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Abstract: In this work, the feasibility of the Shortcut Biological Nitrogen Removal (SBNR) in the 

anodic chamber of a Microbial Fuel Cell (MFC) was investigated. Thirty day experiments were 

carried out using synthetic wastewaters with a Total Organic Carbon vs. nitrogen ratio (TOC/N) 

ranging from 0.1 to 1. Ammonium, nitrite, nitrate, pH, and TOC were daily monitored. Results 

showed that microaerobic conditions in the anodic chamber favored the development of nitritation 

reaction, due to oxygen transfer from the cathodic chamber through the membrane. Nitritation was 

found to depend on TOC/N ratio: at TOC/N equal to 0.1 an ammonium removal efficiency of up to 

76% was observed. Once the oxygen supply to the cathodic chamber was stopped, denitritation 

occurred, favored by an increase of the TOC/N ratio: a nitrite removal of 80.3% was achieved at 

TOC/N equal to 0.75. The presence of nitrogen species strongly affected the potential of the 

electrochemical system: in the nitritation step, the Open Circuit Voltage (OCV) decreased from 180 

mV to 21 mV with the decrease of the TOC/N ratio in the investigated range. Lower OCV values 

were observed in the denitritation steps since the organic carbon acted as the energy source for the 

conversion of nitrite to nitrogen gas. A kinetic analysis was also performed. Monod and Blackman 

models described the ammonium and the organic carbon removal processes well during the 

nitritation step, respectively, while Blackman-Blackman fitted experimental results of the 

denitritation step better. 

Keywords: Microbial Fuel Cell; nitritation; denitritation; nitrite accumulation; nitrogen removal; 

kinetic model 

 

1. Introduction 

Nitrogen rich wastewaters are generated by several industrial and agricultural activities, as 

well, ammonium is one of the major pollutants in domestic wastewater. The uncontrolled release of 

such wastewater may favor eutrophication in rivers and lakes, and ammonium is also a strong 

pollutant in aquatic ecosystems [1]. For this reason, the amount of ammonium discharged into the 

environment is limited by European Directive [2]. Nitrogen removal from wastewater is generally 

carried out through biological processes, called Biological Nutrient Removal (BNR), by a specific 

microbial pool [3]. The BNR process is characterized by two steps: ammonium oxidation 

(nitrification) followed by nitrogen gas development by nitrate reduction (denitrification). 

Nitrification, in turn, is carried out in two steps: ammonia is first converted into nitrite by Ammonia 
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Oxidizing Bacteria (AOB, Equation (1)) and then nitrite is converted in nitrate by Nitrite Oxidizing 

Bacteria (NOB, Equation (2)) [4]. In both reactions, the oxygen is the electron acceptor: 

𝑁𝐻4
+ +  3/2 𝑂2 → 𝑁𝑂2

− + 𝐻2𝑂 + 2𝐻+ (1) 

𝑁𝑂2
− +  1/2 𝑂2 → 𝑁𝑂3

− (2) 

The nitrogen cycle ends with the denitrification step, by reductive reaction pathway (Equations 

(3)–(4)) [5]. In this case, organic matter is the energy source for denitrifying bacteria. 

𝑁𝑂3
− +  2 𝑒− +  2𝐻+ → 𝑁𝑂2

− +  𝐻2𝑂 (3) 

𝑁𝑂2
− +  3 𝑒− +  4𝐻+ → 1/2𝑁2  + 𝐻2𝑂 (4) 

Since nitrification and denitrification are developed under aerobic and anaerobic conditions, 

respectively, these processes are usually performed in two different reactor systems [6]. However it 

has been reported that simultaneous nitrification and denitrification (SND) can be achieved in the 

presence of heterotrophic bacteria [7]. Nowadays, several studies have been developed in order to 

improve and optimize the nitrogen removal process. 

