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Abstract Shortcut nitrification is the first step of shortcut nitrogen removal from swine
wastewater. Stably obtaining an effluent with a significant amount of nitrite is the premise
for the subsequent shortcut denitrification. In this paper, the stability of nitrite accumulation
was investigated using a 1.5-day hydraulic retention time in a 10-L (working volume)
activated sludge sequencing batch reactor (SBR) with an 8-h cycle consisted of 4 h 38 min
aerobic feeding, 1 h 22 min aerobic reaction, 30 min settling, 24 min withdrawal, and 1 h
6 min idle. The nitrite production stability was tested using four different ammonium
loading rates, 0.075, 0.062, 0.053, and 0.039 g NH4-N/g (mixed liquid suspended solid,
MLSS) day in a 2-month running period. The total inorganic nitrogen composition in the
effluent was not affected when the ammonium load was between 0.053 and 0.075 g NH4-N/
g MLSS · day (64% NO2-N, 16% NO3-N, and 20% NH4-N). Under 0.039 g NH4-N/g
MLSS · day, more NO2-N was transformed to NO3-N with an effluent of 60% NO2-N, 20%
NO3-N, and 20% NH4-N. The reducing load test was able to show the relationship between
a declining free nitrous acid (FNA) concentration and the decreasing nitrite production,
indicating that the inhibition of FNA on nitrite oxidizing bacteria depends on its levels and
an ammonium loading rate around 0.035 g NH4-N/g MLSS · day is the lower threshold for
producing a nitrite dominance effluent in the activated sludge SBR under the current
settings.
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Introduction

Agricultural fertilizers have been identified as a primary culprit behind the eutrophication
phenomenon booming in lakes and gulfs [1]. Among the fertilizers used, the wastewater
flushed from the confined swine production facilities and then applied to the cropland is
one of the major responsible agricultural sources [2, 3]. When the scale of swine production
keeps rising [4], manure that cannot be land applied according to the plant and soil testing
has to be treated before discharge to avoid potential pollutions to water resources and the
environment.

The energy input for aeration is one of the major costs associated with aerobic activated
sludge treatment systems. The provision of aeration equipment generally represents less
than 5% of the capital cost, but the energy consumption to run aeration represents
approximately 25% of the annual operating costs [5], based on experiences from municipal
wastewater treatment plants. Swine wastewater contains total nitrogen at a level normally
one order of magnitude higher than that of municipal and/or domestic wastewater [6, 7].
The chemical oxygen demand (COD) equivalent of NH3 that can be calculated from Eq. 1
equals 3.76, while the COD of a typical organic carbon compound such as glucose
(C6H12O6) is only 1.067 based on Eq. 2. This simple comparison attests that the oxygen
demand of ammonium laden swine wastewater is much higher than an average municipal
wastewater characterized mainly by its carbon content. From the above numbers, it is fair to
say that, as opposed to municipal wastewater treatment, much more air needs to be supplied
in aeration systems to treat swine wastewater.

NH3 þ 2O2 ! H2Oþ Hþ þ NO�
3 ð1Þ

C6H12O6 þ 6O2 ! 6CO2 þ 6H2O ð2Þ
In order to reduce the energy cost incurred by aeration, several advanced methods have been

studied to improve nitrogen removal, such as the partial nitritation treatment for anaerobic
digestion liquor of swine wastewater using swim-bed technology [8], the anaerobic ammonium
oxidation (Anammox), and the partial denitritation in anaerobic nitrogen removal from
piggery waste [9]. Regardless of what the next step is (it could be denitritation or Anammox),
the first step is to produce an effluent with a significant amount of nitrite, which can be
accomplished by a process called “shortcut nitrification” (also termed nitritation). Shortcut
nitrification produces nitrite instead of nitrate from ammonium through controlling process
parameters to allow the ammonia oxidizing bacteria (AOB) to grow faster than the nitrite
oxidizing bacteria (NOB), thus omitting the step for nitrite to be oxidized to nitrate.
Compared to the traditional nitrification and denitrification, the main advantages of shortcut
nitrification and denitrification can be summarized as follows [10–13]: (1) 25% lower oxygen
consumption in the aerobic stage, implying 60% energy savings; (2) lower electron donor
requirement (up to 40%) in the anoxic stage; (3) 1.5 to two times higher denitrification rates
with nitrite than with nitrate; (4) reduction of CO2 emission by 20%; and (5) 33–35% lower
sludge production in the nitrification process and 55% in the denitrification process. With all
these advantages, biological nitrogen removal via the nitrite pathway can be defined as an
environmentally cleaner process, reducing aeration and chemical costs. The controlling
parameter favoring nitrite production can be temperature because at a higher temperature
(>25 °C), AOB have a greater specific growth rate than NOB [14]. It can also be the
dissolved oxygen (DO) because at a lower DO, the AOB have a higher affinity for oxygen
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than NOB [15]. Free ammonia (FA; NH3) and free nitrous acid (FNA; HNO2) are found to
have selective inhibition on NOB [16], which means a certain combination of reactor type
and feeding strategy benefiting FA and FNA production can also be used as a controlling
parameter for shortcut nitrification.

