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Abstract: The effective management of high ammonium containing wastewater is 

important for the sustainable development of the wastewater industry. A pre-denitrification 

and post-nitrification two-sludge system was proposed to treat high ammonium containing 

wastewater with low carbon-to-nitrogen (C/N) ratios. In the system, pre-denitrification was 

adopted to use organic carbon in raw wastewater efficiently for nitrogen removal, while 

post-nitrification was adopted to achieve nitritation. System performance and the 

characteristics of nitrous oxide (N2O) emission were examined. As to the influent chemical 

oxygen demand (COD) and ammonium nitrogen (NH4-N) concentration, both 800 mg/L, 

nitrogen removal was mainly through pre-denitrification, and the nitrogen removal 

percentage was 43.4%. In post-nitrification, nitritation was achieved with a nitrite 

accumulation efficiency of 97.8% and a NH4-N removal loading rate of 0.45 g/(L·d). With 

nitrite as the electron acceptor during denitrification, its removal rate increased, while the 

N2O emission factor decreased with increasing C/N ratios. Nitrification was affected 

significantly by the aeration rate. When the aeration rate was below 0.6 L/min, the NH4-N 

removal rate increased, while the N2O emission rate decreased with increasing aeration 

rates. However, when the aeration rate was above 0.6 L/min, it had little influence on N2O 
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emission. During nitrification, N2O emission factors decreased exponentially with increasing 

ammonium oxidation rates. 

Keywords: nitritation; nitrous oxide; high ammonium containing wastewater;  

carbon-to-nitrogen ratio; two-sludge system 

 

1. Introduction 

Wastewater, such as landfill leachate and anaerobic digestion effluent, has high ammonium and low 

organic carbon concentrations. In a wastewater treatment plant, the effluent from anaerobic digestion is 

usually recirculated to the main treatment strain, which may increase the nitrogen loading rate by  

3%–30% [1]. In addition, the recirculation of digester liquid would cause shock nitrogen loading to the 

system and induce nitrous oxide (N2O) emission [2]. When conventional nitrification and denitrification 

is applied to treat high ammonium containing wastewater, it requires high energy input for supplying 

oxygen during nitrification and also consumes high alkalinity, causing pH to decrease and affecting 

system stability. In addition, due to the low organic carbon and high ammonium, the nitrogen removal 

through denitrification is limited. If external organic carbon is dosed for denitrification, the operating 

cost will increase significantly. Therefore, novel processes, such as SHANRON, short-cut nitrification 

and anaerobic ammonium oxidation, and so on, have been developed to treat high ammonium 

containing wastewater [3,4]. The prerequisite of these processes is to achieve short-cut nitrification, 

namely nitritation (nitrifying ammonium to nitrite rather than nitrate). By this means, it is necessary to 

develop high efficiency nitritation technology for treating high ammonium containing wastewater. For 

a single completely mixed sludge wastewater treatment system, it is difficult to ensure that different 

functional microorganisms grow at their optimal conditions simultaneously. For example, when 

nitrifiers and denitrifiers grow in a single sludge system, denitrifiers grow faster than nitrifiers, which 

may inhibit the growth of nitrifiers. If an efficient nitrification were to be maintained, a high sludge 

retention time (SRT) or aeration duration will be required, resulting in denitrifiers experiencing a long 

endogenous period. In a single-sludge system, the activities of nitrifiers were affected significantly by 

heterotrophic bacteria, such as inducing increased N2O emission during nitrification [5]. If a two-sludge 

treatment process is adopted, nitrifiers and denitrifiers are acclimated separately in two reactors, and they 

will grow at their optimal environment conditions; this will benefit nitrogen removal. In addition, if 

nitrification is controlled at the nitritation stage, denitrification with nitrite nitrogen (NO2-N) as the electron 

acceptor will increase the denitrification rate and decrease the production of sludge and operating cost. 

