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Abstract

Nitrite denitrification has received increasing attention due to its high efficiency, low energy consumption, and sludge
yield. However, the nitric oxide (NO) and nitrous oxide (N,O) which are harmful to the environment, microorganisms, and
humans are produced in this process. In order to mitigate NO and N,O production, the biological mechanisms of NO and
N,O accumulation, as well as NO detoxification during nitrite denitrification in a sequencing batch reactor were studied.
Results showed that the peak of NO accumulation increased from 0.29 + 0.01 to 3.12 + 0.34 mg L~! with the increase of
carbon to nitrogen ratio (COD/N), which is caused by the sufficient electron donor supply for NO, -N reduction process
at high COD/N. Furthermore, the result suggested that NO accumulation with no pH adjustment was 12 times higher than
that with pH adjustment. It is related to the inhibition on NO reductase caused by the high free nitrous acid (FNA) and NO
concentration with no pH adjustment. The pathways of NO detoxification included NO emission, reduction, and dismutation,
and the more NO produced, the high proportion of NO dismutation pathway. Result showed that the maximum of oxygen
production during NO dismutation reached to 1.39 mg L™!. N,O accumulation was mainly associated with FNA and NO
inhibition, COD/N. The peak of N,O accumulation presented a completely opposite trend at pH adjustment and no pH
adjustment, it is because that the higher FNA and NO concentration at high COD/N without pH adjustment will inhibit the
N,O reductase activity, resulting in the N,O reduction was hindered during nitrite denitrification.

Keywords Nitric oxide - Nitrous oxide - Nitrite denitrification - NO detoxification - NO dismutation - NO inhibition - FNA
inhibition

Introduction

With the rapid development of industry and agriculture,

Responsible Editor: Guilherme L. Dotto a large amount of wastewater containing nitrogen-com-
pounds are discharged into surface water, causing seri-
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Among them, biological nitrogen removal (BNR) is
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digester liquor, and aquaculture wastewater, NH,*-N can
only be oxidized to NO, -N due to the complex compo-
sition and inhibition of toxic substances. Therefore, the
nitrite denitrification is performed to reduce the NO, -N
to N,. Compared with conventional denitrification, nitrite
denitrification has a fast reaction rate (1.5 ~2 times faster),
and can theoretically save 40% of carbon oxygen demand
(COD), resulting in 20% less carbon dioxide emission and
30~50% less sludge production (Dobbeleers et al. 2018).

However, research showed that some unexpected inter-
mediates, like nitric oxide (NO) and nitrous oxide (N,0),
were accumulated in nitrite denitrification process (Wang
et al. 2019a). N,O is a powerful greenhouse gas with a
steady-state lifetime of 114 years in the atmosphere, its
greenhouse effect is 310 and 9.5 times higher than that
of carbon dioxide (CO,) and methane (CH,), respectively
(IPCC 2013). In addition, N,O can react with the ozone
in the stratosphere, resulting in the ozone depletion. At
the same time, NO as another important immediate in
the nitrite denitrification, can also cause a series of seri-
ous environmental problems, including acid rain, ozone
hole, and photochemical smog (Adouani et al. 2010). Fur-
thermore, NO is a potent toxic gas that can exert severe
effects on the metabolism of bacteria, prokaryotes, and
eukaryotes (Wang et al. 2016), causing a low removal effi-
ciency of pollutants. Schulthess et al. (1995) found that
dissolved NO concentration of 0.6 mg L™! could inhibit
the reductases involved in nitrite denitrification, leading
to a low conversion rate (Schulthess et al. 1995). Adouani
et al. (2010) also reported that N,O reductase (Nos) was
inhibited by NO, resulting in high N,0O accumulation.
Therefore, the study on NO inhibition and detoxication
also play a significant role in the nitrite denitrification,
and it is imperative to explore the mechanism of NO and
N,O accumulation in the nitrite denitrification and propose
mitigation measurements.

Conventionally, when NO was accumulated during
denitrification, microorganism will reduce NO to N,O,
and then to N, to mitigate the toxicity. However, a novel
pathway for NO detoxication, NO could be dismutated to
N, and O,, was reported in recent research (Ettwig et al.
2010). This process is catalyzed by NO dismutase (Nod),
and no N,O is produced. Furthermore, external electron
is not required in NO dismutation (Eq. (1)). Thus, NO
dismutation is an attractive alternative to reduction of
NO to N,O in canonical denitrification process. Accord-
ing to previous research, NO dismutation occurred only
in nitrite-driven anaerobic methane oxidation (n-DAMO)
process, which was rarely reported in nitrite denitrifica-
tion. Therefore, in order to explore NO dismutation in the
nitrite denitrification, further research is needed regarding
the NO accumulation and detoxication in this process.

2NO =N, + 0, (1)

The carbon to nitrogen ratio (COD/N) play an important
role in nitrite denitrification process (Wang et al. 2019b),
which has significant impact on NO and N,O production. In
addition, the high NO and N,O production of 0.67 + 0.06
and 9.03 + 1.02 mg L™! occurred when glucose was used as
carbon source for denitrification. However, the mechanism
of COD/N on NO and N,O production, NO inhibition and
detoxication in nitrite denitrification with acetate as a car-
bon source was not referred before. Therefore, in the present
study, the NO and N,O accumulation, as well as NO detoxi-
cation in the nitrite denitrification with acetate as a carbon
source was investigated. The main objectives were to (1)
illustrate the characteristic of NO and N,O accumulation
under different COD/N; (2) explore the mechanism of NO
and N,O accumulation; (3) demonstrate the pathway of NO
detoxication.