Our former research [17] has confirmed the possibility of accumulating nitrite from swine
wastewater by using a continuous feeding strategy in an activated sludge sequencing batch
reactor (SBR), in which ammonium loads were increased from 0.04 to 0.7 g NH4-N/L· day
and an effluent with 13–23% of NH4-N, 15–21% of NO3-N, and 56–72% of NO2-N was
generated. In order to test the nitrite production stability and locate a critical ammonium
loading rate for producing a nitrite-dominant effluent under the current SBR system design,
four different ammonium loading rates, 0.075, 0.062, 0.053, and 0.039 g NH4-N/g mixed
liquid suspended solid (MLSS) day, were applied and the effluent inorganic nitrogen
composition tested in a 2-month running period under the 1.5-day hydraulic retention time
(HRT). In addition, a reducing load test in which ammonium loads was reduced from 0.081 to
0.011 g NH4-N/g MLSS · day was conducted to qualitatively visualize the relationship
between the gradually reduced ammonium loads and the nitrite production efficiencies.

Materials and Methods

Manure Source

Raw swine wastewater was collected once a week from a reception sump of a finishing
barn at the University of Minnesota Southern Research and Outreach Center, where fresh
manure in a shallow pit inside the barn was flushed out biweekly. The test manure was
the supernatant after settling and filtering (sieve opening, 2.5 mm) and was stored for
normally less than 1 week before further treatment. The characteristics of swine
wastewater were pH 8.21–8.33, COD 8,000–11,000 mg L–1, NH4-N 1,400–1,800 mg
L–1; NO2-N and NO3-N were negligible. If not used immediately, the collected manure was
stored at 4 °C or below.

Nitritation Sequencing Batch Reactor Setup

A 12-L lab-scale SBR with a working volume of 10 L, which was equipped with influent
feeding/effluent discharging and air supply subsystems, was used in this study (Fig. 1). The
SBR was operated at room temperature (20±3 °C) without temperature control. The air was
provided by a vacuum pressure pump (Barnant 60010-2392, USA) with the aeration intensity
kept at 10 L min−1 to keep the biomass completely mixed without using a mechanical stirrer,
and the running time of the air pump was controlled by a timer (BH-94460-45, Cole-Parmer
Instruments Co., USA). Two peristaltic pumps (MasterFlex 7550-30, USA) were used for
feeding and discharging, respectively. A mixer (Servodyne 50003-20, Cole-Parmer Instru-
ments Co., USA) was installed in the influent tank for complete mixing at a constant rate of
80 rpm during the feeding period of SBR. The pumps and the mixer were automatically
controlled by a computer program WIN LIN V1.2 (Cole-Parmer Instrument Co., USA).