According to ecological theory, every type of bacteria can be divided into r- and K-strategy groups [6]. 

r-strategy microorganisms possess a high reaction rate and a high half saturation constant value, and 

they are dominant under high substrate concentrations. K-strategy microorganisms possess a low 

reaction rate and a low half saturation constant value. For nitrification of high ammonium containing 

wastewater, some previous studies might have acclimated K-strategy nitrifiers by applying a low 

loading rate and low substrate concentrations [7]. Based on the r/K theory, to achieve both a high 

nitrification rate and efficiency, acclimating r-strategy nitrifiers would be advantageous in saving the 

system footprint, etc. Nitritation can be achieved by controlling the operating parameters, including 
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dissolved oxygen (DO), SRT, hydraulic retention time (HRT), pH, temperature (T), substrate 

concentration, and so on [8–11]. Because nitrite oxidizing bacteria (NOB) have a lower affinity for DO 

than ammonia oxidizing bacteria (AOB), AOB will over-compete NOB under low DO conditions, 

resulting in NO2-N accumulation [12]. In addition, free ammonia (FA) in the range of 1–5 mg/L 

inhibits the activities of NOB, while having little effect on AOB [13]. Furthermore, intermittent 

aeration benefits NO2-N accumulation due to that AOB and NOB having different lag times, which 

could be applied easily [7]. For treating high ammonium containing wastewater, few studies have been 

carried out to acclimate r-strategy nitrifiers and to examine the system performance. 

For sustainable development, it is necessary to avoid secondary pollution, such as N2O emission 

during nitrification and denitrification. Factors affecting N2O emission during nitrification and 

denitrification include DO (or aeration rate), SRT, NO2-N, intermittent aeration operating mode, the  

NH4-N loading rate, and so on [14–19]. During treatment of high ammonium containing wastewater, 

achieving nitritation means the production of high concentrations of nitrite, which may lead to 

increased N2O emission [14]. During both nitrification and denitrification, DO concentration (or the 

aeration rate) has a significant influence on N2O emissions. Up to now, there have been different 

opinions on the effect of DO on N2O emission. Tallec et al. [20] obtained that when DO was in the 

range of 0.1–6.2 mg/L, the N2O production rate reached the maximum at 1 mg DO/L, while the N2O 

emission factor was very low, with values of 0.1%–0.4%. Stenström et al. [21] reported that when DO 

was below 1–1.5 mg/L, decreasing DO would cause NO2-N accumulation and induce high N2O 

emissions through nitrifiers denitrification. Quan et al. [22] showed that at aeration rates of 0.2, 0.6 

and 1.0 L/min, N2O emissions increased with decreasing aeration rates. Therefore, it is necessary to 

further investigate DO’s (or the aeration rate’s) effect on N2O emission during nitrification. One of the 

main factors affecting N2O emissions during denitrification is the C/N ratio [23]. Previous studies on 

the effect of C/N ratios on N2O emission during denitrification were mainly focused on nitrate as the 

electron acceptor, and the results were different. Li et al. [24] found that high C/N ratios caused both 

high denitrification rates and N2O emissions. Stenström et al. [21] found that N2O emissions during 

denitrification were the combined effect of the C/N ratio and NO2-N. Quan et al. [22] showed that for 

aerobic granular sludge, N2O emissions during denitrification with NO2-N as the electron acceptor 

were higher than with NO3-N as the electron acceptor. Therefore, it is also necessary to further examine 

N2O emissions during denitrification with NO2-N as the electron acceptor under different C/N ratios. 

