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Abstract

The combination of heterotrophic denitrification and partial nitritation for the treatment of
landfill leachate was investigated in a single sequencing batch reactor with the objective of achieving
simultaneous elimination of nitrogen and organic matter and providing a suitable effluent for the
subsequent anaerobic ammonium oxidation (Anammox) treatment. Partial nitritation was established by
finely adjusting the airflow rate (AFR) and the influent loading rate (ILR) to an oxygen-limiting condition.
The long-term operation of the batch reactor showed that more than 55% removal of the chemical oxygen
demand (COD) and 60% elimination of total nitrogen (TN) were obtained. Cycle analysis showed that
heterotrophic denitrification contributed to approximately 28% reduction of nitrogen and 24% reduction
of COD in the bulk liquid. This study showed that the treatment capacity increased with the increasing
total air flux (TAF), and that nitrate formation could be inhibited by controlling the ratio of TAF to
ILR below 240 (m? air m*/kg COD). It was also determined that the effluent pH was an indicator of the
partial nitritation performance. This study provides important insights into the process control on partial

nitritation of landfill leachate with fluctuated influent conditions.
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Introduction

Landfill leachate treatment is complicated because
the leachate stream has high levels of ammonium and
organic matter [1, 2]. Conventional biological processes
consisting of autotrophic nitrification and subsequent
heterotrophic denitrification, have been shown to be
effective in removing organic and nitrogenous matter
[3, 4]. However, the conventional nitrogen removal
process is extremely expensive, as it requires
tremendous oxygen consumption and the addition of an
external organic carbon source [5, 6].

In the last decade, new techniques that utilize a
combination of partial nitritation (PN) and anaerobic
ammonium oxidation (anammox) [7-9], either in two-
stage systems or in the single reactor [10-12], have been
developed to treat ammonium-rich wastewater more
effectively [13, 14]. Since most biodegradable organic
fractions could negatively affect anammox performance
[15], the one-stage PN/anammox process may only be
applicable to wastewater with high levels of ammonium
but lacking biodegradable organic carbon. The two-stage
PN/anammox process, in which the PN precedes the
anammox unit, is considered to have higher efficiency
and reliability and stronger recovery performance [10].
Therefore, the two-stage PN/anammox processes may
be more applicable and stable than the single reactor
systems for the treatment of ammonium-rich organic
wastewater.

The PN process, which requires control of the
effluent with an NO,-N/NH_*-N ratio of 1.32/1 for the
subsequent anammox treatment [16], reduces aeration
by 64% and sludge production by 80-90% compared to
conventional nitrification and denitrification processes
[17, 18], creating substantial benefits for the treatment
of highly nitrogenous wastewater [19, 20]. Furthermore,
the PN process can also remove the organic matter that
may inhibit the anammox communities. This would
provide a sustainable and feasible means for treating
high-strength wastewater such as landfill leachate,
which usually contains high concentrations of NH,*-N

and organic matter [21, 22].

There have been various studies completed on the
PN process for the treatment of synthetic wastewater
[23-25], digester liquor [26-29], black water [30],

and underground brine waste [31], etc. In addition,
some literature on the PN process for landfill leachate
treatment [32-37] was available in recent years. It should
be stated that these reports on the PN process for landfill
leachate treatment were achieved through operation at
high reaction temperatures of up to 30-36°C, or short
sludge retention time (SRT) below 12 days. In order to
make this process simpler and more energy efficient,
more operational conditions, such as lower reaction
temperature and longer SRT, need to be investigated
on the application of this process to landfill leachate
treatment. In addition, more importance should also be
attached to the elimination of organic matter present in
the leachate. Combining heterotrophic denitrification in
the PN treatment of landfill leachate may be a feasible
option to simultaneously remove the organic carbon
and nitrogen while reducing the treatment cost and
possibly inhibiting readily available organic matter to
subsequent anammox bacteria [38]. Taking into account
the variation in the influent strength, its impact on the
effluent NO,-N/NH,"-N ratio should also be addressed.