Nitritation Sequencing Batch Reactor Operation

The startup of the production of a nitrite-dominant effluent was trial-tested by applying
different ammonium concentrations to the system. When the MLSS in the SBR was initially
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around 1,800 mg/L with an influent ammonium concentration around 220 mg N/L,
nitrite and nitrate were rarely produced, indicating that the nitrifying bacteria could not
adapt to this ammonium load and all nitrifying activities were largely reduced, if not
inhibited. The nitrite started to accumulate when the influent ammonium was firstly
reduced to 65 mg N/L for 1 day (the corresponding nitrite concentration was
11.2 mg N/L) and then kept at around 100 mg/L for 2 days with a resulting nitrite
concentration of 104 mg N/L on the fourth day. Then on the fifth day when the influent
ammonium was 127 mg N/L, the effluent nitrite, nitrate, and ammonium concentrations
were 104, 32.2, and 9.63 mg N/L, respectively, implying that nitrite became the
dominant product in the effluent. The reason why the sum of the effluent nitrite, nitrate,
and ammonium was greater than the influent ammonium is possibly due to remaining
ammonium from previous cycles and newly converted ammonium from organic
nitrogen in the swine manure. After startup, the reactor was fed with the collected
swine wastewater at different dilutions to obtain different ammonium levels. The
dilution was performed by blending swine wastewater with tap water, and the dilution
rate was calculated by dividing the sum of volumes of the swine wastewater and added
tap water by the volume of the swine wastewater. During this 2-month test period of
the nitritation SBR, the 1.5-day HRT, 8-h cyclic operation mode was applied. This
mode consisted of 4 h 38 min aerobic feeding, 1 h 22 min aerobic reaction, 30 min
settling, 24 min withdrawal, and 1 h 6 min idle. The nitrite production stability was
tested using four different ammonium loading rates, 0.075, 0.062, 0.053, and
0.039 g NH4-N/g MLSS · day by adjusting ammonium concentrations in the range of
498 to 1,018 mg N/L in the influent according to MLSS levels, which varied from 6,000
to 11,000 mg/L in this test period. Five effluent samples were collected every 2 days in
the 2-month running period for each of the four ammonium loading rates. Sludge
withdrawal was minimally performed in order to maintain the proliferated biomass in the

Fig. 1 The diagram of the nitritation SBR (the reactor had 12 L total volume with a working volume of
10 L, which was equipped with influent feeding/effluent discharging and air supply subsystems, controlled
by computer software WINLIN V1.2)
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system during this period, obtaining an SRT greater than 20 days for autotrophic nitrifiers
to achieve complete nitrification [18].

After the data collection for stability analysis was done, a reducing load test was
conducted. The influent ammonium concentration gradually decreased from 631 to
84 mg N/L (631, 491, 384, 298, 204, 117, and 84 mg N/L), and the corresponding
ammonium load was decreased from 0.081 to 0.011 g NH4-N/g MLSS · day (0.081, 0.059,
0.046, 0.035, 0.024, 0.016, and 0.011 g NH4-N/g MLSS · day). Under each influent
concentration, the reactor was run for 2 days (six cycles), in which three effluent samples
were collected from the latter three cycles. Sludge withdrawal was conducted daily during
this period in order to keep a relatively stable level of the MLSS at 5,400±256 mg/L. The
SRT, which was calculated by dividing the total solids in the reactor by total daily
withdrawn solids, was around 30 days. In this experiment, the independent variable was the
ammonium loading rate, and the dependent variable was the percent nitrite dominance in
the system.

Analytic Methods

Liquid samples were obtained every 2 days from influent and effluent in the reducing load
test and stability periods. After centrifuging at 5,000 rpm for 10 min, the supernatant was
obtained for analyses of ammonium (NH4

+-N), nitrite (NO2
−-N), and nitrate (NO3

−-N).
Measurements of NH4

+, NO2
−, and NO3

− were performed for both influent and effluent
liquid samples following the Hach DR2800 Spectrophotometer Manual [19]. Nitrite (NO2

−-
N) was measured by the diazotization method using TNT 839 vials (Hach, USA) and nitrate
(NO3

−-N) by the cadmium reduction method using TNT 835 vials (Hach, USA).
Ammonium (NH4

+-N) was measured by the Nessler method using Nessler’s reagent
(Hach, USA). pH was measured by a portable pH meter (Orion 210A, Thermo Scientific,
USA). MLSS were measured according to the standard methods [20]. The FA and FNA
concentrations are calculated using Eqs. 3 and 4. T is in degree Celsius.

NH3 � N FAð Þ ¼ NH4 � N � 10pH= exp 6; 344= 273þ Tð Þð Þ þ 10pH
� � ð3Þ

HNO2 � N FNAð Þ ¼ NO2 � N= exp �2; 300= 273þ Tð Þð Þ � 10pH
� � ð4Þ

Statistical analysis was done by using SAS JMP V6.0. The comparison of different data sets
was conducted by one-way analysis of variance (ANOVA) and Tukey–Kramer honestly
significant difference (HSD) test embedded in JMP. The null hypotheses of no significant
difference between data sets were rejected at 95% significance level when p<0.05.