Nitrogen removal has been successfully obtained by the Anammox process: under anoxic 

condition, the ammonia is firstly oxidized to nitrite by autotrophic Anammox microorganisms, and 

then nitrite is used as an electron acceptor for the nitrogen gas production. The overall stoichiometry 

of the Anammox process can be described by the following Equation [8]: 

𝑁𝐻4
+ +  1.146 𝑁𝑂2

− +  0.071 𝐻𝐶𝑂3
− +  0.057 𝐻+

→ 0.986 𝑁2 +  0.161 𝑁𝑂3
− +  0.071 𝐶𝐻1.74𝑂0.31𝑁0.20 +  2.002 𝐻2𝑂. (5) 

In this equation, CH1.74O0.31N0.20 represents the biomass elemental composition. This process has 

been proposed as an alternative to conventional treatment, but the difficulty of Anammox bacteria 

acclimation limits Anammox process applicability to wastewater treatment [9]. 

In recent years, the Shortcut Biological Nitrogen Removal (SBNR) has been proposed and 

experimentally tested as an alternative to conventional SND, with the objective to bypass nitrate 

formation and to directly convert nitrite in to nitrogen gas [10]. The shortcut pathway is 

characterized by a nitritation step that is the partial ammonia oxidation to nitrite according to 

Equation (1) and a denitritation step that is the production of nitrogen gas through the reduction 

reaction of nitrite accumulated in the first step according to Equation (4) [11]. This process presents 

several advantages with respect the conventional BNR, including lower oxygen demand, lower 

carbon source request, and short retention times [4]. 

The treatment of wastewater with a low TOC/N ratio still represents a challenge for industrial 

wastewater treatment plant. Conventional biological processes, such as Anaerobic Digestion (AD), 

are generally unsuitable to complete the nitrogen cycle due to the inhibition of microorganisms 

involved in the treatment [12]. For this reason, effluents from AD are usually rich in ammonium up 

to 2 kgN/m3 [13]. 

Bioelectrochemical systems (BES) represent an alternative cross link between biological 

wastewater treatment and the advantage of producing energy [14]. Generally the combination of 

AD- BES technologies leads to the recovery of organic carbon still present in wastewater end-off AD 

and the production of adding-value by-products such as bioalcohols [15]. 

Microbial Fuel Cell (MFC) is a BES in which chemical energy is converted in electrical energy 

[16] by means of electrogenic bacteria [17]. An MFC is composed by two chambers (anodic and 

cathodic) separated by a specific cationic or protonic exchange membrane [18]. In the anodic 

chamber, microorganisms oxidize the organic carbon producing electrons and protons [19]. The 

electrons are transferred to the cathode through an external circuit [20] while the protons cross the 

membrane and close the electrical circuit [21]. To perform reduction reactions in optimal condition, 

the cathodic chamber is aerated by using an air supply [22].  

Simultaneous organic and nitrogen removal in MFCs has been already widely investigated 

[23,24] and different configuration were proposed: ammonia can be oxidized in an external aerated 
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system and then nitrate was reduced into nitrogen gas in the cathodic compartment [25]; nitrification 

and denitrification were developed in an aerated bio-cathode in which ammonia was oxidized, by 

the oxygen supply, and the nitrate was the electron acceptor of the cathodic compartment [26]. 

Based on this the simultaneous nitrification/denitrification was enhanced by using an 

intermittent aerated cathode for the establishment of a suitable nitrifying and denitrifying microbial 

consortium [27]. 

It was found that using a cationic exchange membrane diffusion phenomena involving the ion 

species can occur. In particular, ammonium can move from the anode to the cathode [26] while 

nitrite and nitrate move in the opposite direction. In this last case, the removal of nitrite and nitrate 

can be obtained by electrochemically active bacteria (EAB) that are able to provide the electrons for 

the reduction reaction [28]. 

In the present study, the nitritation and denitritation processes via nitrite accumulation in the 

anodic chamber were investigated in the treatment of a nitrogen-rich wastewater, in order to 

prevent the nitrite accumulation and to achieve denitritation by the coexistence of AOB and 

heterotrophic denitrifying bacteria [29]. 