This study aimed to treat high ammonium containing wastewater by a two-sludge system (separated 

nitrification and denitrification), with the purposes of the efficient utilization of organic carbon in raw 

wastewater for denitrification and the achievement of nitritation during nitrification under high 

nitrogen loading rates. In addition, the effects of aeration rates on N2O emissions during nitrification 

and C/N ratios on N2O emissions during denitrification with NO2-N as the electron acceptor were 

investigated. Through these studies, not only a highly efficient nitrogen removal process, but also 

strategies to avoid N2O emissions would be provided. 
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2. Materials and Methods 

2.1. Experimental System and Its Operating Conditions 

The nitrification and denitrification reactors were made from a cylindrical Plexiglas column (50 cm 

in height and 15 cm in diameter) with a working volume of 6 L. Two reactors were operated at 30 °C 

as sequencing batch reactors with an operating cycle of 8 h. The feed and withdrawal of reactors were 

realized by peristaltic pumps controlled by timers. During the aerobic phase, air was supplied though 

oxygen diffusers, while during the anoxic phase, the reactors were mixed thoroughly with magnetic 

stirrers. The inoculated sludge of two reactors was taken from nitrification and denitrification mixed 

liquors acclimated in the laboratory. 

The operating cycle of the denitrification reactor included phases of 120 min anoxic, 60 min 

aerobic, 40 min anoxic, 60 min aerobic, 40 min anoxic, 100 min aerobic, 45 min settlement and 15 min 

withdrawal/idle. The feed volume during each sequencing batch reactor (SBR) cycle was 3 L 

(containing 2 L of synthetic wastewater and 1 L of effluent from the nitrification reactor), and the 

effluent of the reactor was also 3 L, resulting in an HRT of 16 h. The operating cycle of the nitrification 

reactor included phases of 60 min aerobic, 60 min anoxic, 60 min aerobic, 60 min anoxic, 60 min 

aerobic, 60 min anoxic, 60 min aerobic, 45 min settlement and 15 min withdrawal/idle. The feed 

volume of the reactor was 3 L, and the feed was the effluent from the denitrification reactor, with an HRT 

of also 16 h. For the whole system, both the feed and the effluent of every cycle were 2 L, resulting in an 

HRT for the whole system of 2 d. During the acclimation period, the SRT of the denitrification reactor was 

controlled at around 15 days by wasting 400 mL of mixed liquor each day, while no mixed liquor was 

wasted from the nitrification reactor. 

The components of the synthetic wastewater were 3060 mg/L NH4Cl, 1000 mg/L sodium acetate, 

7000 mg/L NaHCO3, 100 mg/L Na2HPO4, 56 mg/L CaCl2, 360 mg/L MgSO4, 10 mg/L yeast extract 

and 0.4 mL/L of trace element solutions. The detailed composition of the trace element solution was 

made according to Smolders et al. [25]. 

2.2. Batch Experiments 

The active sludge for batch experiments was taken from both SBRs. For the nitrifying activated 

sludge, the effects of different aeration rates on N2O emissions during nitrification were examined, and 

for denitrifying activated sludge, different C/N ratios on N2O emissions during denitrification were 

examined. The batch reactors were glass bottles with gas tight rubber stoppers, and there were ports on 

the cap connected by silicone pipes for water sampling, gas sampling (simultaneously measuring the 

gas flow rate) and aeration. During batch experiments, the glass bottles were placed onto magnetic 

stirrers to guarantee adequate mixing. 

The effect of different aeration rates on N2O emissions for the acclimated nitrifiers during 

nitrification was examined. Firstly, 3 L of mixed liquor was taken from the nitrification reactor at the 

end of the feed phase and then transferred to three batch reactors with each 1 L. Secondly, the mixed 

liquor was aerated under aeration rates of 0.1, 0.2, 0.4, 0.6, 0.9 and 1.2 L/min. Thirdly, water and gas 

samples were taken at intervals of 10 min, and simultaneously, the pH and DO were measured. Finally, 
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the mixed liquor suspended solids (SS) were measured at the end of reaction, and water and gas 

samples were analyzed. 

The effect of different C/N ratios on N2O emissions for acclimated denitrifiers during denitrification 

was examined. Four hundred milliliters of mixed liquor were taken from the denitrification reactor 

before the end of the aerobic phase. After centrifugation, the supernatant was discarded, and the 

activated sludge was re-suspended with the synthetic wastewater to achieve different C/N ratios (1, 2 

and 4). The initial NO2-N concentration was 100 mg/L, and the initial COD concentrations were 100, 200 

and 400 mg/L, respectively. The experiment was carried out in the sealed reactors with ports on the cap 

connected by silicone pipes for water sampling and gas sampling. Water and gas samples were taken at 

intervals of 20 min, and simultaneously, the pH at the beginning and the end of the experiment was 

measured. SS was measured at the end of the reaction, and also water and gas samples were analyzed. 