Materials and methods
Reactor setup and operation

A lab-scale nitrite denitrifying sequencing batch reactor
(SBR) was supplied by acetate as carbon source with an
effective volume of 8 L was applied in this study (Fig. 1).
The SBR was made of plexiglass with identical dimensions
of 41 cm in height and 24 cm in diameter. The influent, efflu-
ent, and stir were controlled automatically by a program-
mable logic controller (PLC). The seed sludge was collected
from the anoxic pond in a municipal wastewater treatment
plant in Xi’an, China. The reactor was operated at 30 + 1 °C
with a cycle time of 240 min, which consisted of 5 min feed-
ing, 60 min anerobic stage, 100 min anoxic stage, 35 min
setting, and 40 min decanting. In each cycle, 3 L synthetic
wastewater was pumped into the reactor by a submerged
pump at the beginning of the anaerobic phase, and 0.1 L
NaNO, was added into the reactor after a 60-min anerobic
stage. During the stable operation, a 0.1-L mixed liquor was
discharged at the end of the anoxic stage, achieving a solids
retention time (SRT) of approximately 13 days and a mixed
liquor volatile suspended solid (MLVSS) of 3502 + 123 mg
L~!. The initial pH of the mixed liquor was controlled at 7.5
+ 0.5 by a pH meter (PHS-3C, China).

The reactor achieved a steady state after approximately
3 months of operation, and the removal efficiency of COD
and NO, -N were higher than 90%.

Synthetic wastewater

The synthetic wastewater contained: 1.92 mL L~!
CH,COOH (270 mg L™' COD), 443.57 mg L™! NaNO,
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Fig. 1 Experimental schematic
of the SBR
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(90 mg L~' NO,™-N), 16.46 mg L™! KH,OP,, 41 mg L™
CaCl,, and 1 mL L' trace element solution. The trace ele-
ment solution consisted of: 10 g L™ C,,H,,N,Na,0¢-2H,0,
0.15 g L™ CoCl,-6H,0, 0.03 g L™! CuSO,-5H,0, 0.15 g L™!
H;BO,, 0.18 g L™ KI, 0.12 g L™ MnCl,-4H,0, 0.06 g L™
Na,Mo0O,-2H,0, and 0.12 g L™! ZnSO,-7H,0.

Batch tests

The batch tests were performed in the anerobic/anoxic
(An/A) SBR. Six tests were conducted in this study with
triplicates (Table S1). At the beginning of each test, different
level of CH;COOH were pumped into the reactor to achieve
initial COD concentrations of 90, 270, 360, and 540 mg L.
After a 60-min anerobic operation, 3.55 g L™' NaNO, was
added into the reactor, resulting in the initial NO,™-N con-
centration of 90 mg L™". The initial pH was controlled at 7.5
+ 0.5. In batch test 1 ~4, the pH was not adjusted during the
anerobic stage, resulting different pH (the pH decreased with
the increase of COD/N due to the acidity of acetate) at the
beginning of the anoxic stage. Therefore, in order to main-
tain similar initial pH for denitrification, the pH was adjusted
by 0.1 mol L~! NaOH solution during the anerobic stage at
tests of 5 and 6 (Table S1), which were defined as 3a and 6a.

Analysis and measurements
COD, NO,-N, and MLVSS were measured following the

standard methods (APHA 2005). Poly-f-hydroxyalkanoates
(PHAs) was determined according to previous study (Jia
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et al. 2013). NO and N,O accumulation (dissolved NO and
N,0O) were monitored online by the microsensors (Unisense
A/S, Aarhus, Denmark) with data logged every 10 s. The NO
and N,O emission (gaseous NO and N,O) were calculated
using the method described by Wang et al. (2019a). All sta-
tistical analyses were performed using SPSS 19.0.

Calculations

The FNA concentration was calculated according to the
Eq. (2).

CNOZ

C=
1+e 20/ or3emy x 10PH

@

where C is the FNA concentration, mg L™!; Cyo, is the
NO, -N concentration, mg L~ T is the temperature, °C.

The specific denitrification rate was calculated according
to the Eq. (3).

_ CNOZin - CNOZeff

X 60 x 24 3)
T1X Cypyss

where V is the specific denitrification rate, kg (kg
vss)~' day™!; Cyom iS the initial NO,™-N concentration,
mg L™ Cyooert is the NO,™-N concentration in the effluent,
mg L™'; T1is the reaction time, min; Cyy yss is the MLVSS
concentration, mg L',
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The apparent specific NO, -N, NO, and N,O consump-
tion rates were calculated through linear regression of
NO, -N, NO, and N,O profiles, respectively. The accumu-
lation represented as negative consumption. The true spe-
cific NO,™-N, NO, and N,O reduction rates, specific electron
consumption rates of nitrite reductase (Nir), NO reductase
(Nor), and Nos, as well as electron distribution were calcu-
lated according to Pan et al. (2013).