This work aims to combine the heterotrophic
denitrification and partial nitritation for the treatment
of landfill leachate in the single sequencing batch
reactor in which room temperatures of 24.5-27.0°C
and long SRT of 60-80 days were used. To gain more
insight into the partial nitritation of landfill leachate, a
cycle analysis of the dynamics of the various physical-
chemical compounds was also performed. In addition,
the process analysis on the reactor operation under
variable influent compositions was also conducted in
order to identify potential indicators to develop a real-
time controlled PN system.

Materials and Methods
Landfill Leachate Characteristics

The raw leachate was obtained from a landfill in
southern China that had been operating for 13 years.
The leachate characteristics are listed in Table 1. The
strength of the leachate was variable, which was likely
caused by seasonal changes (from August to January).
Ammonium (NH,*-N), and organic matter account

Table 1. Main characteristics of landfill leachate used in different phases (Mean+Standard).

Phases Operating periods pH Alkalinity COD NH,"-N NO,-N NO,-N TN
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Table 2. Controlling parameters in different phases (Mean+ Standard).

Ph Operating periods Purpose Air flow rate Volumetric exchange

ases (Day) P (L air L*! reactor-h™') ratio (%)

1 1-49 Start-up of partial nitritation 7.74+2.11 19.27+11.17

2 50-109 Maintenance of partial nitritation 13.3043.27 31174343
under low influent concentration

3 110-143 Maintenance (,)f partial nltrltatlog under 18,8442 47 31 6843.02
moderate influent concentration

4 144-169 Maintenance of partial nitritation 23.9322.11 23.2444.07
under high influent concentration

for the major components of the leachate, and their
concentrations were increasing overall during the
experimental period, as shown in Table 1.

Experimental Setup

The total volume of the sequencing batch reactor
(SBR) was 70 L, and its actual working volume
varied from 44.5 L to 51.5 L, depending on the actual
treatment capacity and performance. The reactor was
operated at room temperatures of 24.5-27.0°C and in
cycles of 12 hours. Each cycle consisted sequentially of
1-2 min of feed (depending on the treatment capacity),
90 min of anoxic stir, 270 min of concurrent aeration
and stir, 60 min of anoxic stir, 240 min of concurrent
aeration and stir, 55 min of settlement, and 3-4 min
of draw (depending on the treatment capacity). The
control of feed, stir, aeration, sludge wastage and draw
was performed by a programmable logic controller
(PLC). Specifically, the feed and draw were controlled
by the float level switches connected to the PLC. The
SRT was controlled at 60-80 days through wasting a
certain amount of sludge liquid at the end of the second
aeration stage. Air was supplied by the air compressor
through the air diffusers mounted at the bottom of the
reactor. The air flow rate (AFR) used in different phases
is shown in Table 2. The dissolved oxygen (DO) and
pH profiles of the sludge liquor were monitored with a
multi-parameter water quality meter (Inolab multi 740,
WTW, Germany), respectively. Forced pH adjustment
and DO controls were not performed in order to make
the operation simpler.

Experimental procedure

Prior to the start-up, 42 L of nitrifying activated
sludge (mixed liquid suspended solids (MLSS) 2000
mg/L) from a full-scale SBR [39], which operated in
the same landfill site treating landfill leachate, was
inoculated in the reactor. The operation can be divided
into four phases in terms of the influent compositions and
the AFR used. The controlling parameters in different
phases are listed in Table 2. Due to the fluctuation of
DO in the bulk liquid, the AFR and the volumetric
exchange ratio (VER) in each phase were utilized as the
direct controlling factors. During the experiment, the

AFR was adjusted according to the observed influent
loading rate (ILR) and treatment performance.

