang et al. [14] tested the effect of periodic (every 10 days) 

substrate addition in a 30-days-long starvation period. Results showed that ‘intermittent’ 

starvation led to a higher endogenous decay coefficient compared to persistent starvation, as 

well as to an exacerbated decrease in specific anammox activity, whereas no significant 

difference was observed in the heme c contents.  
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Figure 6.10: Results of the different specific activity assays performed on isolated granular and flocculant biomass 

fractions. 

 

A similar result was reported by Ma et al. [15] in two short-term anammox starvation 

experiments (4.5 and 1.67 days, under anaerobic and anoxic conditions, respectively), which 

resulted in no significant decay of the anammox cells, but in significant SAA decreasing after 

both anaerobic and anoxic starvation, thus confirming that activity decrease was more important 

than cell decay in anammox bacteria subjected to short-term starvation. Also, successive 

activity batch tests indicated almost completely SAA recovery. However, in the anoxic 

starvation experiment (1.67 days) SAA only increased by 33.98 ± 3.32%, while in the anaerobic 

starvation experiment (4.5 days) a 100% recovery was observed. Such results indicated that 

anaerobic (more than anoxic) starvation could provide an effective storage strategy for 

anammox sludge.  

In the present experiment, regular anoxic starvation occurred, lasting from 0.5 to 2.5 days, for 

72 days. Corresponding SAA values, both at 20°C and 30°C, did not show a significantly 

different behavior compared to the non-starved biomass (Figure 6.8); yet, biomass used in SAA 

assays was drained from reactor D just before the cycle reactivation. Such result is in contrast 

with those reported by Ma et al. [15], suggesting that anammox biomass could quickly 

acclimate to such operating conditions. Remarkably, in the cited study Zhang et al. [14] reported 

that acetate addition significantly accelerated short term recovery of enriched anammox 
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suspended-growth cultures after starvation, but reduced anammox activity over the longr term 

in suspended- and attached-growth cultures. Whether the presence of acetate in the influent 

medium might have contributed to the anammox resilience to starvation observed in the present 

study, however, could only be hypothesized.  

A recent investigation on repeated short-time starvation and reactivation cycles was performed 

by Ye et al. [12], and the same authors reclaimed theirs to be the first description of the repeated 

short-term starvation of the anammox sludge. Proposed starvation conditions were: reactor sat 

idle with no substrate addition; temperature controlled at 27°C; starvation time, 1-5 days; 

operation time after starvation, 5-48 days. Results indicated that the repeated starvation could 

increase the recovery rate, providing a pathway to enhance the resilience of the starved 

anammox sludge. Moreover, by studying the performance and apparent activities of anammox 

bacteria in the short-term starvation (1–5 days) of the recovery culture, the inhibition due to the 

starvation was aggravated by prolonging the starvation time, while the activity and tolerance of 

the anammox sludge was enhanced when the same starvation was repeated. Such results are in 

good agreement with the findings of the present experiment, suggesting that anammox process 

can be successfully operated under regularly repeated short-time starvation and reactivation 

operation. 

In the present experiment, operating conditions applied on reactor D mostly affected AOB and 

aerobic heterotrophic activity, likely due to the exposure to prolonged oxygen starvation, more 

than substrate starvation. AOB activity in reactor D progressively decreased compared to 

reactor C (approximatively -38%). Torà et al. [16] tested different ammonium starvation 

strategies on an highly enriched AOB biomass originating from a full nitritation reactor, 

concluding that fully anaerobic starvation condition was the best alternative to maintain AOB 

activity, compared to anoxic and aerobic conditions. However, prolonged anaerobic starvation 

was also recently proposed as successful strategy for the rapid achievement of AOB selection 

over NOB in nitritation reactors [17]. Such results could not allow to confirm whether long-

term operation under frequent anoxic starvation/aerated operation cycles significantly cause 

deterioration of nitritation process. However, ammonia oxidizing bacteria are strictly aerobic, 

slow-growing organisms which could likely be inhibited by periodic oxygen starvation, while 

OHO are able to rapidly switch between aerobic and anoxic conditions [6]. 
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6.5 Conclusions 

In the present experiment, two lab-scale SBR performing simultaneous PN/anammox and 

organic carbon removal were inoculated with ELAN biomass and successfully operated for 28 

days at NLR and OLR of 0.48 gN/L·d and 0.32 gCOD/L·d, respectively, using a synthetic 

influent. Subsequently, intermittent operation comporting repeated, regular substrate and 

oxygen starvation and reactivation was applied for 62 days on one of the two reactors, in order 

to simulate the discontinuous operation of the process implemented at full scale within the 

framework of MEDRAR project. The other reactor was instead operated under continuous 

operation and served as control. No remarkable difference in overall process performance was 

observed between the two reactors. Statistical inference did not highlight a significant 

difference on average values of TN and TOC removal efficiencies, as well as of NRR/NLR 

ratio. Small differences were observed in biomass settling capacity and effluent quality, 

ascribed to reduced organic loading rate on reactor D, leading to a slower heterotrophic 

suspended biomass growth. No significant differences were measured in specific anammox 

activity as well as denitrification activity, while repeated oxygen starvation might have caused 

a decrease in AOB and aerobic OHO activity in reactor D.  

No other study has previously investigated the effects of repeated short-term starvation-

reactivation periods on a complex nitrifying/anammox/heterotrophic biomass as that used in 

the present study. Results of the present study demonstrated the feasibility of long-term 

operation of such process under the proposed conditions. However, further investigations are 

needed, in particular regarding the feasibility of long-term operation of such process treating 

the real wastewater, the assessment of process resilience when longer starvation periods are 

applied, and the emissions of greenhouse gas such as nitrous oxide.  
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Conclusions 

The research described in the present work was focused on the application of the two-stage 

partial nitritation (PN)/anammox process for the treatment of the anaerobic supernatant (AD) 

of a two-stage anaerobic digestion of organic fraction of municipal solid waste (OFMSW) and 

food waste (FW). 