The novelty of this work is that nitritation and denitritation steps occurred in the same 

compartment via the SBNR pathway, thus avoiding wastewater recirculation. In our work, 

microaerobic conditions during the nitritation step were obtained by oxygen diffusion from the 

aerated cathodic chamber through the cationic exchange membrane. Conversely, the stop of the air 

supply in the cathodic chamber [30] ensured the anaerobic condition in the anodic chamber to allow 

the development of the denitritation step. 

It is worth noting that the studies mentioned above (and several others about this topic) dealt 

with lower nitrogen/carbon ratios with respect to those adopted in this work [31]. 

In fact, the TOC/N ratio plays an important role in this process. Low values of this ratio enhance 

ammonium conversion and nitrite accumulation, while a positive influence of high TOC 

concentration is expected during the denitritation, when the presence of organic carbon as the 

electron donor for nitrite reduction is required. 

A kinetic study was then carried out in order to identify the kinetic parameters describing 

nitritation and denitritation steps: Monod, Blackman, and Tessier kinetics were considered to model 

the microorganism’s specific growth rate. 

2. Materials and Methods 

2.1. Microbial Fuel Cell Set-Up 

H-type MFC was used to perform the experimental tests (Figure S1a). This system was 

constituted by two 300 mL pyrex glass chambers, divided by a cationic exchange membrane (Ultrex- 

CMI 7000-Membranes International, Ringwood, NJ, USA) and equipped with carbon paper 

electrodes (12.5 cm2; Goodfellow Cambridge Limited, Huntingdon, UK, LS366112 SJP Carbon Foil). 

The electrodes were connected to a resistor (2034 Ω) by means of a titanium wire. The cathodic 

chamber was provided with an air diffusion system. A reference electrode (Crison Ag/AgCl) was 

placed in the anodic chamber.  

Batch tests were performed to establish the optimal parameters for the nitrogen cycle 

development: synthetic wastewaters were prepared by dissolving sodium acetate as carbon source 

and ammonium sulfate and sodium nitrite as nitrogen source in a 50 mM phosphate buffer solution 

[32]. The supernatant of a digestate from the treatment of cattle manure and agricultural wastes was 

used as inoculum. For the nitritation tests the microorganisms were previously conditioned in an 

aerated reactor at high concentration of ammonium (up to 100 mgN/L) while the same 

microorganisms source was acclimated under anaerobic condition at high nitrite concentration (up 

to 540 mgN/L). The conditioning phase was crucial to reduce the start-up time: the solutions were 

fed in the anodic compartment and simultaneously the monitoring of the process in term of nitrogen 

species, TOC concentration and potential (see Section 2.2) was performed. No addition or 

recirculation of solution was carried out. 



Sustainability 2018, 10, 1062 4 of 13 

H-type MFC was used in half-biotic modality: bacteria source was inoculated in the anodic 

chamber fed with the prepared wastewater, while in the cathodic chamber only the phosphate 

buffer solution was added. 

Considering the opportunity of implementing MFC technology on the effluent of the anaerobic 

digestion generally characterized by low C/N ratio [33], the effect of different TOC/N ratio was 

investigated. In the first series of tests (from N1 to N4) the nitritation step and the optimum 

condition for the nitrite accumulation were investigated. The second series (from D1 to D6) 

concerned the denitritation step and the influence of TOC/N ratio on nitrite removal yield was 

studied (Figure S1b). 

The operating conditions are reported in Table 1. 

Table 1. Operating condition in the experimental tests. 