Analytical Methods

Samples were collected and analyzed regularly to
evaluate the treatment performance. Measurements,
including MLSS, mixed liquid volatile suspended
solids (MLVSS), chemical oxygen demand (COD),
sludge volumetric index (SVI), ammonium, nitrates,
nitrites, total nitrogen (TN), and alkalinity, were taken
according to standard methods [40]. As nitrite exerts a
COD of 1.1 mg O,/mg NO,-N, the COD values were
corrected accordingly. Free ammonia (FA) and free
nitrous acid (FNA) concentrations in the effluent were
calculated according to Anthonisen et al. [41]. The DO
concentrations and the pH values were measured by a
multi-parameter water quality meter (Inolab multi 740,
WTW, Germany).

Nitrate percentage in the effluent was calculated
according to Equation 1, where C ... C . . were
the concentrations (mg/L) of nitrite and nitrate nitrogen
in the effluent, respectively.

eff. nitrate

+C

x100%
eff. nitrate (l)

Nitrate percentage (%) = C

eff. nitrite

The influent loading rate (ILR) (kg COD/m?/d) was
defined as the sum of oxygen demand from the influent
COD loading rate (CLR) (kg COD/m’*/d) and from
the partial nitritation portion of influent ammonium
loading rate (ALR) (kg NH,"-N/m*d), as described in
Equation 2. This definition is aimed at describing the
loading of wastewater containing both high-strength
ammonium and organic matter [38].

ILR =1.80 x ALR + CLR )

The total air flux (TAF) (m® air/m® reactor/d)
was defined as the multiplication of AFR (m* air/m?
reactor/h) and the aeration time (h/d), as described in
Equation 3:

TAF = Aeration Time X AFR 3)
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Results and Discussion

Start-up
In the first three weeks of start-up, nitrite
accumulation did not occur, whereas significant

nitrate formation and even complete nitrification in
the third week were observed (Figs la and 1b). This
undesired observation cannot be explained by the FA
concentration inhibition theory proposed by Anthonisen
et al. [41], since there is significant difference in
microbial species, operational strategies and degree of
acclimation among the studied reactors. The presence
of nitrite-oxidizing bacteria (NOB) in the seed
sludge from the full-scale SBR for landfill leachate
treatment might be acclimated to high FA and FNA
concentrations. The DO concentrations at the end
of aeration stage were 0.80-1.55 mg/L, which was
significantly lower than the values that led to stable
partial nitritation in the study by Yamamoto T.
et al. [42]. These low DO conditions, however, did not
cause nitrite accumulation. A previous study showed
that the adjustment of the ammonium loading rate
was also effective at causing partial nitritation [43].
Taking into account the oxygen consumption due to
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degradation of organic matter, the adjustment of ILR
was used as a controlling strategy. Then the ILR of the
reactor was increased (Figs lc and 2¢) while the AFR
was slightly decreased (Fig. 1c). Consequently, partial
nitrite accumulation together with a gradual decline in
nitrate formation was observed in the next two weeks,
indicating the effectiveness of the ILR adjustment
strategy. The DO concentration in the reactor was
lowered to below 0.5 mg/L, which may help inhibit
the NOB in the reactor. At the end of the start-up, the
effluent nitrite to ammonium molar ratios were in the
range of 1.0-1.5 and the effluent nitrate percentages
were below 5% (Fig. 1b), demonstrating the successful
start-up of partial nitritation. The nitrite production rate
(NPR) was low (Fig. 1c) due to the low AFR and the
low ILR applied.