The feasibility of the proposed treatment was first preliminarily evaluated by starting and 

operating a PN continuous flow stirred tank reactor (CSTR) and a granular anammox 

sequencing batch reactor (SBR) using a synthetic influent, in order to determine the best 

operating conditions. The PN reactor was successfully operated under the following conditions: 

nitrogen loading rate (NLR), 1.5 gN/L·d; hydraulic retention time (HRT), 1 d, dissolved oxygen 

concentration (DO), 1.5 ppm. Acute toxicity effect of the target wastewater, i.e. the 

supernatant originating from the two-stage AD of FW, on the nitrifying biomass was assessed 

by means of batch tests: results showed an acute inhibiting effect of such wastewater. 

Differently, when in-situ prolonged exposure tests were carried out on PN biomass, no toxic 

effects were observed. Such result was mainly ascribed to the dilution rate in the chemostat, 

which avoided biomass inhibition, suggesting the combination of AD-FW wastewater high 

alkalinity and dilution rate in the chemostat as a possible key factor to avoid inhibition, and the 

feasibility to start up the process using the target wastewater as the only influent.  

In the PN unit, nitrous oxide gaseous emissions were assessed under different operating 

conditions. Measured N2O emissions in the off-gas were lower than most of the values reported 

in previous studies. Unlike many of the results previously reported in literature, where increase 

in ammonia oxidation rate or decrease in DO level appeared to trigger nitrous oxide production, 

reactor configuration adopted in this study (i.e., non-aerated settling and discharge phases were 

avoided) coupled with a continuous aeration strategy led to minimization of anoxic conditions. 

As a consequence, this contributed to the reduction of N2O emissions even at low, as long as 

not process-limiting, dissolved oxygen concentrations. 

Granular anammox SBR was able to withstand the same NLRs applied to the PN unit, and the 

increase of influent NO2/NH4 molar ratio led to an increase in nitrogen removal efficiency. 

In a second phase, the target wastewater, i.e. the supernatant originating from the two-stage AD 

of FW, was fed into the PN/anammox process. Such process was applied for the first time to 

the treatment of the liquid fraction produced by two-stage anaerobic digestion of municipal 

solid waste Main issue faced during the experiment concerned the adjustment of the operational 
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parameters in order to produce a suitable effluent, especially in terms of nitrite to ammonium 

molar ratio. Different solutions were proposed and tested. 

Nitritation was first achieved within 42 days in a semi-continuous batch reactor seeded with 

conventional activated sludge and fed with the target wastewater only. Startup strategy involved 

intermittent aeration and pH control to avoid NH3 production and subsequent stripping, and 

occasional NaHCO3 addition to regulate alkalinity; semi-continuous batch mode allowed 

prolonged biomass/wastewater contact and solid retention, promoting biomass acclimation and 

ammonia-oxidizing bacteria (AOB) growth; nitrite-oxidizers inhibition was mainly ascribed to 

both free ammonia and free nitrous acid inhibition. 

The semi-continuous batch reactor was then converted into a CSTR system. Stable PN was 

achieved treating the target wastewater only, under the following operating conditions: T=35°C, 

DO=3 ppm, HRT0.6 d and NLR2.5 gN/L·d. Because of high influent alkalinity/ammonium 

ratio (1.3 mol/mol), PN effluent mostly resulted in a NO2/NH4 molar ratio higher than optimum 

range requested by subsequent anammox unit (1.6-2.1). Decreasing DO and increasing NLR 

were tested as control parameters for the adjustment of the effluent nitrite/ammonium molar 

ratio. While DO regulation led to process failure, NLR regulation initially seemed to be 

effective; however, biomass was not able to withstand NLR2.5 gN/L·d.  

Anammox SBR unit was operated in a fed batch mode at an average NLR of 1.5 gN/L·d. 

Synthetic influent was progressively replaced by PN effluent according to an exponential law, 

in order to promote a gradual acclimation of the biomass. 100% pre-treated target wastewater 

was eventually fed, and chemical addition was used to correct the influent NO2/NH4 molar ratio. 

Stable good process performance was observed throughout phase 1 and 2. Subsequently, 

influent NO2/NH4 molar ratio was corrected by mixing pre-treated and untreated target 

wastewater. Such solution was tested for the first time using effluent from AD of OFMSW. A 

decrease in anammox performance was observed at first, but process recovery was achieved 

within 20 days. Average NRE ranged between 87 and 90%. When target wastewater was fed, 

specific anammox activity (SAA) averaged out at 0.44 gN2-N/gVSS·d. 

Digital color characterization of anammox granular biomass and subsequent representation 

through CIE Lab color space was applied for the first time on a system fed with real wastewater. 

Although results were not statistically well correlated to other performance indicator or to 

anammox bacteria abundance, some issues were pointed out about the need for measurement 

protocols considering possible interference by mixed liquor/influent wastewater color and 
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suspended solids content. In this sense, a protocol introducing a blank assessment was proposed. 

Moreover, chroma C* was identified as a more representative color parameter. 

In conclusion, the application of the two-stage PN/anammox process to the treatment of 

ammonium-rich liquid by products of two-step AD of OFMSW, aimed at the production of H2 

and CH4, as part of the development of a novel integrated system for the management and 

valorization of solid waste, was assessed. Such result may potentially allow to increase the 

sustainability of the entire OFMSW treatment chain.  

Further studies are needed in this direction, in particular concerning the development of such 

technologies at a greater scale, and the assessment of the environmental footprint of the entire 

treatment process. 

 



 

 

 

 


