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The effect of free ammonia (NH
3
or FA), free nitrous acid (HNO

2
or FNA), and total alkalinity (TA) on the performance of a partial

nitrification (PN) sequencing batch reactor (SBR) treating anaerobically pretreated pig slurry was studied. The SBR was operated
under alternating oxic/anoxic (O/A) conditions and was fed during anoxic phases. This strategy allowed using organic matter to
partially remove nitrite (NO

2

−) and nitrate (NO
3

−) generated during oxic phases.The desiredNH
4

+ toNO
2

− ratio of 1.3 gN/gNwas
obtained when an Ammonium Loading Rate (ALR) of 0.09 g NH

4

+-N/L⋅dwas applied.The systemwas operated at a solid retention
time (SRT) of 15–20 d and dissolved oxygen (DO) levels higher than 3mg O

2
/L during the whole operational period. PN mainly

occurred caused by the inhibitory effect of FNA on nitrite oxidizing bacteria (NOB). Once HNO
2
concentration was negligible,

NH
4

+ was fully oxidized to NO
3

− in spite of the presence of FA.The use of biomass acclimated to ammonium as inoculum avoided
a possible effect of FA on NOB activity.

1. Introduction

The intensive swine production is creating scenarios where
generated waste is not correctly disposed, exceeding the
assimilation capability of the soil-water-plant ecosystem of
the crop lands [1]. The anaerobic digestion is the most used
technology to treat this kind of wastes [2]. In this pro-
cess, high removal efficiencies of carbonaceous compounds
contained in the wastewater are achieved while nitrogen
removal is scarce, only due to biomass growth. Since the
effluent from the anaerobic digester has a low C/N ratio, to

perform nitrogen removal by the combination of nitrification
(sequential ammonium (NH

4

+) oxidation to nitrite (NO
2

−)
and nitrate (NO

3

−)) and denitrification (nitrate or nitrite
reduction to nitrogen gas (N

2
)) processes is not economically

feasible due to the requirements of organic matter. The
application of the combined partial nitrification (oxidation
of ammonium to nitrite with around 50% efficiency) and
anammox (combination of previously generated nitrite and
ammonium to produce nitrogen gas) processes could avoid
this drawback. However, some studies reflected problematic
situations for nitrogen removal in thisway due to the presence
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Figure 1: Distribution of the operational cycle.

of relevant concentrations of residual organic matter in the
treated effluent [3]. In this sense, Wett et al. [4] proposed
to treat a municipal wastewater, with a low C/N ratio, in
a partial nitrification unit operated in alternated oxic and
anoxic periods in order to promote the use of the organic
matter present for denitrification.This strategy together with
the control of the solid retention time (SRT) also allowed
suppressing the growth of nitrite oxidizers when the unit
was operated at low temperature and low ammonium con-
centrations and, therefore, improving the stability of partial
nitrification. Moreover, as the organic matter was removed
by denitrification, alkalinity was generated which partially
compensated for the alkalinity consumption due to partial
nitrification.

During the treatment of wastewater with high ammo-
nium concentrations, as the effluent of pig slurry coming
from the anaerobic digestion, the presence of free ammonia
(NH
3
or FA) and/or free nitrous acid (HNO

2
or FNA) can

affect the performance of the partial nitrification process.
These compounds can cause inhibition of nitrifying and
denitrifying bacteria and provoke the nitrite accumulation
in the system [5, 6]. The nitrifying bacteria are inhibited
at concentrations of FA and FNA within 0.1–150mg NH

3
-

N/L and 0.2–2.8mg HNO
2
-N/L, respectively [5], while the

effect of FNA on denitrifying bacteria was observed within
0.01–0.20mgHNO

2
-N/L [7]. Another factor to be considered

is the inlet total alkalinity/ammonium ratio (TA/NH
4

+-N)
since it will determine the pH value inside the reactor and,
therefore, the concentrations of FNA and/or FA [8–10].

In the present research the effect of FA, FNA, and
total alkalinity/ammonium ratio on the performance of a
partial nitrification sequencing batch reactor (SBR) operated
under alternating oxic/anoxic conditions was studied. An
anaerobically pretreated pig slurry and acclimated biomass
to high ammonium concentrations were used as feeding
and inoculum, respectively. The operational conditions were
adjusted to achieve the desired nitrite to ammonium ratio
in the effluent and promote the consumption of the present
organic matter by means of the denitrification process.

2. Materials and Methods

2.1. Reactor SBR Description and Operational Conditions. A
laboratory scale SBR with a working volume of 1.5 L and

a total volume of 2.5 L was used. Dimensions of the unit
were height of 540mm (𝐻), inner diameter of 77mm (𝐷),
and the 𝐻/𝐷 ratio of 7. Oxygen was supplied by means of
a ceramic air diffuser located at the bottom of the reactor
connected to an air pump. The system was equipped with
a mechanical stirrer operated at 80 RPM. The reactor was
maintained in a thermostated chamber at 33 ± 2∘C. The
pH was not controlled and ranged between 6.2 and 8.5. A
programmable logic controller (PLC) was used to control the
cycle.