Table 1 The ratios of NO2-N, NO3-N, and NH4-N in TIN in effluents under four different ammonium loads.

g NH4-N/g MLSS · day NO2-N/TIN NO3-N/TIN NH4-N/TIN

0.075±0.005 0.65±0.025 0.16±0.011 0.20±0.02

0.062±0.002 0.63±0.011 0.16±0.02 0.21±0.022

0.053±0.001 0.65±0.011 0.16±0.014 0.19±0.019

0.039±0.003 0.60±0.02 0.20±0.02 0.20±0.03

Data are means of five replicates ± standard deviations
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Results and Discussion

Stability Test

The nitrite production stability was tested using four different ammonium loading rates,
0.075, 0.062, 0.053, and 0.039 g NH4-N/g MLSS · day in a 2-month running period. The
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total inorganic nitrogen (TIN) composition in the effluent was calculated, and the results
are shown in Table 1. The NO2-N in the effluent accounted for 65% of the TIN for daily
ammonium loads of 0.075 and 0.053 and was slightly lower at 0.062 and 0.039 loading
rates (63% and 60%), respectively. The NO3-N content was about 16% for all but one
loading rate (20% for the 0.039 loading rate). NH4-N was about 20%, 21%, 19%, and
20% of the TIN for 0.075, 0.062, 0.053, and 0.039 daily loads, respectively. Statistical
analysis was performed and the p values of the one-way ANOVAwere 0.0024, 0.001, and
0.689 for NO2-N/TIN, NO3-N/TIN, and NH4-N/TIN, respectively, indicating significant
difference existing for NO2-N/TIN and NO3-N/TIN but not for NH4-N/TIN under the
four loading rates. Further comparisons for all pairs using Tukey–Kramer HSD suggest
that for NO2-N/TIN and NO3-N/TIN, the significant different data set is from the load
0.039 at 95% significance level (Fig. 2). The ranges of NO2-N, NO3-N, and NH4-N under
the four loading rates are shown in Table 2. Conclusively, the TIN composition in the
effluent was not affected when the ammonium load was between 0.053 and 0.075 g NH4-
N/g MLSS · day, but under 0.039 g NH4-N/g MLSS · day, the NO2-N percentage declined
a little accompanied by a slight rise in NO3-N, suggesting that nitrite oxidizers were less
inhibited when the ammonium load was kept under a certain threshold. Despite that, the
process has accomplished the goal to make NO2-N become the dominant component of
TIN in the effluent under all loads during the entire running period, namely successful
nitrite accumulation from swine wastewater, which is the premise for conducting
experiments in the second SBR using the high nitrite effluent as its influent. While the
highest ammonium loading rate was 0.075 g NH4-N/g MLSS · day and the critical one
was shown to be around 0.039 g NH4-N/g MLSS · day achieved in this study, broad range
of ammonium loading rate under different reaction temperatures which was between 0.03
(20 °C) and 1.5 g NH4-N/g MLSS · day (36 °C) was found in research done by others.
Peng et al. [21] suggested that the loading rate should be kept lower than 0.15 g NH4-N/g
MLSS · day at 30 °C as for the wastewater containing seawater with a removal efficiency
above 85%. The critical loading rate of NH4-N reduced to 0.08 and 0.03 g NH4-N/g
MLSS · day for 25 °C and 20 °C, respectively. Ganiguéa et al. [22] studied startup and
operation of a partial nitritation sequencing batch reactor treating urban landfill leachates.
Stable partial nitritation was reached treating high ammonium loads (1–1.5 g NH4-N/g
TSS · day based on 1,000 mg TSS/L) at 36±1 °C and DO of 2 mg/L, achieving values
for the conversion of ammonium to nitrite between 40% and 60%. The nitrification
process stopped at the ammonium oxidation step without significant nitrate production

Table 2 The concentrations of NO2-N, NO3-N, and NH4-N in effluents under four different ammonium
loads.

g NH4-N/g MLSS · day NO2-N (mg/L) NO3-N (mg/L) NH4-N (mg/L)

0.075 445–591 122–140 144–166

0.062 395–501 90–136 121–174

0.053 411–456 96–112 102–153

0.039 268–329 88–100 71–120

Fig. 3 a Profiles of influent NH4
+ and effluent NH4

+, NO2
−, and NO3

− during the reducing loads test period.
b Changes of NO2-N/NO3-N ratio over the period. c Changes of pH over time. d Changes of free ammonia
(NH3) and free nitrous acid (HNO2). The standard bars are from three samples

�
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being observed in spite of the high operating temperature (36 °C) and the high DO
concentration in the reactor.