2.3. Analytical Methods 

After water sample was centrifuged or filtrated through 0.45-μm filter papers, NH4-N, NO2-N and 

NO3-N were analyzed according to standard methods for the examination of water and wastewater [26]. 

The pH and DO were measured using a pH meter (pH3110, WTW, Munich, Germany) and a DO meter 

(oxi 315i, WTW, Munich, Germany), respectively. FA and free nitrous acid (FNA) in the liquid phase 

were calculated after Anthonisen et al. [27]. 

N2O was determined by a gas chromatograph (Agilent 6820, Agilent Technologies, Wilmington, 

DE, USA) equipped with an electron capture detector (ECD) and HP-PLOT/Q column (J&W GC 

Columns, Agilent Technologies, Wilmington, DE, USA). The detector temperature and oven 

temperature were 300 °C and 50 °C, respectively. High purity nitrogen gas was used as the carrier gas 

at a flow rate of 15 mL/min. Pure N2O gas was used as the standard for calibration. For a convenient 

comparison, the cumulatively produced N2O in the gas phase was calculated and then divided by the 

reactor volume; as a result, it was expressed as mg/L, representing mg N2O (gas) produced from the 

unit volume (liter) of mixed activated sludge liquor. The ratio of N2O emissions to the nitrified NH4-N 

was obtained by dividing the N2O emission rate by the NH4-N reduction rate (rN2O-N/rNH4-N). The ratio 

of N2O emissions to the denitrified NO2-N was obtained by dividing the N2O emission rate by the 

NO2-N reduction rate (rN2O-N/rNO2-N). 

3. Results and Discussion 

3.1. Long-Term Operation and Typical Cycle Examination 

Both concentrations of COD and NH4-N in the feed were 800 mg/L, giving a low C/N ratio of one. 

The wastewater was treated in the two-sludge system of nitrification and denitrification. Denitrification 

reached steady state after 50 days of operation (Figure 1), with effluent concentrations of NH4-N,  

NO2-N and NO3-N of 303.9 mg/L, 153.9 mg/L and 3.4 mg/L, respectively. After 45 days of operation, 

the nitrification reactor achieved stable nitritation (Figure 1), with effluent concentrations of  

NH4-N, NO2-N and NO3-N of 3.0 mg/L, 446.1 mg/L and 10.0 mg/L, respectively. For the two-sludge 

system, the total nitrogen removal percentage was 43.4%, and the nitritation efficiency of the 

nitrification reactor was 97.8%. Therefore, the process achieved short-cut nitrification efficiently, 
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namely achieving NO2-N accumulation. As to the final effluent of the nitrification reactor, it contained 

mainly high concentrations of nitrite, and it could be further treated through denitrification by adding 

external organic carbons or through anaerobic ammonium oxidation. 

The NH4-N loading rate in the nitrification reactor was 0.45 g/(L·d). Under steady state, the SS of 

the nitrification reactor was 1.94 g/L. Hence, the corresponding NH4-N mass loading rate was  

0.23 g/(g SS·d). Previous studies had applied relatively low NH4-N loading rates; for example, Li et al. [7] 

adopted a NH4-N loading rate of 0.11 g/(L·d) for efficient utilization of the influent organic carbon for 

removal of nitrogen and phosphorus. Law et al. [28] adopted a NH4-N loading rate of about  

1 g/(L·d), while as the effluent included around an equal amount of NH4-N and NO2-N, the NH4-N 

removal loading rate was also about 0.5 g/(L·d). Because the operating condition in this study was not 

optimized, the NH4-N loading rate could be increased to 1.35 g/(L·d) if the aerobic duration were 

shortened. Therefore, for the treatment of high ammonium wastewater, high NH4-N loading rates 

could be adopted, so as to decrease the reactor volume and increase the treatment capacity. 

