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Shortcut nitrification-denitrification (SCND) is widely concerned because of its low energy consumption
and high nitrogen removal efficiency. However, the current difficulty lies in the stable maintenance of
SCND performance, which leads to the challenge of large-scale application of this new denitrification
technology. In this study, the nitrogen removal pathway from complete nitrification-denitrification (CND)

to SCND was rapidly realized under high free ammonia (FA), high pH and low dissolved oxygen (DO)
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conditions. The variations of specific oxygen uptake rate (SOUR) of activated sludge in both processes
were investigated by an online SOUR monitoring device. Different curves of SOUR from CND to SCND
process were observed, and the ammonia peak obtained based on SOUR monitoring could be used to
control aeration time accurately in SCND process. Accordingly, the SOUR ratio of ammonia oxidizing bac-

SOUR teria (AOB) to nitrite oxidizing bacteria (NOB) (SOURaop/SOURNog) Was increased from 1.40 to 2.93. 16S

Process stability

rRNA Miseq high throughput sequencing revealed the dynamics of AOB and NOB, and the ratio of rel-

ative abundance (AOB/NOB) was increased from 1.03 to 3.12. Besides, SOURaop/SOURyop displayed sig-
nificant correlations to ammonia removal rate (P < 0.05), ammonia oxidation rate | nitrite oxidation rate
(P <0.05), nitrite accumulation rate (P <0.05) and the relative abundance of AOB/NOB (P <0.05). Thus, a
strategy for evaluation the SCND process stability based on online SOUR monitoring is proposed, which
provides a theoretical basis for optimizing the SCND performance.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Biological treatment is the mainstream method for nitrogen re-
moval in wastewater treatment plants (WWTPs), and biological ni-
trogen removal plays a vital role in global nitrogen cycle [1]. At
present, the traditional nitrogen removal process, namely complete
nitrification-denitrification (CND), is the most widely adopted one
in WWTPs. However, this kind of nitrogen removal process also
faces some problems such as complicated operation, requirement
of large area and high operation cost [2]. In contrast, for the ad-
vantages of saving 25% aeration, 40% carbon source, and shorter
reaction time, shortcut nitrification and denitrification (SCND) has
attracted extensive attention in recent years [3,4]. In WWTPs, mi-
crobes are the main participants for pollutants removal, and the
microbial activity tends to determine the performance of the sys-
tem [5]. Due to the lack of effective dynamic monitoring means,
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it is difficult to timely guide the optimization of microbial activity,
then leads to the fluctuation of system performance. The success-
ful operation of SCND mainly lies in the enrichment of ammonia
oxidizing bacteria (AOB) and the inhibition or elimination of ni-
trite oxidizing bacteria (NOB). Although some strategies have been
adopted to realize SCND based on the response differences of AOB
and NOB to various factors, NOB is difficult to be completely sup-
pressed without fine control means. To date, the rapid start-up and
stable operation of SCND still face challenges [6]. From this point
of view, dynamic monitoring is helpful to the fast start and stable
operation of SCND process.

Currently, the indexes that characterize microbial activity in-
clude mixes liquor suspended solids (MLSS) [7], adenosine triphos-
phate (ATP) [8], electron transport system (ETS) [9], dehydroge-
nases (DHA) [10], etc. MLSS does not directly reflect the real-time
activity of microorganisms, and the detection steps of ATP, ETS and
DHA are complex and difficult to implement in practical applica-
tion. In contrast, specific oxygen uptake rate (SOUR) refers to the
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Fig. 1. Performance of the SBR at different stages. (a) COD removal. (b) NH4*-N removal. (c) Nitrite accumulation rate (NAR). (d) TN removal.

amount of oxygen consumed by activated sludge per unit time, re-
flecting the physiological state and matrix metabolism of activated
sludge [11], which is widely used owing to the relatively simple
and fast measurement of this kind of index. In a previous study, an
anaerobic-aerobic sequencing batch reactor (SBR) was used to treat
saline wastewater with different COD/N ratios. When COD/N ratio
was decreased from 20 to 6, the COD and NH4*-N removal rates
were decreased from 87.46%, 79.74% to 64.87%, 64.55% respectively,
and the SOUR increased from 34.71 to 39.24 mg0, gmiss~! h~!
[12].