Reducing Load Test

Based on the assumption that either FA or FNA, closely related to the ammonium loading
rates, was responsible for inhibiting nitrite oxidizers, leading to the accumulation of nitrite,
the 1.5-day HRT cycle was chosen for the reducing load test to qualitatively evaluate the
relationship between the concentrations of free ammonia and free nitrous acid and the nitrite
content in the effluent when the MLSS was kept at 5,400±256 mg/L through the entire period.
Figure 3a shows the profiles of influent NH4

+ and effluent NH4
+, NO2

−, and NO3
−

concentrations during the test. The influent NH4
+ was gradually reduced from 630.1 to

84.1 mg/L. The corresponding changes in NO2
− production and the NO2

−/(NO2
−+NO3

−)
ratio in the effluent are shown in Table 3. The evolution of NO2

−/NO3
− ratio in the effluent is

shown in Fig. 3b. After day 7, the NO2
−/NO3

− ratio experienced a sharp decline from about
3.0 to 2.4 and finally to 1.36. This change of the NO2

−/NO3
− ratio may be explained by

examining Fig. 3c, d. The large standard deviations in Fig. 3d might be owing to the
calculation stacking effect of deviations from both the NO2

− concentration and the pH. When
the NH4

+ load dropped from 0.035 to 0.024 g/g MLSS · day, the value of pH climbed from
6.2 to 6.4, accompanied by an abrupt decline of FNA from 1.2 to 0.6. From that point
forward, the nitrite dominance environment in the system was no longer existing. According
to the research done by Anthonisen et al. [16], NOB were inhibited by FA at levels above
0.1 mg/L, and all nitrifying bacteria were inhibited by FNA at levels above 0.2 mg/L. The FA
concentration was always kept under 0.1 mg/L except in the final day, implying that FNA,
instead of FA, was the acting inhibitor on NOB throughout the entire test period. FNA, when
above 0.2 mg/L, did not show complete inhibition on the nitritation activities, so the
conversion from ammonium to nitrite was still proceeding. The observations from this
experiment demonstrate that the inhibition of FNA on NOB depends on its levels and would
decrease under a certain level in a given system.

Conclusions

Shortcut nitrification and denitrification is a process based on the intermediate, i.e., nitrite,
which exists in both nitrification and denitrification processes to treat wastewaters

Table 3 The relationship between NH4
+ loads and NO2

− production.

Time (day) Influent NH4
+

(mg N/L)
NH4

+ load
(g N/g MLSS · day)

NO2
− production

(g N/L· day)
NO2

−-N/
(NO2

−-N+ NO3
−-N)

1 630.98 0.081 0.20 0.75

3 491.02 0.059 0.20 0.74

5 383.85 0.046 0.18 0.75

7 298.4 0.035 0.16 0.74

9 203.6 0.024 0.11 0.70

11 116.58 0.016 0.09 0.69

13 84.11 0.011 0.06 0.58
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containing ammonium, especially meaningful for high ammonium wastewaters. Through
the combination of an activated sludge SBR and a continuous feeding strategy, an
environment favoring the nitrite accumulation from swine wastewater was established. The
nitrite production stability was tested using four different ammonium loading rates, 0.075,
0.062, 0.053, and 0.039 g NH4-N/g MLSS · day in a 2-month running period. The TIN
composition in the effluent was not affected when the ammonium load was between 0.053
and 0.075 g NH4-N/g MLSS · day (64% NO2-N, 16% NO3-N, and 20% NH4-N). Under
0.039 g NH4-N/g MLSS · day, 4% more NO2-N was transformed to NO3-N with an effluent
of 60% NO2-N, 20% NO3-N, and 20% NH4-N. In the reducing load test, the NH4

+ load
was gradually decreased from 0.081 to 0.011 g NH4-N/g MLSS · day. When the NH4

+ load
dropped from 0.035 to 0.024 g NH4-N/g MLSS · day, the NO2

−/NO3
− ratio dropped from

0.75 to 0.70, accompanied by an abrupt decline of FNA from 1.2 to 0.6. From that point
forward, the nitrite dominance environment in the system was no longer existing.
Combining the results from both reducing load and stability tests, it is concluded that an
ammonium loading rate around 0.035 g NH4-N/g MLSS · day is the lower threshold for
producing a nitrite dominance effluent from the activated sludge SBR.
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