Figure 1. Dynamics of different types of nitrogen during the long-term operation from 

both the (A) denitrification and (B) nitrification reactors. 

(A) (B) 

The dynamics of nitrogen, pH and DO in typical cycles of the denitrification reactor are shown in 

Figure 2. The pH was in the range of 8–9, and DO concentrations in the anaerobic and aerobic phases 

were about 0 mg/L and 3 mg/L, respectively. At the initial 2 h of the anaerobic phase, heterotrophic 

denitrifiers utilized external organic carbon with NO2-N as the electron acceptor. However, after the 

initial two hours reaction, the concentration of NO2-N had little change in the following reaction 

phases, indicating that denitrification by utilizing external carbon occurred mainly during the initial 2 h. 

The dynamics of NH4-N showed that there were nitrifiers in the reactor, where NH4-N was almost 

nitrified to NO2-N and little NO3-N during the aerobic phase. 

The dynamics of nitrogen, pH and DO in typical cycles of the nitrification reactor are shown in  

Figure 2. All NH4-N was nitrified by nitrifiers within the initial 3 h (containing a 2-h aerobic period), 

which was mainly converted to NO2-N. In this reactor, no changes in the concentration of NO3-N 

occurred, as NOB was inhibited. Even under conditions of no NH4-N and increased DO, NOB was still 
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inhibited, with the effluent containing mainly NO2-N. In the initial aerobic phase, the pH decreased, owing 

to nitrification, and then increased as the stripping of CO2 when NH4-N was nitrified completely. 

From the typical cycle result, nitrification also occurred in the denitrification reactor. Therefore, the 

activities of nitrifiers in both the nitrification and denitrification reactors were examined. With  

a pH of 8.3–9.0 and DO of 5–7 mg/L, for nitrifiers from the nitrification reactor, NH4-N was mainly 

nitrified to NO2-N, with a NH4-N nitrifying rate of 25.5 mg/(g·h) and a production rate of NO2-N and 

NO3-N of 24.6 and 0.7 mg/(g·h), respectively. With a pH of 8.3–9.0 and DO of 6–7 mg/L, for nitrifiers 

from the denitrification reactor, NH4-N was also mainly nitrified to NO2-N, with a NH4-N nitrifying 

rate of 7.4 mg/(g·h) and a production rate of NO2-N and NO3-N of 8.2 and 0.5 mg/(g·h), respectively. 

Comparing the activities of nitrification from both reactors, the activities of AOB from the nitrification 

reactor were three-times those from the denitrification reactor. The activities of NOB from both 

reactors were very low. This showed that NOB was inhibited efficiently during the reaction and then 

washed out, maintaining stable nitritation in both reactors. 

Figure 2. Dynamics of nitrogen, pH and DO during a typical cycle from both the  

(A) denitrification and (B) nitrification reactors. 

(A) (B) 

The reasons for achieving stable nitritation are analyzed as follows. Firstly, intermittent aeration 

might be the main reason. Because the lag time of NOB was longer than that of AOB and after 

exposure from anoxic to aerobic phases, the activities of NOB could be inhibited more seriously than 

those of AOB by the intermittent aeration [24]. Secondly, the aeration rate in the nitrification reactor 

was 1.2 L/min, and the DO concentration was in the range of 1–2 mg/L. Ruiz et al. [29] showed that 

when DO decreased to 1.4 mg/L, NO2-N began to accumulate, and the NO2-N accumulation rate 

increased with decreasing DO, with the highest NO2-N accumulation at a DO concentration of  

0.7 mg/L. Thus, the low concentration of DO during the initial phase would inhibit the activity of 

NOB, resulting in the accumulation of NO2-N. However, when the concentration of DO increased to 