Run 
Synthetic Wastewater 

TOC/N Aeration in Cathodic Chamber 
NH4+-N [mg/L] NO2--N [mg/L] TOC [mg/L] 

N1 100 - 10 0.1 Yes 

N2 100 - 35 0.35 Yes 

N3 100 - 100 1 Yes 

N4 100 - 2600 26 Yes 

D1 - 540 60 0.11 Not 

D2 - 540 120 0.22 Not 

D3 - 540 190 0.35 Not 

D4 - 540 280 0.52 Not 

D5 - 540 405 0.75 Not 

D6 - 540 540 1 Not 

2.2. Measurement 

Organic carbon (Total Organic Carbon analyzer TOC-L Shimadzu) and pH (Crison GLP21) 

were daily monitored. Open Circuit Voltage (OCV) was recorded using a multimeter (FLUKE 87): as 

reference electrode (Ag/AgCl) was used to evaluate the potential of the electrode (anode or cathode) 

without passage of current (open circuit). Ammonium content was determined by distillation 

method (VelpScientifica UDK 139). Nitrite and nitrate species were measured by ion 

chromatography (Dionex ICS 1100 Thermo Scientific, Waltham, MA, USA). Dissolved oxygen in 

anodic solution was measured using Oximeter Seven GO (Mettler Toledo, Columbus, OH, USA). 

2.3. Kinetic of Nitritation and Denitritation 

The objective of this work was also to estimate the kinetic parameters that well describe 

nitritation and denitritation steps developed in an MFC system. According to literature [34] the 

substrate consumption rate in the anodic chamber is tightly dependent to substrate concentration, 

active biomass and it can be described by the following equation: 

𝑑𝑆/𝑑𝑡 =  (𝑋/𝑌)𝜇 (6) 

where S is nitrogen or carbon concentration expressed in mg/L, t is the time (d), X is the biomass 

concentration in term of Volatile Suspended Solids (mg VSS/L), Y is the stoichiometric biomass 

growth yield related to nitrogen species (mg VSS/mg N) or organic carbon species (mg VSS/mg 

TOC) and µ is the overall specific growth rate. In order to simplify the numerical analysis of each 

test, X/Y and µ were expressed by a general factor µ* (mg/L d). The studied equation becomes: 

𝑑𝑆/𝑑𝑡 = 𝜇∗. (7) 

In this work, three different models were analyzed to explain µ*: Monod (Equation (8)) [35], 

Blackman (Equation (9)) [36], and Tessier (Equation (10)) [37]. 

𝜇∗ = 𝜇∗∗𝑆𝑖/(𝑘𝑖 + 𝑆𝑖) (8) 
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𝜇∗ = 𝜇∗∗𝑆𝑖/(2𝑘𝑖)  (9) 

𝜇∗ = 𝜇∗∗(1 − exp (−𝑆𝑖  /𝑘𝑖) (10) 

Two kinetic parameters can be estimated in such models: the reaction rate µ** (mg/Ld) and the 

substrate saturation constant ki (mg/L). In the nitritation step, ammonium removal and carbon 

removal can be analyzed as separate processes, while in the denitritation step a double function type 

model [38] was considered (Equation (11)) because both TOC and nitrite concentrations are included 

in the kinetic expression: 

𝑑𝑆𝑁𝑂2
−/𝑑𝑡 =  𝜇𝑇𝑂𝐶

∗ 𝜇𝑁𝑂2
−

∗  (11) 

where µ*TOC and µ*NO2- can be expressed with one of the model considered. All possible expression of 

the Equation (11) are reported in Table S2. The differential equations were solved by the 

Runge-Kutta method, using a fixed step of 0.5 day: the fitting of the experimental data to model 

predictions was based on the minimum value of the objective function Φ. 

Φ = ∑(𝑦𝑒𝑥𝑝,𝑖 − 𝑦𝜃,𝑖)
2

𝑛

𝑖=1 

/𝑛 (12) 

where 𝑦𝑒𝑥𝑝,𝑖 is the experimental data, 𝑦𝜃,𝑖  is the predicted value of the mathematical model and n is 

the number of experimental data. 

3. Results and Discussion 

3.1. Nitritation Test 

Table 2 shows the overall ammonium removal in tests at different TOC/N values. The 

nitritation step was found to strongly depend on TOC/N. In fact, in tests N1, N2, and N3 ammonium 

removal of 76%, 72% and 63% was achieved respectively, thus indicating that ammonium oxidation 

is favored when TOC/N was lower than 1. These results can be explained considering that at low 

concentration of organics the dissolved oxygen in the anodic chamber is available for the 

development of the ammonia oxidation. 