Both the removal efficiencies of COD and TN were
as high as 60% when partial nitritation was established,
indicating satisfactory simultaneous removal of organic
matter and nitrogen (Fig. 2). The increase in the COD
and TN loading rates (Fig. 2c) led to the development
of partial nitritation; therefore, this implies the
effectiveness of the adjustment of ILR to achieve PN
performance. Due to a dominant nitritation reaction
in the reactor, the effluent pH was slightly lower than
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Fig. 1. PN performance of reactor during start-up period: a) influent and effluent nitrogen species and volumetric exchange ratio (VER);
b) effluent molar ratio of nitrite to ammonium, and nitrate percentage (%) and free ammonium (FA); ¢) ammonium removal efficiency, air
flow rate (AFR), nitrite production rate (NPR) and influent volumetric ammonium loading rates (ALR); and d) concentrations of MLSS

and MLVSS, and SVL .
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the influent pH (Fig. 2d). The mass ratios of consumed
COD to TN fluctuated when shifting from complete
nitrification to partial nitritation, and then maintained
at a value of approximately 3.0 (Fig. 2d). The nitrogen
and organic removal in this case was responsible for
the combination of heterotrophic acrobic degradation
and heterotrophic denitrification, as well as the dilution
effect.

Operation

After start-up, higher AFR (Fig. 3c) and larger
ILR (Fig. 4c) were used in the next operating phases
in order to enhance the treatment capacity. Despite the
variation in the influent strength, the effluent nitrate
percentage was able to be controlled below 10%
(Figs 3a and 3b) via a corresponding controlling of
AFR, and the ammonium removal efficiencies were
elevated to 70-90% (Fig. 3 c¢). However, it should be
noted that due to occasional power failure events,
the effluent nitrite to ammonium molar ratios were
fluctuating and in some periods were higher than
4.0 or lower than 0.5 (Fig. 3b). In addition, the float
valve was easily adhered with activated sludge, leading
to the change in the treatment capacity (associated
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to the VER, Fig. 3a). This is another cause for the
variation in the effluent nitrite to ammonium molar
ratio. The biomass concentration increased during
these experimental phases, and the sludge settlement

improved significantly, indicating a good sludge
performance.
The effluent COD concentrations increased

substantially from Phase 2 to Phase 4 (Fig. 4a), however,
the TN removal increased slightly during Phases 3-4
when compared with those in Phase 2 (Fig. 4b). This
might imply that denitrification was strengthened
in Phases 3-4. The NPR appeared to be declining
(Fig. 3c) when the ILR increased (Fig. 4c). This may
also be attributed to the enhancement on the
heterotrophic denitrification, which was supported by
the concurrent increase in the COD and TN removal
efficiencies (Figs 4a and 4b) and in the effluent pH as
well as in the consumed C/N (Fig. 4d). It should be
noted that a long SRT could cause a low activity of the
bacteria. However, as shown in Fig. 4c), the highest
nitrogen removal rate and COD removal rate reached
0.4 kg N/m*d and 2.4 kg COD/m%*d, respectively.
Therefore, by means of proper control, the bacteria
activity and loading rate can still be high regardless of
SRT.
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Fig. 2. Performance of reactor during start-up period: a) influent and effluent COD concentrations and COD removal efficiencies; b)
influent and effluent TN concentrations and TN removal efficiencies; ¢) influent COD loading rate (CLR) and COD removal rate (CRR),
influent TN loading rate (NLR) and TN removal rate (NRR); and d) influent and effluent pH, and influent C/N and consumed C/N.
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Cycle Analysis

To better understand the state of the reactor, cycle
analysis of the nitrogen species evolution dynamics
and COD concentrations on day 164 was conducted
(Fig. 5). In the feeding stage, concentrations of
ammonium, TN, COD, alkalinity and FA, as well as
pH in the reactor, increased due to the feeding event. In
the first anoxic stage (0-90 min), the DO concentrations
were below 0.2 mg/L. Approximately 135 mg/L nitrite
and 9 mg/L nitrate were denitrified, resulting in a
substantial increase in pH and alkalinity. The actual
consumption of COD (approximately 440 mg/L COD)
was more than the theoretical value (257 mg/L) derived
from the nitrogen loss caused by denitrification, which
may be attributed to the anabolism and biosorption
effects [21].