4–7 mg/L at the later aerobic phases, the activity of NOB was still low, showing that some other reasons 

responsible for NO2-N accumulation. Thirdly, during the initial two aerobic phases, NH4-N/DO was in 

the range of 4.8–88.4, with the status of a high NH4-N loading rate. Bernet et al. [30] obtained that 

nitrite accumulation could be achieved by controlling the NH4-N/DO ratio, and when the ratio of  
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NH4-N/DO was in the range of 10–20, 80% of ammonium could be nitrified to nitrite. According to 

this result, high NH4-N/DO ratios might cause a high NH4-N loading rate, achieving NO2-N 

accumulation during the initial two aerobic phases. Finally, the concentration of FA and FNA were in 

the range of 0.037–18.72 mg/L and 0.012–0.142 mg/L, respectively. Anthonisen et al. [27] found 

that nitrifiers were inhibited with FA concentrations from 10 to 150 mg/L for AOB and from 0.1 to 

1.0 mg/L for NOB, with FNA concentrations between 0.22 and 2.8 mg/L for both AOB and NOB. 

Therefore, FNA in the typical cycle was below the inhibiting concentration. However, FA was high 

during the initial phase and was below 10 mg/L after 20 min, and it could inhibit the activities of 

NOB, resulting in NO2-N accumulation. In a word, the combination of intermittent aeration, low 

DO, high FA and a high initial NH4-N loading rate were the reasons responsible for the achievement 

of stable nitritation. 

3.2. Effect of Aeration Rates on N2O Emission during Nitrification 

The effect of different aeration rates on N2O emission for sludge taken from the nitrification reactor 

is shown in Figure 3. At an aeration rate of 0.6 L/min, DO was below 1 mg/L, and the activities of 

AOB were low, with a small amount of NH4-N nitrified to NO2-N. The activities of NOB were even 

lower, and the production of NO3-N was negligible. At this aeration rate, the amount of N2O emission 

was very low. When the aeration rate was increased to 0.9 and 1.2 L/min, the concentration of DO was 

above 2 mg/L and the activity of AOB increased compared with that at an aeration rate of 0.6 L/min. 

More NH4-N was nitrified to NO2-N, and a small amount of NO3-N was produced. 

Table 1 shows the biokinetics of nitrification at different aeration rates. With increasing aeration 

rates, the oxidation rates of NH4-N and NO2-N increased, but the emission rate of N2O decreased. 

Simultaneously, by comparing the ratio of the NH4-N oxidation rate and the NO3-N production rate, it 

was shown that the AOB activity was 4–5-times higher than that of NOB at the three aeration rates. It 

was also indicated that NO2-N accumulation was due to the higher activity of AOB compared to that of 

NOB. The activity of AOB increased with increasing aeration rate, leading to an increased NH4-N 

oxidation rate, while the N2O emission factor decreased. When the aeration rate was above 0.6 L/min, 

the N2O emission factor was below 1%, while when the nitrifier activity was low, it reached the 

highest ratio of 26.1%. Rathnayake et al. [4] reported that the N2O emission factors to the influent 

NH4-N loading rate or to the removal of NH4-N during nitritation were 0.8% and 1.5%, respectively. 

However, Desloover et al. [3] found that the N2O emission factor was in the range of 5.1%–6.6%. 

Schneider et al. [31] reported that when the concentration of NO2-N was above 220 mg/L, it had little 

influence on N2O emission. Compared with the study of Schneider et al. [31], the concentration of 

NO2-N was not the main factor affecting N2O emission. Thus, the main factor for N2O emission under 

different aeration rates was mainly due to the supplied amount of DO. 
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Figure 3. The effect of aeration rates on the N2O emissions for nitrifiers taken from  

the nitrification reactor. The air flow rate was 0.6 L/min (A); 0.9 L/min (B) and  

1.2 L/min (C), respectively. 

(A) (B) 

(C) 

Table 1. The effect of different aeration rates on biokinetics for nitrifiers taken from the 

nitrification reactor. 