Results
Start-up and operation of the reactor

The operation of the An/A SBR could be divided into
two stages according to the removal efficiency of COD
and NO, -N, which were start-up stage (stage I, 1 ~60 d)
and steady-state stage (stage II, 61 ~100 d). As shown in
Fig. 2, the effluent COD and NO,™-N concentrations were
high at the beginning of the stage I, resulting in low pollut-
ants removal efficiency of the SBR. However, the COD and
NO,™-N level in the effluent decreased gradually from the
40™ day, and an excellent pollutant removal performance
was achieved in the An/A SBR on day 60. In the stage II, the
effluent COD and NO, -N value were maintained at approxi-
mately 30.12 + 1.21 and 0.02 + 0.01 mg L™}, respectively.
Accordingly, the removal efficiency of COD and NO, -N
reached to 91.45 + 1.02 and 99.89 + 0.11%, respectively.
It indicated that a well steady state of the An/A SBR was
achieved, and the batch tests could be conducted in the SBR.

Pollutants removal performance at different COD/N

The COD and NO,™-N removal efficiency at different
COD/N were calculated and the results are shown in Table 1.
The COD removal efficiency (CODRE) was only 69.68 +
4.12% under the COD/N of 1, while it was higher than 90%
when COD/N were 3, 4, and 6. In addition, the result showed
that NO, -N removal efficiency (NO, -NRE) at different
COD/N were higher than 99%, and there was no significant
difference among these batch tests, except for the COD/N
of 1. However, the specific denitrification rate presented a
different variation with NO, -N removal performance. As
shown in Table 1, the specific denitrification rate increased
initially and then decreased when the COD/N increased from
1 to 6 without pH adjustment during the anerobic stage, and
the maximum value of 0.31+0.03 kg (kg vss)~! day™! was
achieved at COD/N of 3. This phenomenon was different
from investigation reported by Fu et al. (2021). On the other
hand, the specific denitrification rates at COD/N of 3 and 6
with pH adjustment were approximately 1.13 and 2.05 times
higher than that of without pH adjustment respectively. Fur-
thermore, higher specific denitrification rate was achieved at
CODIN of 6 when the pH was adjusted during the anerobic
stage. These results suggested that the pH adjustment could
significantly improve the denitrification performance, espe-
cially at high COD/N level.

In order to further explore the effect of COD/N on pollut-
ants removal efficiency, the variations of COD and NO,™-N
at different COD/N were investigated. Figures 3 and 4
showed that similar COD transformation tendency occurred
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Tablfa 1 The pollut.ant removal COD/N Parameters CoD NO,”-N
efficiency and specific
denitrification rates at different 1 Removal efficiency (%) 69.68 + 4.12 68.97 + 3.24
CODN Specific denitrification rate (kg (kg vss)~! day™) 0.11 + 0.01
3 Removal efficiency (%) 92.07 +£5.67 99.98 + 4.89
Specific denitrification rate (kg (kg vss)~! day™) 0.31 +0.03
4 Removal efficiency (%) 92.94 + 4.09 99.99 + 4.56
Specific denitrification rate (kg (kg vss)~' day™") 0.29 +0.02
6 Removal efficiency (%) 95.80 + 5.01 99.98 + 6.11
Specific denitrification rate (kg (kg vss)™"' day™") 0.21 +0.01
3a Removal efficiency (%) 90.55+4.56 99.98 +5.78
Specific denitrification rate (kg (kg vss)~' day™") 0.35 +0.04
6a Removal efficiency (%) 94.99 + 345 99.96 + 5.45
Specific denitrification rate (kg (kg vss)~! day™) 0.43+0.05
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Fig.3 The pollutant transformations at different COD/N (a) COD/N=1, (b) COD/N=3, (¢) COD/N=4, (d) COD/N=6

at all batch tests, namely, the COD concentration decreased electron donor for endogenous denitrification in the anoxic
rapidly at the beginning of the anerobic stage (in the first  stage. Therefore, as shown in Figs. 3 and 4, the amount of
15 min), and then maintained at a low level during the rest =~ PHAs synthesis increased with the decrease of COD, and
of the test. Notably, when the COD/N was 6, it took 30 min ~ reached to the peak at the end of the anerobic stage. The
to completely consume the COD. In the anerobic stage, the ~ amount of PHAs synthesis at different COD/N like 1, 3,
COD was stored as PHAs, and then, which was used as 4, 6, 3a, and 6a were 13.93 + 1.56, 33.51 + 3.01, 39.51 +
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Fig.4 The pollutant transformations, NO and N,O accumulation at COD/N of 3a and 6a (a) COD/N =3a, (b) COD/N=6a

2.01, 69.56 +3.22,30.25 + 2.12, and 65.89 + 4.07 mg g~!,
respectively. It indicates that high COD/N level is conducive
to PHASs synthesis, and the pH adjustment has a slightly
effect on PHAs synthesis. In the anoxic stage, the PHAs was
consumed gradually as the electron donor for the denitrifi-
cation, which was stabilized at low level when the NO,™-N
was exhausted. However, the PHAs concentration decreased
to a very low level even though high NO, -N concentration
was maintained in the reactor due to the insufficient electron
donor supply at COD/N of 1.