Table 2. Nitritation tests: percentage of ammonium and Total Organic Carbon (TOC) 

removal and composition of the effluents (30 days). 

Run 
t (NH4+/NO2− = 1) 

[d] 

NH4+ 

(%) 

TOC 

(%) 

Effluent Composition 

TOC [mg/L] NH4+-N [mg/L] NO2--N [mg/L] TOC/N 

N1 10 76 72.47 7.48 24 75 0.03 

N2 11 72 81.02 6.64 28 70 0.07 

N3 15 63 78.79 21.02 37 60 0.21 

N4 - - 99.43 14.70 98 - 3.38 

Data in Figure 1, where daily concentration of nitrogen species during the tests is reported, also 

show that the accumulation of nitrite occurred without further oxidation to nitrate.  

This suggests the establishment of a nitrifying microbial pool, favored by microaerobic 

conditions due to oxygen intrusion in the anodic compartment through the membrane [39,40]: in 

such tests, initial dissolved oxygen in the anodic chamber was about 0.4 mg/L. 

The intersection point of curves in Figure 1, representing the equal molar concentration of 

nitrite and ammonium during the nitritation, was found to depend on the TOC/N ratio: in 

particular, in the test with the lower TOC/N ratio (test N1), this intersection point was reached after 

10 days, while in tests N2 and N3 the equal molar concentration of ammonium and nitrite was 

observed after 14 days and 16 days, respectively.  

According to these results, the Anammox process can be excluded. At the end of nitritation 

tests, both ammonium and nitrite concentration reached a plateau (after about 23 days) and no 

simultaneous ammonium and nitrite removal was observed until the end of the experiment. No 
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ammonium losses through the membrane were observed: the concentration of this species in the 

cathodic chamber was always undetectable. In our case, anaerobic conditions in the anodic chamber, 

a necessary condition for the Anammox process, were not guaranteed as a consequence of oxygen 

losses through the separator. In test N4 (data not reported here), in the presence of a large excess of 

organic matter, neither removal of ammonium nor nitrite accumulation was observed and only TOC 

removal occurred. In fact, as shown in Figure 2, the 60% of TOC removal was obtained after 6 days 

in test N4 and the complete mineralization was reached after about 20 days. On the contrary, in the 

tests where nitritation occurred, the TOC removal trends were similar and only 80% of complete 

mineralization was found after 30 days. 

 

Figure 1. Ammonium concentration (full symbol) and nitrite concentration (empty symbol) in test 

N1 (circle), N2 (square), and N3 (triangle). 

 

Figure 2. Total Organic Carbon removal (%) in test N1 (◊), N2 (□), N3 (▲), and N4 (●). 

This behavior can be explained considering a competition between ammonium and TOC 

removal processes in the anodic chamber: at high TOC values, only organic carbon oxidation 

occurred and microaerobic condition was not sufficient to promote the development of the 

nitritation reaction at the adopted operative condition. 

To assess the electrical performances of the MFC, Open Circuit Voltage (OCV) was measured 

during the experiments. The sulfate ions effect was not evaluated in this study because no change in 

sulfate concentration was detected: ammonium sulfate was used as the ammonium source, even 

considering that sulfate can act as an electron shuttle from the cell to the electrode [41]. 

In Figure 3, the OCV values measured in the anodic chamber are reported. It can be seen that in 

all the tests a gradual increase of OCV was observed; it started with a linear growth phase and 

reached an almost constant value after 6–9 days of operation. This is typical of the potential trend in 

MFC [42]: the maximum value achieved depends on the organic carbon content. The maximum OCV 
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values were 196 mV, 165 mV, 91 mV, and 21 mV for N4, N3, N2, and N1, respectively. In test N3, the 

stable OCV value was achieved after only 5 days due to the previous biofilm formation [43]. 