During the first aeration stage (91-360 min), low DO
concentrations (below 0.6 mg/L) were observed. Around
63 mg/L nitrite was produced, while around 121 mg/L
ammonium and 6 mg/L nitrate were consumed. The
stripping of ammonia by aeration might contribute to
some loss of ammonium; however, little literature on this
aspect was available, and the quantitative determination
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of this effect was difficult. Therefore, this effect might
be negligible under these low DO conditions. The
reduction of nitrate during this stage did verify that the
denitrification occurred in the reactor. Consequently,
there is an indication of the occurrence of simultaneous
nitritation and denitrification in the reactor. The anoxic
condition in this stage might make the simultaneous
nitritation and denitrification possible. However, the
partial nitritation was the dominant reaction, since there
was an obvious decline in pH and in alkalinity recorded.
This conclusion was supported by the increase in nitrite
and the decrease in ammonium. The low DO conditions
and high levels of FA (42-110 mg/L) may be the main
inhibitors for nitrite oxidation bacteria (NOB).

In the second anoxic stage (361-420 min), the DO
concentrations were below 0.05 mg/L, which is a classic
anoxic condition for denitrification. The pH increased
slightly, as well as approximately 12 mg/L nitrite,
2 mg/L nitrate, and 60 mg/L COD were removed,
indicating the occurrence of denitrification reaction.
Similar to the first anoxic stage, the actual consumption
of COD was more than the theoretical value derived
from the nitrogen loss. This may be attributed to the
other reactions such as anabolism and biosorption, which
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Fig. 3. PN performance of reactor during operation period: a) influent and effluent nitrogen species and volumetric exchange ratio (VER);
b) effluent molar ratio of nitrite to ammonium, and nitrate percentage and free ammonium (FA); ¢) ammonium removal efficiency, air
flow rate (AFR), nitrite production rate (NPR) and influent volumetric ammonium loading rates (ALR); and d) concentrations of MLSS

and MLVSS, and SVL,.
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likely occurred throughout the bioprocess. The nitrogen
and COD loss in this stage were much less than those in
the first anoxic stage, which is possibly due to the lower
availability of organic matter for denitrification.

In the second aeration stage (421-660 min), the DO
concentrations were at the range of 0.30-0.80 mg/L
— slightly higher than those in the first aeration phase.
The decline in pH and alkalinity and the measured
NO,-N accumulation suggested the nitritation reaction.
During this stage, 92 mg/L NO,-N and 16 mg/L
NO,-N were produced, while 93 mg/L NH,*-N was
removed, indicating that some organic nitrogen might
be converted to NH,*-N since the TN concentrations
did not decrease. Similarly, heterotrophic denitrification
and stripping of ammonia were negligible because the
TN concentrations did not decline during this stage.
Although an insignificant formation of NO,-N occurred,
it ceased in the latter part of this stage. Therefore, partial
nitritation was the dominant reaction in this stage. The
weak nitritation observed was likely due to the FA
levels decreasing, which inhibited the NOB activity. The
increase in FNA to 0.008 mg/L (Fig. 5c) might be an
inhibitor for NOB in this phase. The reported FNA level
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at 0.01-0.025 mg/L [43] did not inhibit NOB, and the
main cause of the low NOB activity may be due to the
FA inhibition.

At the settling stage, no measurable change caused
by bioreaction was observed. During the entire
cycle, heterotrophic denitrification contributed to
approximately 28% of nitrogen and 24% of COD in
the bulk liquid in the reactor, indicating the successful
combination of denitrification and partial nitritation
in a single reactor. Simultancous nitritation and
denitrification were interestingly found in the first
aeration stage but not in the second one, which was
likely caused by the higher DO concentrations in this
stage. In a test conducted for the treatment of landfill
leachate by Ganigue et al. [32], frequent alternating
feeding and aerating regimes, in combination with
a reaction temperature of 36+1°C and a SRT of
9.0+1.5 days used, achieved a reduction of approximately
200 mg/L nitrogen, which was mainly due to
denitrification. In this study, comparable performance
was able to be achieved by using the lower reaction
temperatures of 24.5-27.0°C and the longer SRT of
60-80 days.
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Fig. 4. Performance of reactor during operation period: a) influent and effluent COD concentrations and COD removal efficiencies;
b) influent and effluent TN concentrations and TN removal efficiencies; c¢) influent COD loading rate (CLR) and COD removal
rate (CRR), influent TN loading rate (NLR) and TN removal rate (NRR); and d) influent and effluent pH, and influent C/N and consumed

C/N.