As shown in Fig. 3, the variation of NO, -N at different
COD/N were different. When COD/N was 1, the NO, -N
decreased quickly in the first 60 min of the anoxic stage,
after that, which presented a slow decrease trend. In addi-
tion, a total of approximately 30 mg L™! NO,™-N was
remained in the reactor at the end of the test. At COD/N of
3,4, and 6, the NO, -N was consumed slowly at the begin-
ning of the anoxic stage, and then reduced rapidly in a short
time. Result showed that the duration of slow consumption
increased from 30 to 65 min with the increase of COD/N.
Furthermore, it was calculated that the NO,-N consumption
rates at the beginning of the anoxic stage (in the first 30 min)

at different COD/N (1, 3, 4, 6) were 57.32,40.21, 38.58, and
12.01 mg L™! h™!, respectively. However, when the pH was
adjusted during the anerobic stage, the NO, -N consumption
rate increased significantly, and the higher COD/N resulted
in the faster level of the NO, -N reduction. It suggested
that the endogenous denitrification was not only significantly
affected by COD/N, but also by pH.

NO and N,O production at different COD/N

The variation of NO and N,O accumulation at different
COD/N were investigated and the results are shown in
Fig. 4. During the anerobic stage, negligible NO and N,O
accumulation occurred due to the absence of electron accep-
tor. However, NO and N,O was accumulated quickly once
NaNO, was added into the reactor, especially, the NO accu-
mulation rate was much higher than that of N,O. As shown
in Figs. 4 and 5, NO accumulation reached to the peak in a
short time, and then decreased gradually, which maintained
at a stable low level during the rest of the anoxic stage. Nota-
bly, unlike other COD/N, two peaks of NO accumulation
were observed at COD/N of 6 without pH adjustment, and
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Fig.5 NO and N,O accumulation at different COD/N (a) COD/N=1, (b) COD/N=3, (¢) COD/N=4, (d) COD/N=6

the second peak was lower than the first one, which was not
found in the previous research to our best knowledge. In
addition, Fig. 4, Fig. 5, and Table 2 showed that the peak and
duration of NO increased and prolonged with the increase of
CODI/N regardless of pH adjustment, while the NO accumu-
lation with no pH adjustment was higher than 12 times that
with pH adjustment. It indicates that low COD/N and pH
adjustment can mitigate NO accumulation. Interestingly, it
is unexpected that high dissolved oxygen (DO) was detected

Table 2 NO and N,O production and reduction rates at different COD/N

when the COD/N were 3, 4, and 6. Especially, the maximal
DO of 1.55 +0.09 mg L~! was observed at COD/N of 6. As
shown in Fig. 5, the increase of DO occurred twice under
each test, namely, DO increased first and then decreased,
after that, it increased again, and finally decreased to zero
until the end of the test.

The results showed that the variation of N,O accumu-
lation was different from that of NO. As shown in Fig. 5,
N20O increased gradually and then decreased slowly at

COD/N 1 3 4 6 3a 6a

NO,,, (kg (kg vss)™ day™)  12.94 + 1.23 13.08 + 3.12 16.39 +2.35 1694+ 198  54.45+432 180.61 + 11.23

NO,,, (kg (kg vss)~' day™")  10.87 + 1.09 2,02 +0.21 0.88 + 0.08 0.82+0.11  53.70 +5.01 176.68 + 8.99

NO,,,. (mgL™") 0.29 +0.01 1.73 £ 032 228 +0.21 3124034 0.10 + 0.01 0.26 + 0.03

DO, (mg L™ 0+0 0.58 + 0.03 1.07 £ 0.12 1.55 +0.09 0+0 0.02 + 0.01

N,Oppo (kg (kg vss) ™' day™)  17.05 +3.01 19.30 + 2.45 13.13 +2.18 980+1.02  53.48+8.76 68.62 + 4.78

N,O,oq (kg (kg vss)™' day™)  9.46 + 1.08 10.38 + 1.21 345+ 045 2.14+021 2838+ 178 63.43 +3.45
N,O,y (mg L) 7.5+0.78 14.12 +2.11 23.56 + 1.72 31.43 +3.01 7.14 + 0.67 2.64 +0.34
FNA,,, (mgL™) (0.7 + 0.03)X 1072 (0.6 + 0.02)X 107! (0.7 + 0.04)X 107" 0.15 + 0.05 (0.1 +0.03)X 107! (0.1 +0.02)X 107!

NO (N,0) pro: NO (N,0) production rate
NO (N,0) red: NO (N,O) reduction rate
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COD/N of 1, and the N,O decrease rate was close to that of
emission rate during the decrease of N,O, it suggests that
the decrease of N,O is mainly attributed to emission, but
not biological reduction. When the COD/N was 3, 4, and
6, N,O increased gradually at the beginning of the anoxic
stage, which decreased rapidly after reaching to the peak. In
addition, Fig. 5 and Table 2 showed that the peak of N,O
accumulation increased from 7.5 + 0.78 to 31.43 + 3.01
with the increase of COD/N, which was completely contrary
to the previous study (Wang et al. 2019b). In addition, the
results showed that there was a significant difference in N,O
accumulation between pH adjustment and non-adjustment.
As shown in Fig. 4, when the pH was adjusted during the
anerobic stage, N,O accumulation increased quickly to the
peak and then decreased to the background level in a short
time. The duration of N,O accumulation with pH adjust-
ment was much shorter than that non-adjustment. Further-
more, Table 2 showed that the peaks of N,O accumula-
tion (at COD/N of 3 and 6) without pH adjustment were
approximately 1.98 and 11.87 times lower than that with
pH adjustment.