In view of the technical limitations in the past, the SOUR
detection was an offline measurement with hysteria and cannot
be timely regulated. In recent years, with the continuous devel-
opment and maturity of online detection technology, automated
control and online detector have been successfully integrated to
achieve continuous monitoring of the reaction system [13-15].
For instance, Third et al. intended to enhanced nitrogen removal
with poly-hydroxybutyrate that preserved in activated sludge, and
online SOUR monitoring was conducted to detect the end point
of nitrification. The SOUR values were 36 mg0, gyiss~! h~! and
23mg0, guviss ! h~! when fed with the concentrated medium and
standard feed. Accordingly, simultaneous nitrification and denitrifi-
cation were 70% and 59%, respectively [16]. Long et al. documented
that with the influent carbon to nitrogen (C/N) ratio increased from
15 to 29, the SOUR ratio of heterotrophic bacteria to nitrifying bac-
teria (include AOB and NOB) increased from 3.98 to 5.29, indicat-
ing the significant decrease of nitrifying bacteria along with the
increasing C/N ratio [17]. However, it should be noted that previ-
ous studies on SOUR detection are mainly implemented in the CND
process, and there are few reports on the dynamics of SOUR in
SCND process. To maintain stable SCND performance, the informa-
tion on how to regulate the SCND process based on SOUR curves
is limited. In addition, SCND mainly relies on the AOB enrichment
and NOB elimination [18,19], and whether the stability of SCND
process can be judged by dynamically tracking the respiratory ac-
tivity of AOB and NOB has almost hardly been discussed.

In this study, with high FA concentration, high pH, and low DO
regulation, the nitrogen removal pathway is successfully changed
from traditional CND to SCND in an SBR. A set of self-developed
online SOUR monitoring equipment is used to monitor the varia-
tion of SOUR curves in the whole process, and parameters includ-
ing SOURsop and SOURyqg are detected. Meanwhile, the substrate
(ammonia and nitrite) oxidation rate, and microbial community are
investigated. The purpose of this study is to evaluate the stabil-
ity of SCND process based on online SOUR measurement and pro-

vide theoretical basis for the precise control and stable operation
of SCND process.

Fig. 1 shows the organic matter and nitrogen removal perfor-
mance of SBR at different stages. In stage 1, the volumetric load-
ing rate (VLR) of COD and NH4*-N were 277.2mg L-! d-! and
39.6mg L1 d-1, and the average COD and NH4"-N removal rates
were 94.0% and 99.9% (Figs. 1a and b) respectively, indicating that
a stable operation of complete nitrification was achieved, which
might be related to the higher DO and nitrogen removal microbes
in the SBR [20]. Since the TN removal rate in this stage is less than
30%, the data are not shown. The tolerance of AOB and NOB show
different response patterns to various parameters [19,21,22]. Previ-
ous studies have shown that NOB rather than AOB was inhibited
at 5-10mg/L FA [23], while both the activity and quantity of AOB
were decreased by 50% when FA concentration was up to 40 mg/L
[24]. Hence, in stage 2, a sudden increase of influent NH4"-N con-
centration to 400mg/L (VLRy is 528 39.6mg L-! d-1) for about
24 h and then a decrease to 100 mg/L for another 4 days were per-
formed to restrain the activity of NOB. With high FA inhibition
(5.55-73.98 mg/L) and low DO stress (less than 0.5mg/L), a sharp
decrease of ammonia removal rate (ARR) and great fluctuation of
nitrite accumulation rate (NAR) occurred, suggesting that AOB ac-
tivity was also inhibited to some extent. As reported, the minimum
doubling time of AOB is 7-8 h, and the minimum doubling time of
NOB is 10-13 h [25]. Based on the longer proliferation time needed
for NOB than that of AOB [26], about 15% of the activated sludge in
SBR was discharged to further eliminate NOB at the end of stage 2.
Generally, the oxygen half saturation constant for AOB and NOB are
0.2-1.5mg/L and 1.2-1.5mg/L, respectively. The DO concentration
can be kept between 0.3-1.1 mg/L to enrich AOB and washout NOB
[27]. Then, influent NH4*-N and DO concentration was restored to
30mg/L (VLRy is 39.6mg L-! d-1) and less than 1mg/L respec-
tively in stage 3. The aeration rate was regulated in real time ac-
cording to the ammonia peak obtained by a SOUR on-line monitor-
ing equipment. After 12 days of adaptation, the average NAR was
reached to 73.3%, the removal rates of NH4*-N and TN reached to
72.9%—100%, 17.9%—59.9% respectively, indicating that the process
has achieved stable SCND performance.