404 XuY, etal
F. An. Ae. An. Ae. Se. F. An. Ae. An. Ae. Se.
900 Losn — 11 2750 8.8 — - - NI 4500
o ' - Lo Lo : —OnlinepH, | Lo
3 a) <JNH,N : b) Online pH
) i <>NoN Do P W Alkalinity | Do
£ - : P Pl P - -
< 700 ¢ (O-NO.-N 2600 . i L =
2 . @TNmoy b 864l ! P L4000 &
) o "W CODcorrected | ! ! . i i - %
5 » 9004 2450 5 % 5 Pt o 3
£ 5004 ' ° o : : Do o
g E £ s - P E
c {23002 § 347 i um o >
8 300 S : . Lo c
= ' ' ' ' ' =
. : Co 13000 ©
“g’a 2150 B o N =
£ 100 821 ; Do B
z : Co Co
T T - T T T T T T T T T Il - 2000 T T + T T T T ; ; T T T ; - 2500
0 60 120180240 300 360 420 480 540 600 660 720 0 60 120 180240 300 360 420 480 540 600 660 720
- 0.015 5 : — 270
' :d) —onlinepo: ! b
| —— Online temperature F
40.012 : Co 265
—_ : : ) o
: ) : : <
- 0009 @ B 4- ' ' U260 @
> ' £ E ' ! E
= . < o E . ©
< 0006 £ o "2 [ Hoss &
0.9 5
: . [
0.003 0.6 425.0
. 0.3
10.000 0.0 24.5

T T T T T T I. i T T T I.
0 60 120180240300 360420480 540600660 720

Time (min)

T T T T T T T T T T T T
0 60 120180240300 360420480 540600660720

Time (min)

Fig. 5. Cycle analysis in the bulk liquid in the reactor on day 164: a) concentrations of nitrogen species and COD; b) online pH, alkalinity;
¢) concentrations of FA and FNA; and d) online DO concentrations and temperatures (F: Feed; An: anoxic stage; Ae: Aeration stage; Se:

settling stage).

Process Analysis

Effect of TAF on COD Removal rate (CRR)
and Nitrogen Removal Rate (NRR)

The most direct controlling factor, TAF, might
have a significant link with the oxygen (or DO)
demand for the aerobic degradation of organic matter
and partial nitritation. Therefore, the effect of TAF on
CRR and NRR was evaluated. Both NRR and CRR
could be described as the functions of TAF (Eqs 4-5
and Fig. 6). The utilization of a larger TAF resulted
in higher NRR and CRR being achieved, since the
higher loading rate undoubtedly requires a greater
oxygen supply. It should be noted that the variation
in the influent conditions and the corresponding change
in AFR, as well as the removal of organic matter
through denitrification, might lead to some deviation
in the models. However, these models obtained from
the long-term operation would be useful for the rough
evaluation of TAF needed during the operation.

CRR =-0.02612 + 0.00223 x TAF

+ 1.56961E-6 x TAF? @

0.5

(a) W NRR
—— Polynominal Fit of NRR [ |

0.4
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Fig. 6. Effect of TAF on COD (CRR) and nitrogen (NRR)
removal rates.
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NRR =-0.04897 + 0.00153 x TAF
— 1.28592E-6 x TAF?