NO and N,O emission at different COD/N are shown in
Table S2. The total NO emission and NO emission factor
increased with the increase of COD/N, and the maximums
of 0.99 + 0.11 mg L™! and 1.03 + 0.05% were achieved at
COD/N of 6. It indicates that low COD/N is conducive to
reduce NO emission. In addition, the results showed that
compared with no pH adjustment, the total NO emission and
NO emission factor decreased significantly when the pH was
adjusted during the anerobic stage. It can be calculated that
NO emission factor (at COD/N of 3 and 6) without pH adjust-
ment were approximately 2.42 and 7.92 times lower than
that with pH adjustment, respectively. On the other hand, as
shown in Table S2, the total N,O emission and N,O emission
factor decreased first and then increased with the increase of
COD/N, which reached to the maximums of 3.39 + 0.32 mg
L~! and 3.50 + 0.45% at COD/N of 1. This was different
from the variation of the peak of N,O accumulation. It is
speculated that the higher N,O emission at COD/N of 1 may
be caused by the long duration of high N,O accumulation.
When the pH was adjusted during the anerobic stage, N,O
emission factor decreased with the increase of COD/N, and
the N,O emission factor was 0.04 + 0.01 mg L' at COD/N
of 6, which was only 0.38% of no pH adjustment. It suggests
that pH adjustment has a significant effect on N,O emission.

Discussion

Effect of COD/N on pollutants removal performance

In general, the CODRE will decrease with the increase of
CODI/N due to the excess electron donor is supplied at high

COD/N. However, in the present investigation, the lowest
CODRE was observed at COD/N of 1. As stated in “Reactor
setup and operation,” the pollutant removal was performed
by endogenous denitrification. Therefore, the COD will be
completely stored as PHAs in the anerobic stage, and neg-
ligible biodegradable COD can be detected in the effluent
(Fig. 3). It can be speculated that the difference in CODRE
is mainly caused by the initial COD concentration in the
influent and the non-biodegradable COD in the effluent. The
results showed that the non-biodegradable COD in the efflu-
ent at different COD/N were similar, which were approxi-
mately 30 mg L~!. When COD/N was 1, the initial COD
was only 100 mg L~!, thus, the CODRE was significantly
affected by the residual non-biodegradable COD, resulting
in lower CODRE. On the other hand, the non-biodegradable
COD may have a slight effect on CODRE at COD/N of 3,
4, and 6 due to the high initial COD concentration in the
influent. Therefore, higher CODRE was observed at high
CODI/N in this experiment.

The results showed that PHAs synthesis was also affected
by COD/N. The amount of PHAs storage was determined
by the COD concentration, namely, the higher COD was
supplied, the more PHAs was stored. In addition, the results
suggested that PHAs synthesis decreased slightly when pH
was adjusted during anerobic stage. Previous research has
reported that the organic substance uptake is active trans-
port, and the energy (ATP) and reducing power (NADH,)
need to be supplied in this process. Glycolysis and tricarbo-
xylic acid (TCA) cycle are the sources for energy and reduc-
ing power production during the anerobic stage. However,
the ATPase and fumarate reductase involve in glycolysis
and TCA cycle can be inhibited by high FNA concentration,
leading to insufficient energy supply. Therefore, when the
FNA inhibition occurred in the reactor, more glycogen was
consumed for the same organic substance uptake to meet
the energy requirement. As a result, excess NADH, was
produced at the same time. In order to maintain the redox
potential balance, the additional NADH, was consumed for
PHAs production through the succinate-propionate path-
way. Thus, higher PHAs was detected when the pH was
not adjusted during the anerobic stage due to the high FNA
concentration.

The results suggested that low COD/N was not condu-
cive to NO, -N removal, which caused a poor NO, -NRE
at COD/N of 1. It was calculated that the electron donor was
insufficient when the COD/N is 1, so that NO,™-N could not
be completely reduced, resulting in low removal efficiency.
When the COD/N was higher than or equal to 3, the suffi-
cient electron donor could reduce the NO, -N completely.
Consequently, a similar high NO, -NRE was observed at
different COD/N. However, there was a significant differ-
ence on the specific denitrification rate. This may be caused
by the following reasons. Normally, the higher COD/N, the
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faster denitrification rate due to sufficient electron donor.
It was also verified in this experiment with pH adjustment
during the anerobic stage. However, a different trend was
observed when the pH was not adjusted. As shown in Fig. 3,
the NO,™-N reduction rate decreased with the increase of
CODV/N at the beginning of the anoxic stage. Literatures have
showed that the denitrifier activity could be inhibited when
FNA concentration was 0.001 ~0.039 mg L™! (Abeling and
Seyfried 1992; Glass et al. 1997; Ma et al. 2010). As shown
in Table 2, the FNA concentrations at COD/N of 3, 4, 6 at
the beginning of the anoxic stage were (0.6 + 0.02)x 107!,
(0.7 + 0.04)x 107!, and 0.15 + 0.05 mg L™, respectively,
which were higher than the range of FNA inhibition on deni-
trifier. Therefore, it is speculated that the denitrification may
be inhibited by the FNA. Baumann et al. (1997) has reported
that the translation of Nir mRNA can be inhibited by FNA,
resulting in the synthesis of reductase is folded and trans-
located improperly, or the synthesized reductase become
inactivated (Baumann et al. 1997). Furthermore, the con-
formation of Nir also can be changed by the high FNA con-
centration. Subsequently, the Nir activity decreased, which
could lead to the reduction of the specific denitrification
rate directly. On the other hand, it is known that the adeno-
sine diphosphate (ADP), Pi and ATP in microbial cells can
regulate each other. When ATP is high, the amounts of ADP
and adenosine phosphate (AMP) will decrease. The oxida-
tive phosphorylation and TCA cycle rate also slow down,
and ATP synthesis decreases. In this experiment, high FNA
concentration inhibited the microbial growth, leading to a
reduction in the microbial energy demand, as a result, the
ATP accumulation occurred in this stage. Therefore, the
intracellular ADP concentration decreased, which would
slow down the ATP synthesis, and subsequently reduced the
denitrification rate. In addition, NO accumulation also has
an important effect on specific denitrification rate. Previous
research has reported that NO is a potent toxic substance that
can exert severe effects on the metabolism of bacteria (Wang
et al. 2016), and the inhibition thresholds of NO on Nir, Nor,
and Nos were 0.5, 0.3, and 0.075 mg L, respectively (Ni
and Yuan 2013). In the present experiment, the peaks of NO
accumulation at COD/N of 3, 4, and 6 were 1.73 +0.32, 2.28
+0.21, and 3.12 + 0.34 mg L, respectively, which were
much higher than the inhibition thresholds that reported in
literature (Ni and Yuan 2013). Therefore, it indicates that
the slow specific denitrification rate at the beginning of the
anoxic stage has a close relationship with NO accumulation.