Aeration rate 
(L/min) 

rNH4-N 
(mg/g·h) 

rNO2-N 
(mg/g·h) 

rNO3-N 
(mg/g·h) 

rN2O 
(mg/g·h) 

rNH4-N/rNO3-N 
rN2O-N/rNH4-N 

(%) 

0.6 24.85 32.24 5.30 0.19 4.69 0.78 
0.9  36.22 34.03 8.36 0.11 4.33 0.31 
1.2  37.31 36.89 8.81 0.09 4.23 0.24 

To further examine the relationship between the oxidation rate of NH4-N and the N2O emission 

factor, experimental results with aeration rates of 0.1, 0.2, 0.4, 0.6, 0.9 and 1.2 L/min are shown in 

Figure 4. For the N2O emission factor (η) and the NH4-N oxidation rate (rNH4-N), an exponential 

relationship existed, and the expression was η = 99.55e (−0.22rNH4−N) +0.23 (R2 = 0.99). When the  

NH4-N oxidation rate was above 20 mg N/(g SS·h), the N2O emission factor was quiet low. It was 
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possible that at low DO conditions, the NH4-N oxidation rate was low due to the limited supply of 

oxygen, and AOB would use NO2-N as the electron acceptor, inducing high N2O emissions through 

nitrifier denitrification by AOB. Schneider et al. [31] found that the NH4-N oxidation rate had a 

positive correlation with the N2O production rate, but it had no obvious effect on the N2O emission 

factor. Law et al. [32] found that for the treatment of supernatant from anaerobic digestion sludge, the 

N2O production rate increased exponentially with the NH3 oxidation rate, and N2O production was due 

to the chemical breakdown of nitrosyl radical (NOH), an intermediate in hydroxylamine (NH2OH) 

oxidation, rather than nitrifier denitrification or the biological reduction of NO formed during NH2OH 

oxidation to nitrite. The possible reasons for the different results might be due to different operating 

conditions, different acclimated functional bacteria and metabolic patterns (such as nitrifier 

denitrification or hydroxylamine oxidation) [33,34]. Therefore, it is necessary to further clarify the 

relationship between the N2O emission factor and the corresponding biological activities. 

Figure 4. The relationship between the N2O emission factor and the nitrifying rate for 

nitrifiers taken from the nitrification reactor. (SS referring to suspended solids). 

 

3.3. Effect of C/N Ratios on N2O Emissions during Denitrification 

Figure 5 shows the effects of C/N ratios on N2O emissions during denitrification with NO2-N as the 

electron acceptor. When the C/N ratio was one, the concentration of NO2-N decreased from 100 mg/L 

to 80 mg/L during the initial 2 h, which had a slow denitrification rate. During the initial 2 h, the 

amount of N2O-N emissions was 5.5 mg/L. With the C/N ratio increased to two and four, the removal 

of NO2-N increased, and the N2O-N emissions were in the range of 6–8 mg/L. Therefore, with 

increasing C/N ratios, the denitrification rate increased, while having less effect on the N2O emissions. 

Table 2 shows the biokinetics parameters of denitrification with NO2-N as the electron acceptor 

under different C/N ratios. When the C/N ratio increased from one to four, denitrification activities 

increased and the denitrification rate increased from 6.52 mg N/(g SS·h) to 18.35 mg N/(g SS·h). 

While the N2O emission factor changed a little, it decreased with increasing C/N ratios, which had also 
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been observed in some previous studies with nitrate as the electron acceptor [35]. Alinsafi et al. [36] 

obtained that during denitrification with NO3-N as the electron acceptor, a low C/N ratio caused NO2-N 

accumulation, inhibited N2O reductase and induced N2O emissions. Itokawa et al. [37] found that at 

the low C/N ratio, NO2-N existence and endogenous denitrification were the main reasons for the 

increased N2O emissions. Some studies showed that the inhibitory effect of denitrifiers was not 

directly due to NO2-N, but due to its role in the biological formation of NO, which was a highly toxic  

compound [38]. Hence, during denitrification with NO2-N as the electron acceptor, it was possible that 

a low C/N ratio meant a carbon shortage and led to NO accumulation, which inhibited the activity of 

denitrification and induced increased N2O emissions; in addition, NO2-N might inhibit the N2O 

reductase activity and cause N2O emissions [36,39]. The N2O emission factor during denitrification 

under different C/N ratios was in the range of 12.0%–26.6%. Alinsafi et al. [36] obtained N2O 

emission factors during denitrification with NO3-N as the electron acceptor of 5.1%, 2.6% and 1% at 