The reactor was operated in cycles of 12 h distributed as
shown in Figure 1. The volume exchange ratio was fixed at
8.3% and the hydraulic retention time (HRT) was of 6 days.
The DO was supplied only during the oxic period and its
concentration was kept higher than 3mg O

2
/L. In the anoxic

phase the mixture inside the reactor was achieved through
mechanical stirring.

The reactor was fed with the effluent coming from an
anaerobic digester treating diluted pig slurry [2], whose
total alkalinity/NH

4

+ ratio ranged from 4.0 to 9.4 g/g. The
reactor was operated during 270 days divided into three
stages according to the inlet ammonium concentrations of
350, 550, and 880mg NH

4

+-N/L, which corresponded to
applying Ammonium Loading Rates (ALRs) of 0.06, 0.09,
and 0.15 g NH

4

+-N/L⋅d, respectively (Table 1). The SRT was
not controlled and ranged from 15 to 20 d during the whole
operational period.

2.2. Activity Assays. Periodical samples of biomass were
collected from the reactor during the operational stages
to evaluate their specific ammonium and nitrite oxidizing
activities (AOB and NOB, resp.) and specific denitrifying
activity (SDA). The specific nitrifying activity (ammonium
and nitrite oxidizing) of the biomass was determined by
respirometric assays, applying the methodology described by
López-Fiuza et al. [11], while themaximum SDA of the sludge
was determined according to the methodology proposed by
Buys et al. [12].

2.3. Inoculum. The SBR was inoculated with 5 g volatile
suspended solids (VSS)/L of activated sludge collected from
an aerobic reactor, used to remove both organic matter
and nitrogen from pig slurry, located in the Region of the
Libertador Bernardo O’Higgins, Chile. The initial specific
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Table 1: Characterization of the different operational stages of the SBR reactor.

Parameter Unit
Stage

I II III
Influent Effluent Influent Effluent Influent Effluent

Operation time d 0–75 76–190 191–270
ALRs g NH

4

+-N/L⋅d 0.06 0.09 0.15
Total alkalinity/NH

4

+-N g/g 9.4 ± 0.0 — 7.5 ± 0.0 — 4.1 ± 0.0∗ —
pH 7.5 ± 0.1 7.4 ± 1.3 7.5 ± 0.1 6.8 ± 0.9 7.5 ± 0.1 7.2 ± 1.3

CODS mg/L 734 ± 85 415 ± 28 801 ± 100 363 ± 189 1907 ± 319 293 ± 58

NH
4

+-N mg/L 350 ± 26 82 ± 25 550 ± 67 128 ± 77 880 ± 100 102 ± 60

NO
2

−-N mg/L <1.0 174 ± 32 <1.0 165 ± 86∗ <1.0 2 ± 2

NO
3

−-N mg/L <1.0 45 ± 5 <1.0 42 ± 17∗ <1.0 293 ± 138

NO
2

−-N/NH
4

+-N g/g — 2.1 ± 0.5 — 1.3 ± 0.5 — <0.1 ± <0.1
NIT % 79 ± 5 76 ± 5 86 ± 11

NAR % 78 ± 2 83 ± 6∗∗ 1 ± <0.1
Nremoved % 21 ± 13 30 ± 7 45 ± 19

CODremoved % 39 ± 9 54 ± 11 85 ± 3

CODremoved/Nremoved g/g 2.8 ± 1 2.6 ± 0.4 3.5 ± 0.5
∗Sodium bicarbonate (NaHCO3) was added to the influent to keep it at total alkalinity/NH4+-N ratio of 4.1 g/g. ∗∗During the stable period (days 76 to 160).

nitrifying activities obtained forAOB andNOBwere of 27mg
NH
4

+-N/g VSS⋅d and 19mg NO
2

−-N/g VSS⋅d, respectively,
and the initial SDA was of 72mg NO

2

−-N/g VSS⋅d.

2.4. Analytical Methods. Concentrations of soluble chemical
oxygen demand (CODS), VSS, NH4

+, NO
2

−, and NO
3

−

were determined according to the Standard Methods [13].
Total alkalinity was determined by titration according to the
methodology described byRipley et al. [14].ThepHvalue and
DO concentrations were measured using specific electrodes
(pH: sensor Multiparameter Oakton PC650 model; DO:
sensor Oxi 330 WTW).