Mechanism of NO and N,0 accumulation
Mechanism of NO accumulation

Microbial denitrification is the electron-driven biochemical
reaction. Thus, the electron behaviors (production, transport
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and consumption) play crucial role in denitrification. Previ-
ous research has reported that electron production, transport,
and consumption is usually performed in the electron trans-
port system (ETS). In this system, electrons are produced
by NADH dehydrogenase (complex I) and succinate dehy-
drogenase (complex II), then transferred by quinone pool
(CoQ), becl complex (complex IIT), and cytochrome ¢ (Cyt
¢), and finally utilized by the reductases (Nar, Nir, Nor, and
Nos) (Fig. 6). Therefore, it can be concluded that the activity
of reductases has a significant effect on electron transport
and consumption. In general, the electrons are consumed
evenly by the reductases, and no intermediate is accumu-
lated in the denitrification. However, when the activity of
reductases is seriously affected by the operation condition
or some inhibitors, the electron transport and consumption
may be hampered, which can result in imbalanced electron
distribution. Consequently, the intermediates, such as NO
and N,O, may be accumulated in this process.

In this experiment, the activity of reductases involved in
the denitrification decreased significantly after suffering a
60-min anerobic stage due to the lack of electron accepter
for a long time. As a result, the electron transport and con-
sumption were hampered, and the NO,™-N could not suc-
cessfully transfer to N, as usual when the NaNO, was added
at the beginning of the anoxic stage. Bao et al. (2018) has
reported that the recovery of reductase activity can be stimu-
lated and improved by its related substrates. Therefore, when
the NO, -N was supplied in the reactor, the Nir activity was
recovered firstly, resulting in the rapid NO,™-N reduction at
the beginning of the anoxic stage. Subsequently, high NO
accumulation was observed at this stage. On the other hand,
NO accumulation stimulated the recovery of Nor activity,
and then NO was reduced to N,O in the following stage.

In addition, FNA and NO inhibition played significant
roles in NO accumulation, results showed that the correla-
tion coefficients of FNA and NO accumulation at different
COD/N were higher than 0.90 (data not shown). The inhibi-
tion mechanisms of FNA are as follows. Firstly, it is known
that FNA is an uncoupler that can passively diffuse across
the cell membrane, shuttling protons on both sides of the cell
membrane without producing energy, which may lead to the
collapse of proton motive force (PMF) (Chislett et al. 2022).
Subsequently, the ATP synthesis is inhibited and the metab-
olism activity of the bacteria decreased simultaneously. Sec-
ondly, previous research has reported that FNA can directly
react with the enzymes involved in microbial metabolism
(Park 1993). The sulthydryl (SH)-containing enzymes (such
as CoA-SH) are important part in TCA cycle, which can
be inhibited by reacting with FNA (Zhou et al. 2011). This
reaction has a negative impact on the energy production
process of the cell, because NADH produced by TCA is
subsequently converted into ATP. Furthermore, FNA also
can react with glyceraldehyde-3-phosphate dehydrogenase
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that involved in glycolysis, resulting in the inactivation of the
enzyme (Zhou et al. 2010). Thirdly, the Nor can be inhibited
directly by FNA, which will lead to NO cannot be efficiently
reduced to N,O. As a result, the intermediate of NO may
be accumulated in the denitrification. NO is a well-known
cytotoxin, which can react with metal centers of proteins
and heme to form nitroso complexes. The copper-sulfide
proteins are crucial units in ATP production and electron
transfer. Therefore, the destruction of enzyme catalytic sites
and the formation of complex will severely inhibit electron
transfer, resulting in the accumulation of intermediate. In
addition, it has reported that Nor can be inhibited by NO,
and the inhibition threshold is 0.3 mg L=, In this experi-
ment, the NO accumulation at COD/N of 3, 4, and 6 without
pH adjustment were significantly higher than the threshold.
It indicates that NO inhibition is an important reason for
high NO accumulation.