Oxygen uptake rate (OUR) is a direct parameter to estimate the
physiological state of microbes. Because DO plays an important
role in microbial metabolism, OUR is very useful in estimating nu-
trient (carbon and nitrogen source) consumption [28]. The dynam-
ics of SOUR in stage 1 (12 days, 13 days, 17 days) and stage 3 (46
days, 50 days, 53 days) were presented at Fig. 2. As shown in Figs.
2a-c, the substrate is sufficient and H*are continuously released in
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Fig. 2. The variation curves of SOUR and pH in different stages. (a-c) SOUR and pH values in stage 1 on days 12, 13 and 17. (d-f) SOUR and pH values in stage 3 on days 46,

50 and 53.

the beginning of nitrification reaction [29], causing continuous de-
cline of pH value. Due to the continuous DO supply, the DO and
SOUR values in SBR experienced a steady rise. With the progress
of nitrification, the ammonia oxidation rate (AOR) was almost un-
changed, and SOUR varied from 12.0 to 17.45mg0, gwiss~! h1.
The ammonia valley was obtained at the point of rapid SOUR de-
crease and pH values increase. As reported, when the ammonia
conversion level reaches more than 90%, the pH curve is character-
ized by ammonia valley, while the OUR curve is characterized by
a sudden drop. After the ammonia is exhausted, the OUR value is
kept at a constant value, which can be used to determine the end
of nitrification [30]. Ammonium depletion is a conservative signal,
independent of aeration conditions and wastewater type. At this
time, aeration should be stopped immediately to avoid the destroy
of nitrite accumulation [16].

Figs. 2d-f show the variation pattern of SOUR curve in the SCND
process (Stage 3). The initial SOUR values were zero because of the
low DO concentration applied in this stage. The obvious drop of pH
values indicated that NH4™-N was continuously consumed (Figs. 2d
and e), and then buffer solution was added to keep enough al-
kalinity in the reactor. Usually, pH ranging from 7.5 to 8.5 bene-
fits for nitrite accumulation [27]. On the 53th day, the low pH in
the reactor showed adverse effects on nitrification-denitrification,
thus NaOH (0.1 mol/L) was added to adjust the pH values. It found
that the SOUR values suddenly increased when NH,"-N was com-
pletely removed, leading to the oxygen and alkalinity consump-
tion reduction in SBR. According to this rapidly rising value, low-
ering the DO concentration in SBR was adopted to avoid exces-
sive aeration, thus forming a peak due to the decline of SOUR
value. Hence, NH4™-N removal can be characterized by a break-
through point of SOUR with a dynamic monitoring equipment in
the SCND process. Obviously, regulating the aeration rate based on
the breakthrough point of SOUR helps to maintain stable SCND
performance.