Although an increase of OCV maximum value with the increasing of organic carbon content was 

observed, there was no proportional correlation between these two parameters. In fact, the voltages 

recorded in tests N3 and N4 were slightly different, though the initial TOC of test N4 was an order of 

magnitude greater. Other authors indicated that an OCV value up to 500 mV is expected for a stacks 

MFC (30 Ω) with 31 mM of acetate solution [44]; in our case, 2600 mg/L of TOC (31 mM) resulted in 

an OCV corresponding to about 60% of such a theoretical value. In our system, the loss in electrical 

efficiency can be attributed not only to high internal resistance given by the selected PEM (333 ± 33 Ω 

load resistance) but also to the establishment of microaerobic conditions in the anodic chamber that 

promoted the oxidation of the organic matter at the highest TOC initial value. However, for the 

purpose of this work, a further reduction of oxygen concentration in the cell is not desirable, since a 

little oxygenation is required to favor nitritation. 

In all the tests, a neutral pH condition was always maintained (data not shown). 

 

Figure 3. Open Circuit Voltage (mV) against Ag/AgCl reference electrode in test N1 (◊), N2 (□), N3  

(▲), and N4 (●). 

3.2. Denitritation Test 

Figure 4 shows the results obtained during the denitritation tests performed at a different 

TOC/N ratio. A quick removal was observed within 5 days in all the tests, followed by a slight 

decrease of the removal rate up to the end of the operation time. Denitritation tests were carried out 

on a synthetic solution with the same composition of the effluent from the nitritation test at TOC/N = 

0.11, to evaluate the optimal organic carbon amount to be added to develop denitrification. 

 

Figure 4. Nitrite removal (%) in test D1 (♦), D2 (□), D3 (∆), D4 (●), D5 (○), and D6 (■). 
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With the increasing of the TOC/N ratio, the nitrite removal was first enhanced (D1, D2, and D3 

tests) then, in the range from 0.52 to 1(D4, D5, and D6 tests) an almost constant nitrite removal was 

observed, as reported in Table 3, where the final concentration is indicated. 

Table 3. Denitritation tests: percentage of nitrite and TOC removal and composition of the effluent 

(11 days). 

Run NO2− (%) TOC (%) 
Effluent Composition 

OCV Max [mV] 
TOC [mg/L] NO2--N [mg/L] 

D1 22.40 18.60 48.84 419.04 - 

D2 40.50 20.70 95.16 321.30 - 

D3 62.00 17.87 156.04 205.20 - 

D4 79.00 20.04 223.89 113.40 - 

D5 80.30 18.55 329.11 106.40 5.3 

D6 79.30 69.86 162.74 117.30 10.2 

During denitritation, in fact, organic carbon acted as an electron donor and an increase of TOC 

concentration allowed the nitrite reduction [45]. Nevertheless, a further increase in the organic 

matter content did not result in a corresponding raise in nitrite removal, and the TOC removal was 

the prevailing process. Data in Figure 5, where TOC removal along time is reported, shows that 

similar trends were observed when TOC/N was in the range 0.11–0.75. A final TOC removal of about 

20% was calculated in all the tests (after 11 days), while in test with the higher TOC/N ratio, a 

substantial TOC reduction occurred (about 70%). 

 

Figure 5. Total Organic Carbon removal (%) in test D1 (♦), D2 (■), D3 (∆), D4 (●), D5 (○), and D6 (□). 

This behavior can be attributed to the preferential development of organic carbon degrading 

microorganisms. TOC/N ratio had a strong effect on biomass activity: lower values of this ratio 

generate high heterotrophic denitrifying activity, while high organic carbon matter concentrations 

promote organic carbon removal [46]. 

In test D6, the organic carbon was also used as an electron donor for the energy generation in 

MFC. During denitritation, the OCV values were detected only in tests D5 and D6, though they were 

very low with respect to the values obtained during the previous nitritation step. In the denitritation 

step, OCV values are affected by the absence of air supply in the cathodic compartment, thus 

compromising the electrochemical performances of the system. 