The results showed that NO emission and the peak of
NO accumulation increased with the increase of COD/N.
It is well-known that NO accumulation is determined by its
production rate (NO, -N reduction rate), reduction rate, and
emission rate. In this study, the same reactor and operation
condition was supplied in the batch test, there was no sig-
nificant difference on NO emission rate at different COD/N.
Therefore, the NO accumulation was only determined by
NO production rate and reduction rate. As shown in Table 2,
NO production rate increased with the increase of COD/N
when the pH was not adjusted during the anerobic stage.
However, the NO reduction rate showed an opposite trend
with its production rate. The different variation may be cause
by the following reason. It is known that the pH decreases
during the PHAs synthesis, and the more PHAs is synthe-
sized, the greater the decrease of pH. In addition, acetate
was used as the carbon source in this experiment, high ace-
tate concentration could lead to low pH due to its acidity.

These led to higher FNA was accumulated at the beginning
of the anoxic stage at high COD/N when the pH was not
adjusted during the anerobic stage. Therefore, the Nor activ-
ity was significantly inhibited by the FNA. As a result, the
NO reduction rate decreased with the increase of COD/N.
As shown in Figs. S1 and S2, the electron distribution and
electron consumption rate of Nor decreased from 40.11%
and 0.78 mol g~! day™! to 4.62% and 0.06 mol g~! day™!
when the COD/N increased from 1 to 6. However, Figs. S1
and S2 showed that the electron distribution and elec-
tron consumption rate of Nir increased from 47.75% and
0.92 mol g~! day~! to 95.31% and 1.21 mol g~' day™!
respectively with the increase of COD/N. It indicates that
Nir activity is not affected by FNA inhibition. The results
suggested that the imbalanced electron distribution was
intensified with the increase of COD/N due to the different
FNA inhibition on reductases. Therefore, the serious imbal-
anced electron distribution led to a higher NO accumulation
was observed at high COD/N with no pH adjustment.

On the other hand, when the pH was adjusted during the
anerobic stage, the similar pH was observed at the beginning
of the anoxic stage, and the FNA concentration was lower
than the inhibition threshold. Thus, the NO accumulation
was only affected by COD/N. Table 2 showed that the NO
reduction rate increased with the increase of COD/N as its
production rate, while the increase range was smaller than
that of production rate. Fig. S1 showed that the electron
consumption rates of Nir and Nor increased by 9.02 and
8.79 mol g~! day™!, respectively when COD/N increased
from 3 to 6a. It indicates that the Nir can capture more elec-
trons than Nor when the sufficient electrons are supplied.
This led to high NO accumulation occur at high COD/N.
Therefore, the NO accumulation with pH adjustment also
increased with the increase of COD/N.
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Figure 5d showed that two peaks of NO accumulation were
observed during nitrite denitrification. It speculated that the
possible reasons are as follow. Nir and Nor might be inhibited
completely when NO accumulation reached to the peak, and
the decrease of NO was partially attribute to emission. Mean-
while, in order to mitigate the NO toxicity, microorganism
would convert the NO to other substances by another pathway
(details are discussed in “Mechanism of NO detoxification”),
resulting in the decrease of NO. When NO reached to a low
level, the reductases involved in denitrification were recovered
gradually. Literature showed that Nos was most sensitive to
NO toxicity, followed by Nor, and finally Nir (Ni and Yuan
2013). Therefore, the recovery of Nir activity was easier than
that of Nor, resulting in the NO accumulation again. After
that, NO decreased again due to detoxification by microor-
ganisms and emission. However, it can be observed that the
second NO accumulation was much lower than the first one. It
suggests that the activities of reductases have been recovered
partly. After a period of adaptation, the activities of reduc-
tases were recovered completely, NO accumulation would not
occur, and maintained at a very low level.

Mechanism of NO detoxification

In this experiment, NO detoxification pathways included
three parts: NO emission, NO reduction, and NO dismu-
tation. As is known to all, NO is poorly soluble in water,
which will emit from the reactor with agitation when it accu-
mulated in the denitrification. Therefore, NO emission is a
significant process for NO detoxification.