Microbial activity is used to express the ability of biomass to
metabolize specific substrates, thus describing the biocatalytic po-
tential of biomass [31]. For the tricarboxylic acid cycle (TCA) and
oxidative phosphorylation pathway (OXPHOS), OUR determines the

oxidative capacity of cells. In other words, it represents the abil-
ity to generate energy, cells, and products in TCA [28]. Lowering
DO concentration favors the SCND performance, but it may also
reduce nitrogen removal rates, decrease COD removal efficiencies,
and even lead to sludge bulking [6]. As can be seen from Fig. 2, the
SOUR values in stage 3 are lower than that in stage 1, which may
be attributed to the restrictive effect of low DO operating condi-
tion [32]. Similarly, a previous study also reported that the SOUR
observed in the aerobic phase was much higher than that in the
anoxic phase [33]. The positions of ammonia peaks or valleys show
dynamic changes with the variation of operating parameters. As
shown in Fig. 2f, the time point of ammonia peak appears later
than that in Fig. 2e, it may be that low pH values display a cer-
tain inhibitory effect on AOB activity. Certainly, the acquisition of
these information can provide a timely reference for the optimiza-
tion and control of nitrogen removal pathway.

SOUR cannot only characterize metabolic activity of activated
sludge from the perspective of microbial respiration rate, but
also reflect the relationship among nitrifying bacteria [34]. Dur-
ing the entire experiment process, the ratio of SOUR5qg/SOURNoR
was increased from 140 (day 11) to 2.94 (day 44) and 2.93
(day 48) respectively (Fig. 3a), suggesting the enrichment of AOB
and elimination of NOB [35]. Moreover, based on the results of
SOURpop Vvalues, the complete elimination of NOB in SCND pro-
cess was not achieved. It is of practical value to dynamically reg-
ulate and control the SCND process according to the dynamics of
SOURAOB/SOURNOB ratio.

Meanwhile, the AOR and nitrite oxidation rate (NOR) of the ac-
tivated sludge in SBR were investigated through shake flask exper-
iments. As shown in Fig. 3b, the AOR displayed an obvious up-
ward trend, which was increased from 49mg L-! h~1 (day 22) to
141mg L' h~! (day 48). In contrast, a slightly decrease of NOR
was observed. From CND to SCND process, the ratio of AOR/NOR
was increased from 0.92 to 3.18, also indicating an enrichment
of AOB [36]. At low DO concentration, the limited availability of
adenosine triphosphate (ATP) prevents significant biomass growth
[37], especially for such microbes with higher oxygen half satura-
tion constant, such as NOB.
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Fig. 3. Variation of SOURAop/SOURNop and substrates (ammonia and nitrite) oxida-
tion rate of activated sludge at different stages. (a) SOURxop, SOURNop Were mea-
sured using the SOUR online-monitoring device. (b) Ammonia oxidation rate and
nitrite oxidation rate were measured with shaking flask experiment.

Pearson correlation analysis was carried out to explore the
relationships between SOURaog/SOURNog (SA/SN) and AOR, NOR,
ARR, NAR (Fig. S2 in Supporting information). Results showed
that SOURAop/SOURyop significantly correlated with ARR, NAR and
AOR/NOR. Thus, the ratio of SOUR5qg/SOURyop can effectively indi-
cate the NH4"-N removal performance and NAR in the SCND pro-
cess. It can be roughly judged whether the SCND process operates
stably based on the ratio of SOURxqg/SOURNQR-

During the whole operation process, the dynamics of microbial
community at genus level is presented in Fig. 4a. Obviously, Sac-
charimonadales (norank) and unclassified_o_Saccharimonadales are
found to be the dominant genus in the SBR. There are few re-
ports related to Saccharimonadales, while it has a synergistic ef-
fect with the gene amoA, which encodes ammonia monooxygenase
[38]. Besides, Rhodobacter is also detected in the reactor, a genus
of denitrifying bacteria belonging to Proteobacteria [39]. The rel-
ative abundance of Rhodobacter increased by 17.7 times in SCND
process (Stage 3) compared with CND process (Stage 1), indicating
that Rhodobacter may exert great influence on denitrification per-
formance.