Based on the results achieved in the experiments, though increasing organic matter content 

favored the denitritation step, an optimal value of the TOC/N ratio was pointed out. 

In the present work, TOC/N = 0.75 proved to be the optimal ratio to maximize nitrite reduction. 

This value is in good accordance with the theoretical value equal to 0.71 obtained by combining the 

Equation (4) with the following reaction: 
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𝐶𝑛𝐻2𝑛𝑂𝑛 + 𝑛𝐻2𝑂 → 𝑛𝐶𝑂2 + 4𝑛𝑒− + 4𝑛𝐻+ (13) 

which describes the substrate oxidation by microorganisms in the anodic compartment. 

All the tests were performed in triplicate. For nitritation tests the average standard deviations 

were 2.67%, 5.87% and 5.37%, respectively for NH4+, NO2−, and TOC concentrations. With regard to 

the denitritation tests, the average standard deviations were 4% and 4.51%, respectively for NO2− 

and TOC concentration. 

This study demonstrated that nitrogen cycle can be developed in an MFC system, via the SBNR 

pathway. By adjusting the air supply in the cathodic chamber, it was possible to perform the 

nitrogen cycle in the anodic compartment: the oxygen losses through the separator were therefore an 

important parameter to be taken into account. The microaerobic condition enhances the partial 

oxidation of ammonia to nitrite, while, on the contrary, the absence of oxygen diffusion to the anodic 

chamber, by stopping the aeration in the cathodic chamber, ensured ideal conditions for the nitrite 

removal. In this case, a reduction of organic carbon required for denitritation step was obtained. The 

enhancement of nitrite accumulation at a low C/N ratio favored denitritation with respect to 

denitrification, where a C/N ratio between 2 and 3.5 is required [47]. 

Therefore, both steps (nitritation and denitritation) occurred in the same compartment, thus 

avoiding the wastewater recirculation usually adopted in case of high nitrogen concentration with 

respect to the organic carbon.  

In view of implementing this process on a large-scale cost evaluation, further studies devoted to 

the optimization of cell configuration are required. In particular, the influence of cathodic chamber 

volume on the effectiveness of the anodic processes should be evaluated. Moreover, the role of the 

cathodic chamber could be optimized for the development of a parallel process, such as algae 

cultivation and related biodiesel production [48], methane production [49], or for in-situ Fenton 

oxidation treatment [50]. 

3.3. Kinetics Analysis of Nitritation and Denitritation 

All data collected were used to evaluate a possible kinetic model expression that better 

describes the experimental results. Two different procedures of analysis were used: during 

nitritation the ammonium oxidation and the organic carbon removal process were considered two 

different mechanisms; in the case of denitritation step, organic carbon concentration is a promoter of 

the process, and nitrite and TOC removal were considered as only one process. 

3.3.1. Nitritation 

Although their different structures, the Monod, Blackman, and Tessier models keep the same 

meaning of kinetic parameters. In Table 4, the results of the kinetic analysis optimization of 

experimental data with the three models adopted in this work are reported. 

Table 4. Ammonium and organic carbon (TOC) removal data fitting using Monod, Blackman, and 

Tessier models. 

 Run 
Monod Blackman Tessier 

𝜇∗+ 𝑘𝑁 Φ 𝜇∗∗ 𝑘𝑁 Φ 𝜇∗∗ 𝑘𝑁 Φ 

 N1 20.20 184.00 0.82 30.00 199.70 1.32 19.53 214.32 0.92 

Ammonium N2 12.48 131.42 1.61 14.20 110.69 1.87 10.47 130.36 1.73 

Removal N3 12.19 99.87 1.48 14.44 100.38 1.04 9.77 96.86 1.36 

 N4 - - - - - - - - - 

 N1 2.79 75.93 0.24 3.15 64.23 0.00 2.04 64.71 0.06 

TOC N2 3.65 72.24 0.41 4.05 64.23 0.00 3.35 83.59 0.15 

Removal N3 5.07 56.71 15.00 4.04 68.52 0.00 4.08 60.98 12.48 

 N4 419.77 2045.00 10,015.1 11.47 60.00 0.00 365.16 2574.58 6318.78 

Good results (lower value of Φ) were obtained for N1, N2, and N3 tests, while in test N4 this 