C/N ratios of 3, 5 and 7, respectively. The N2O emission factor in this study was relatively high, which 

could be due to NO2-N being the electron acceptor. Lemaire et al. [40] found that during 

denitrification, the N2O emission factor increased three-times after adding NO2-N. Therefore, 

denitrification with NO2-N as the electron acceptor might cause high N2O emissions. For practical 

system operation, an appropriate operating mode should be adopted to decrease N2O emissions. For 

example, continuous feed may be a way to control the concentration of NO2-N and to reduce  

N2O emissions. 

Figure 5. The effect of C/N ratios on N2O emissions for denitrifiers taken from the 

denitrification reactor. 

 

Table 2. The effect of different C/N ratios on the biokinetics of denitrifiers taken from the 

denitrification reactor. 

C/N rNO2-N (mg/g·h) rN2O (mg/g·h) rN2O-N/rNO2-N (%) 

1 6.52 1.71 26.63 
2 12.96 2.27 17.55 
4 18.35 2.17 11.98 
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For the treatment of high ammonium and low C/N ratio containing wastewater, the two-sludge 

system achieved nitritation efficiently. The denitrification reactor removed nitrogen by utilizing the 

influent organic carbon efficiently. For the nitrification reactor, the main reasons for achieving 

nitritation were the intermittent aeration, high FA and low DO that washed out NOB, resulting in 

stable nitrite accumulation. By the two-sludge system, stable nitritation was achieved, with a nitritation 

efficiency of 97.8%. This was an important prerequisite step for the following novel nitrogen removal 

processes, so as to achieve highly efficient nitrogen removal. One of the ultimate aims of wastewater 

treatment is to remove nitrogen efficiently and, at the same time, to avoid secondary pollutant 

emissions, such as N2O emissions, and by this means, the sustainable management of the wastewater 

industry could be achieved. During nitrogen removal, both nitrification and denitrification may lead to 

N2O emissions. During nitrification, the NH4-N oxidation rate and N2O emissions could be controlled 

by appropriate aeration rates. During denitrification, C/N ratios had a high effect on N2O emissions, 

and the N2O emission factor could reach 26.6% when the C/N ratio was one. Therefore, for 

denitrifying high ammonium containing wastewater with low C/N ratios, the recycling ratio of nitrified 

wastewater should be adjusted, so as to control the concentration of NO2-N, namely the C/N ratio, 

consequently decreasing N2O emissions. From the view of controlling N2O emission, it was necessary 

to further optimize the two-sludge treatment process, in which stable nitritation would save the cost of 

aeration, decrease N2O emissions and provide nitrite for the following novel nitrogen removal 

processes, such as anaerobic ammonium oxidation. 

4. Conclusions 

(1) For the treatment of high ammonium containing wastewater with a low C/N ratio, the two-sludge 

system achieved nitritation efficiently with a nitrite accumulation efficiency of 97.8%. As to 

the influent NH4-N of 800 mg/L, the nitrogen removal percentage was 43.4% and the NH4-N 

removal loading rate was 0.45 g/(L·d). 

(2) During nitrification, the N2O emission factor had a negatively exponential relationship with the 

NH4-N oxidation rate. A low NH4-N nitrifying rate caused high N2O emissions, and the N2O 

emission factor was in the range of 0.24%–0.78% when aeration rates were in the range  

of 0.6–1.2 L/min. 

(3) Denitrifying activities with NO2-N as the electron acceptor increased with increasing C/N 

ratios, but the N2O emission factor decreased with values in the range of 12.0%–26.6%. 
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