®)
Effect of TAF/ILR on Effluent Nitrate Percentage
The presence of high concentrations of organic

matter can affect the partial nitritation performance,
since the aerobic degradation of organic matter also
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requires oxygen. In order to avoid the excess or lack
of oxygen supply, organic loading must be taken into
account. The evaluation of the effect of TAF/ILR
on the effluent NO,-N percentage may be useful for
judging the requirement of air supply in terms of the
ILR. During the first 33 days of operation, NO,-N
formation was gradually inhibited when the ratio
of TAF/ILR decreased from 678 to 118 m® air/kg
COD, as shown in Fig. 7. After start-up, the effluent
NO,-N percentage was below 10% when the ratio of
TAF/ILR was controlled at 85-240 m?® air/kg COD.
For this system, the threshold of the ratio of TAF/ILR
leading to successful partial nitritation with negligible
nitrate formation was less than 240 m?® air/kg COD.
A previous study showed that the ratio of TAF/ILR
in a similar range of 163-256 m?® air’kg COD was also
effective for stably maintaining an effluent NO,-N
percentage below 13% for an intermittent column SBR
[38]. It should be stressed that differences in the reactor
configuration and in aeration strategy as well as in the
wastewater type might result in different threshold levels
for successful partial nitritation. The DO control is a
widely used strategy to maintain nitritation, because the
DO could be easily controlled through the adjustment of
aeration [9]. In fact, the mechanism behind both the DO
and the airflow rate control is the same, namely the air
supply must match influent loading, including nitrogen
and organic loadings [44].
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Relationship between Effluent pH
and Effluent NO,-N/NH,"-N Ratio

In addition to the avoidance of NO,-N formation,
the maintenance of a suitable effluent NO,-N/NH,"-N
ratio around 1.32 is the other requirement for the PN
process. The level of effluent pH was determined to
be significantly associated with the partial nitritation
performance under different influent compositions
(Fig. 8). The optimum effluent pH levels estimated in
Phases 1-4 were 8.08-8.20, 8.20-8.28, 8.32-8.38 and
8.39-8.51, respectively. There is a clear increasing
tendency of the effluent pH when the ILR applied
was increasing. Therefore, the effluent pH can be an
indicator of partial nitritation performance. The pH
in the effluent with a suitable effluent NO,-N/NH,"-N
ratio was relatively low when dealing with low loaded
leachate, while a higher pH level was observed when
dealing with a higher loaded leachate [38]. This is
probably owing to the improvement in heterotrophic
denitrification and mineralization of organic carbon
(strengthening CO, stripping effect) when the treatment
capacity was increased. The observation that the
consumed mass ratio of alkalinity/ NH,"-N was always
lower than the influent mass ratio of alkalinity/NH,"-N
(influent alkalinity/NH,"™-N), provided evidence for this
explanation (Fig. S1) since heterotrophic denitrification
produces alkalinity. In conclusion, this relationship
between effluent pH and effluent NO,-N/NH,"-N ratio
could be used as one of the potential indicators to
develop an auto-controlled PN system.

Conclusions

At temperatures 24.5-27.0°C and an SRT of 60-
80 days, the combination of partial nitritation and
heterotrophic  denitrification can be achieved by
adjusting the AFR and ILR. Variation in the ILR
affected the effluent NO,-N/NH,"-N ratio; the timely

adjustment of AFR was required to maintain the partial
nitritation performance. Cyclic analysis showed that
heterotrophic denitrification during the anoxic stage
contributed to an approximate 28% loss of nitrogen
and 24% reduction of COD in the bulk liquid.
Simultaneous nitritation and denitrification occurred
in the initial part of the first aeration stage. Both NRR
and CRR can be described as the quadratic functions of
TAF. In addition, it was observed that nitrate formation
could be avoided by controlling the ratio of TAF/ILR
below 240 (m® air/(kg COD). Lastly, the pH in the
effluent increased with the increase in influent loading
rates; therefore, the effluent pH can be an indicator of
partial nitritation performance.
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