type of analysis was not possible since nitritation was not observed. An increase of the objective 
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function value was observed for the test N2 and N3 during the analysis (data not reported), so a 

further optimization was necessary. For this reason, the results of the N2 and N3 tests were 

optimized using a time delay (τ) in the nitrification start-up [51]. In particular, 2 days and 7 days 

were adopted as τ for N2 and N3, respectively. µ** maintained the same behavior also with the 

introduction of τ. It decreased with increasing TOC/N ratio, as a result of the lower nitritation 

activity of ammonia oxidizing bacteria in the presence of high amount of organic carbon [52]. 

The kN values decreased with the increasing of TOC/N, approaching a zero order kinetic, 

according to other literature experiments [53]. Overall, Monod shown the best results, in terms of 

minimum Φ, in the case of the nitritation step. 

Similarly to nitrification data, the kinetic analysis was performed using TOC data (Table 4). All 

models successfully fitted the experimental data, but a zero value of Φ was reached only using the 

Blackman model. An overall first order kinetic behavior of TOC removal was observed and the 

results of the optimization confirmed that the increase of µ** was associated with the increase of the 

TOC/N ratio.  

3.3.2. Denitritation 

A double-type model was used to describe denitritation kinetic behavior considering both 

nitrite (N) and organic carbon (C) as substrate. In Table S3, all model combinations used to fit the 

experimental data are summarized. The optimization of data fitting was implemented in order to 

find µ***, kN, and kC values. Φ values were minimized using the Blackman-Blackman model (Table 5), 

and the obtained kinetic coefficients were in agreement with the typical denitrification coefficients, 

as determined in other studies [38,54]. Tests D1 and D2 showed the same kinetic parameters, while 

higher values of µ*** was observed in tests D3 and D4, due to the positive effect of the high organic 

carbon concentration on denitritation. Basing on these results, a general trend was observed: at a low 

TOC/N ratio of up to 0.75 an increase of TOC amount favored nitrogen removal, while, at TOC/N 

values higher than 0.75, the nitrate removal rate decreased. 

Table 5. Blackman-Blackman kinetic parameters for denitritation step. 

Run 𝝁∗∗∗ 𝒌𝑵𝑶 𝒌𝒄 Φ 

D1 128.92 914.12 66.89 12.61 

D2 128.92 914.74 66.89 13.34 

D3 150.51 824.77 70.65 25.46 

D4 149.35 854.70 64.99 24.44 

D5 119.65 948.717 62.47 16.41 

D6 102.07 963.46 64.42 10.73 

4. Conclusions 

In this work, the SBNR process was carried out in a MFC system: the influence of TOC/N ratio 

on nitritation and denitritation processes was investigated. High ammonium removal (76%) was 

observed for TOC/N = 0.1, whilst organic carbon removal was favored at higher TOC/N ratios and it 

was almost completed at TOC/N = 26. Conversely, denitritation was positively influenced by 

increasing the TOC/N ratio up to 0.75. The presence of nitrogen species and the oxygen losses 

affected the electrochemical performances of the MFC: during nitritation and denitritation steps 

OCV increased with increases to the TOC concentration. At the optimal conditions of TOC/N for 

nitritation and denitritation OCV values equal to 21 mV and 5.3 mV were measured, respectively. A 

kinetic analysis showed that the Monod model well described ammonium removal, while carbon 

removal followed a Blackman kinetic; as for the denitritation tests, a Blackman-Blackman double 

model was found to better fit the experimental results. The nitrogen cycle in an anodic chamber of an 

MFC system can be achieved by regulating the oxygen diffusion from the cathodic chamber to the 

anodic compartment: the microaerobic condition and the nitrite accumulation guaranteed the 

possibility to use low amounts of organic carbon making it available for electrical energy generation. 
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