As shown in Fig. 4b, Nitrosomonas and Ellin6067 that belong to
AOB [40,41] were detected in SBR. Specifically, the relative abun-
dance of Nitrosomonas showed a gradual downward trend from
CND to SCND process, while Ellin6067 decreased first and then
increased in the SCND process. Previous study documented that
slow-growing organisms Ellin6067 can be selective enriched in
anaerobic-aerobic-anoxic SBR [42]. Meanwhile, NOB including Ni-
trotoga [43] and Nitrospira [44] were also detected. There was no
Nitrotoga existed in CND process, but it enriched in SCND pro-
cess. Different from Nitrotoga, Nitrospira displayed a gradual de-
crease during the whole operational period. As a result, the rela-
tive abundance ratio of AOB/NOB was increased from 1.03 to 3.12,
which demonstrated the predominance of AOB to NOB [20] in the
SCND process. Then, the relationship between SOURxqg/SOURNop
and relative abundance of AOB/NOB was conducted. A signifi-
cant positive correlation (P <0.05) was observed, suggesting that
SOURA0p/SOURNop can effectively characterize the proportion of
AOB to NOB, thus reflect the stability of SCND process.

Nitrospira is generally reported to be the K-strategists (with
high substrate affinities and low maximum activity) for nitrite and
oxygen [27] and may be able to survive at low DO conditions. The
possible reason for the decrease of Nitrospira in SCND process may
be due to the higher affinity of AOB over NOB to DO. Nitrotoga are
nitrite-dependent autotrophic carbon fixation NOB, which found to
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be coexisted with AOB in WWTPs [45]. Because of their low affin-
ity for DO, Nitrotoga are less competitive than Nitrospira at DO de-
ficiency conditions. Based on the changes of relative abundance of
Nitrotoga and Nitrospira, the DO level in stage should be further
reduced to inhibit the proliferation of Nitrotoga. Moreover, Nitro-
toga shows relatively higher resistance than other NOB to free Ni-
trous Acid (FNA) and FA stresses, which may facilitate their prolif-
eration [46]. To avoid large enrichment of NOB in the SCND pro-
cess, it is extremely important to track the ratio of AOB/NOB in
time. As an effective alternative to accurately track the proportion
of AOB/NOB, it is necessary and applicable to dynamically moni-
tor SOURAop/SOURNog, Which provides a theoretical basis for the
regulation and stable maintenance of SCND performance.

As is known, SOUR can not only accurately reflect the pollu-
tants removal performance [35], but also effectively indicate the
metabolic activity of nitrifying microbes [11], which provides a
powerful means for monitoring the status of WWTPs dynami-
cally. According to the dynamics of SOUR, SOURpqg and SOURyqg,
we propose a strategy to quickly determine the stability of SCND
process. That is, when NH4*-N removal is complete, SOUR val-
ues would suddenly jump to form a wave peak; and meanwhile
the SOURAop/SOURNQp ratio is constantly greater than 2.93, which
means that the process is in stable operation.

The purpose of judging the stability of SCND process based on
the SOUR variation rule is mainly to provide guidance for the sub-
sequent optimal regulation. On the one hand, the DO probe in the
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SOUR online detection equipment needs to be timely calibrated
and replaced to ensure the accurate acquisition of online data. On
the other hand, the application of machine learning algorithm is
necessary to achieve the precise control of WWTPs [47]. Impor-
tantly, microbial activity data should be considered during the ma-
chine learning model construction. However, there are few reports
on relevant research at present, which may restrict the large-scale
application of SOUR equipment and SCND process in wastewater
treatment.

In this study, regulation strategy integrating high FA, high pH
and low DO is demonstrated to be practicable for the rapid start-
up of SCND process. The ammonia peak point can be determined
according to the dynamics of online SOUR to avoid the dam-
age of SCND by excessive aeration. High correlations between
SOURAop/SOURNop ratio and substrate oxidation activity, AOB/NOB
proportion indicating that SOURpqg/SOURNop ratio can dynam-
ically characterize the nitrifying microbes’ activity and compo-
sition in the SCND process. Adjusting the aeration rate timely
according to the breakthrough point of SOUR and making the
SOURAop/SOURNop ratio constant greater than 2.93 can ensure sta-
ble SCND performance. It is a fast and accurate method to evaluate
the stability of SCND process based on the online SOUR monitor-

ing.
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