2.5. Calculations. Thenitrification (NIT) and nitrite accumu-
lation ratio (NAR) percentages were calculated according to
the following equations:

NIT =
NH
4

+-N
𝑖
−NH

4

+-N
𝑒

NH
4

+-N
𝑖

⋅ 100 (1)

NAR =
NO
2

−-N
𝑒

NO
3

−-N
𝑒
+NO

2

−-N
𝑒

⋅ 100, (2)

where NH
4

+-N
𝑖
and NH

4

+-N
𝑒
are the concentrations of

ammonia in the influent and effluent, respectively, andNO
2

−-
N
𝑒
and NO

3

−-N
𝑒
are the concentrations of nitrite and nitrate

in the effluent, respectively.
The ratio between the amount of organic matter removed

and nitrogen removed (CODremoved/Nremoved, g CODS/g N)
was calculated according to the following equation:
CODremoved
Nremoved

=
(COD

𝑖
− COD

𝑒
)

NH
4

+-N
𝑖
− (NO

3

−-N
𝑒
+NO

2

−-N
𝑒
+NH

4

+-N
𝑒
)
.

(3)

The concentrations of NH
3
and HNO

2
were calculated from

the NH
4

+-N and NO
2

−-N concentrations inside the reactor,
respectively, at the operating temperature and the pH value in
the bulk liquid according to the expressions proposed byHou
et al. [15]. Ammonium and nitrite consumption rates were
calculated from the profiles of ammonium and nitrite con-
centrations obtained in the reactor from the measurements
performed throughout the operating cycles as described by
Mosquera-Corral et al. [16].

3. Results and Discussion

3.1. Operation of the Reactor. The partial nitrification process
was developed in the reactor after 25 days of operation
(Stage I). The NAR, defined as the produced nitrite to
ammonium removed ratio, was of 78% (Table 1).However, the
achieved NO

2

−-N/NH
4

+-N ratio in the effluent (2.1 g/g) was
higher than the required value of 1.3 g/g which is considered
optimal for the posttreatment of the effluent by means of the
anammox process [17, 18]. The very high nitrite production,
with efficiencies larger than required, indicated the system
was underloaded. On day 76, ALR was increased from 0.06
to 0.09 g NH

4

+-N/L⋅d (Stage II) in order to overload the
system and, therefore, to obtain the desired NO

2

−-N/NH
4

+-
N ratio. In these conditions the NAR remained almost
constant (83%) while the ammonium level in the effluent
increased which allows obtaining a NO

2

−-N/NH
4

+-N ratio
in the effluent of 1.3 g/g. On day 160 (Stage II) a failure of the
aeration system caused that the systemoperated under anoxic
conditions for more than 48 h and nitrite concentration in
the reactor decreased from around 200 to 100mg NO

2

−-
N/L (Figure 2(a)). After this event the partial nitrification
turned unstable and NAR diminished progressively while
the nitrate concentration increased. In Stage III, the applied
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Figure 2: Evolution of nitrogen compounds. (a) Behavior of nitrogen concentration inside the reactor: NH
4

+-N influent (diamond), NH
4

+-N
effluent (square), NO

2

−-N effluent (triangle), and NO
3

−-N effluent (circle). (b) Nitrite accumulation ratios (NAR) as percentages obtained at
different HNO

2
-N (asterisk) and NH

3
-N (circle) concentrations. (c) Nitrite accumulation ratios (NAR) as percentages obtained at different

total alkalinity influent (diamond) concentrations.
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Figure 3: Relationship between CODS and N removed throughout
the operational period.

ALR was increased up to 0.15 g NH
4

+-N/L⋅d with the aim
of overloading the nitrifying microorganisms and, therefore,
of accumulating nitrite, but the system was able to fully
oxidize ammonium to nitrate at an efficiency of 86% and the
previous partial nitrification conditions were not recovered.
The destabilization of the PN that occurred on day 160
could be related to the prolonged anoxic period suffered by

both AOB and NOB due the failure of the aeration system.
According to Torà et al. [19], the activity of AOB would
decrease around 14% after two days under anoxic conditions
but the decrease expected for NOB activity would be higher
than that of AOB activity due to the higher value of their
decay constant [20]. Then, the effect the prolonged anoxic
period on the loss of PN stability could be attributed to the
decrease of nitrite concentration observed during this period.

In order to evaluate the possible reasons for the loss
of nitrite accumulation, the FA and FNA concentrations
were estimated for the different operational stages as shown
in Figure 2(b). Collected results indicate that high NAR
were obtained in the presence of FNA concentrations within
0.08–0.37mg HNO

2
-N/L. These concentrations could be

responsible for the inhibition of NOB and the consequent
nitrite accumulation as it has been observed by authors
like Park and Bae [21] and Kim and Seo [22]. On the
contrary, no correlation between nitrite accumulation and
FA concentrations calculated was detected. Ammonium was
fully oxidized to nitrate even at FA concentrations higher
than 3mg NH

3
-N/L, a value which is generally reported as

inhibitory for NOB [5, 21, 23]. Nevertheless, if biomass is
adapted to the FA, the NOB inhibition can be only achieved
at FA concentrations higher than 10mg NH

3
-N/L [24–26].
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Figure 4: Evolution of CODS (circle), NH4
+-N (square), NO
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−-N (triangle), and NO
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−-N (diamond) calculated amounts inside the reactor
during an operational cycle in the SBR on days 109 (Stage II) (a) and 221 (Stage III) (b).

Results indicate thatNARwas quickly lost once the inhibitory
conditions for NOB were suppressed in Stage III. This would
demonstrate that the inhibitory effects of FNA on NOB were
temporary [15, 27].

Alkalinity is another important parameter that affects
the nitrification process since it is important to maintain a

suitable pH value [28]. Figure 2(c) shows that the decrease
of the inlet total alkalinity concentrations increased the
efficiency of the system in accumulating nitrite. This can be
attributed to the decrease of pH value inside the reactor,
which promoted the inhibitory effect of FNA on NOB (see
Table 1). On the contrary, Hwang et al. [10] and Hou et al. [15]
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observed that nitrite was only accumulated when the inlet
TA/NH

4

+-N ratio was higher than the stoichiometric one
(7.1 g TA/g NH

4

+-N) since this favoured the FA.
Respirometric assays were performed with biomass sam-

ples from the reactor. Experimental results confirmed the
observations from the reactor operation. The initial NOB
specific activity decreased to no detectable levels on day 25
and remained at this level until day 187. These results were
related to the increase in the FNA concentration and its
inhibitory effect on NOB (Figure 2(b)). From this day on,
NOB specific activity gradually increased up to a value of
230mg NO

2

−-N/g VSS⋅d. The AOB specific activity was of
47, 66, and 124mg NH

4

+-N/g VSS⋅d during Stages I, II, and
III, respectively. The SDA of the biomass was of 120mg N/g
VSS⋅d during the whole operational period.

The COD removal efficiency was affected by the influent
quality and ranged from 39% during Stage I to 85% during
Stage III. Concerning nitrogen removal efficiency, its value
ranged from 21% (Stage I) to 47% (Stage III) (Table 1).
Results showed a clear relationship between the amounts of
organicmatter and nitrogen removed, which indicate that the
denitrification process was taking place (Figure 3). During
Stage II, the CODremoved/Nremoved ratio was of 2.6 g/g while,
during Stage III, this ratio increased up to 3.5 g/g because
ammonium was completely oxidized to nitrate during this
stage [29].

3.2. Operational Cycles. In order to evaluate the performance
of the reactor, cycle measurements were carried out. The
CODS and nitrogenous compounds concentrations were
measured throughout different operational cycles over the
operational period. Data obtained from the cycle mea-
surements of days 109 (Stage II) and 221 (Stage III) are
shown in Figure 4 in terms of accumulative amounts (g)
of the measured compounds. In both cycles, biodegradable
organicmatter wasmainly removed during the anoxic phases
together with nitrite and nitrate while CODS remained prac-
tically constant during oxic phases. These profiles show that
the cycle distribution allows the efficient use of the organic
matter, contained in the influent, to carry out denitrification.
Therefore, the nitrogen load to be treated in a subsequent
anammox reactor decreases. The main difference between
both measured cycles was the relative values of ammonium
and nitrite oxidation rates. On day 109, the ammonium
oxidation ratewas 3 to 4 times larger than the nitrite oxidation
rate, while on day 229, both values were almost the same
thus indicating that the partial nitrification was not possible
during the last stage.

Gilbert et al. [30] observed the appearance of a lag
phase longer for the nitrite oxidation than for the ammonia
oxidation when anoxic periods, longer than 15–20 minutes,
were imposed. However the lag phase corresponding to the
nitrite oxidation had been always lower than 12 minutes.
Therefore, the operational cycle distribution used in this
work would not be suitable to promote PN due to the long
duration of the oxic period (105 minutes). In fact, when
alternating oxic/anoxic conditions are applied to avoid the
nitrite oxidation during municipal wastewater treatment by

means of continuous systems, where neither FA nor FNA
inhibitions are expected, the length of the oxic and anoxic
periods is fixed at around 10 minutes [4, 29, 31].

4. Conclusions

Stable partial nitrification was achieved during the treatment
of the effluent of an anaerobic reactor fed with pig slurry.
Since the system was operated at high STR values (15–20 d)
and nonlimiting oxygen concentrations (higher than 3mg
O
2
/L), nitrite accumulation was mainly attributed to the

presence of high FNA concentrations. Attempts to inhibit
NOB by promoting the presence of FA were not successful.
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