It is commonly known that high NO accumulation has
a serious effect on the reductases involved in denitrifica-
tion, leading to low denitrification rate. Therefore, when the
NO accumulation occurs in the denitrification, the micro-
organism will rapidly transform the NO to other non-toxic
substance, such as N,O, to mitigate the toxicity. However,
the Nor activity can be inhibited completely once the NO
accumulation reach to a very high level, which result in NO
cannot be reduced to N,O. Previous research has showed
that the inhibition threshold of NO on Nor is 0.3 mg L™!
(Ni and Yuan 2013). In this experiment, the peaks of NO
accumulation at COD/N of 3, 4, 6 were much higher than
the reported threshold. It indicates that the NO reduction
may be inhibited significantly by the high NO accumulation,
leading to part of NO cannot be reduced to N,O as usual. It
is noteworthy that a novel NO transformation pathway, NO
dismutation (2NO =N, +0,), has been proposed in recent
years. Ettwig et al. (2010) found that NO was not reduced
to N,O during nitrite-driven anaerobic methane oxidation
(n-DAMO) (Ettwig et al. 2010). Instead, it was dismutated
to N, and O, by the putative NO dismutase (Nod). In addi-
tion, researches show that the Nod has been detected in
wastewater, wetland, and hydrocarbon-contaminated soil,
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indicating that there is a high diversity and distribution of
Nod in the different ecosystems (Hu et al. 2019; Lichtenberg
et al. 2021; Zhang et al. 2021). In this experiment, high DO
of 0.58+0.03, 1.07+0.12, 1.55+0.09 mg L~! were detected
at different COD/N of 3, 4, 6 without pH adjustment. There-
fore, it is speculated that the high DO may have a close rela-
tionship with NO dismutation. However, literature showed
that the NO can causes a positive inference on the readings
of some models of DO sensors, including YSI 5178, YSI
FDO 70x1Q (SW), and Hach LDO 101 (Klaus et al. 2017).
The DO sensor used in present experiment was HACH
HQ30d, which also might be interfered by NO. Thus, some
interference tests were performed to determine this specula-
tion (data no shown). The results showed that the DO sensor
of HACH HQ30d was interfered by NO. Therefore, the high
DO detected in this experiment may also be related to the
NO interference. Based on the above analysis, it is difficult
to determine whether the DO is caused by NO interference
or NO dismutation. Therefore, an abiotic test was conducted
to clarify the source of high DO readings, the details of the
test was performed according to Wang et al. (2019b). Then,
the interfering and real DO could be calculated by the cor-
relation equation. Figure S3 showed that the detected DO in
CODI/N of 3, 4, and 6 without pH adjustment were higher
than the interfering DO, especially, high DO accumulation
of 1.39 mg L~! was observed at the final stage of NO accu-
mulation. It indicated that NO dismutation occurred in this
experiment, and which might be the main pathway of NO
detoxification during final stage of NO accumulation. The
possible reasons are concluded as follows. In the denitrifi-
cation, the main enzyme for NO reduction is Nor. In gener-
ally, the Nor activity is higher than that of Nod when NO
is accumulated in the reactor. Therefore, at the beginning
of the NO accumulation stage, most of NO was reduced to
N,0, and only a small part of NO was transformed to N, and
O,. However, when the NO reached to a high level, Nor and
Nod activities were inhibited, NO reduction and dismutation
rates decreased, resulting in slow N,O accumulation rate and
decrease of DO. With the decrease of NO accumulation, Nor
and Nod activities recovered gradually, and the recovery of
Nod activity was faster than Nor due to the sensitivity of
Nor to NO. Thus, in this stage, the NO was primary trans-
formed by NO dismutation, DO increased again, and which
was higher than the first time. After a period of adjustment,
Nor activity recovered completely, the NO was reduced to
N,O as usual. In this process, the NO dismutation in NO
detoxification was decreased gradually.

Mechanism of N,0 accumulation

As shown in Figs. 3 and 4, high N,O concentration accumu-
lated at different COD/N, which may be affected by three
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factors, including FNA concentration, NO concentration,
and COD/N.

It is known that FNA is a significant inhibitor on N,O
reduction due to the high sensitivity of Nos on FNA (Zhou
et al. 2022). Literature showed that the FNA inhibition
threshold on Nos was 0.004 mg L~! (Zhou et al. 2008). In
this experiment, the highest FNA concentration at differ-
ent COD/N (1, 3, 4, 6, 3a, 6a) were 0.007, 0.06, 0.07, 0.15,
0.01, and 0.01 mg L~ respectively, which were higher than
the inhibition threshold. Therefore, it indicates that FNA
inhibition played an important role in N,O accumulation in
present experiment. The inhibition mechanisms of FINA on
N,O reduction are as follows. On the one hand, FNA can
react directly with Nos. Nos has two metal centers: CuA, a
binuclear copper center, which is used to receive and transfer
electrons; CuZ, a tetranuclear copper-sulfide center, which
contains one or two sulfide bridges (Guo et al. 2017). FNA
can bind to the active sites of copper-contained enzymes
(Nos), leading to Nos inactivation or incomplete biosynthe-
sis. As a result, the N,O reduction will suffer a competitive
inhibition. On the other hand, FNA has an adverse effect
on the translation and expression of Nos gene. Previous
research showed that high FNA concentration could inhibit
the translation of Nos mRINA, or improperly translocate and
fold the Nos (Baumann et al. 1997). They believed that the
inactivation of the synthesized enzyme and/or the confor-
mational change by the high FNA concentration also could
inhibit Nos activity, so that N,O could not reduce to N,.

Another important reason for N,O accumulation is elec-
tron competition caused by insufficient electron supply. Lit-
erature has reported that Nir, Nor, and Nos receive electrons
from the same cytochrome (Richardson et al. 2009). There-
fore, the electron competition among these reductases may
occur once the electron cannot meet the requirements for
electrons by denitrification, and Nos is the weakest competi-
tor with a lower affinity for electron donor than Nir and Nor
(Guo et al. 2017). In this experiment, the electron donors
were supplied from PHAs oxidation process. Compared with
exogenous organic matter, the difficult degradation of PHAs
may not supply enough electron donors for denitrification.
As aresult, the electron competition will intensify, and N,O
reduction is inhibited due to the lowest electron capture abil-
ity of Nos. In addition, COD/N also plays a significant role
in N,O accumulation. In the test of COD/N of 1, the electron
donor was severely insufficient to reduce N,O, resulting in
high N,O accumulation. Especially, there was no electron
donor to reduce N,O at the final stage of denitrification,
and the reduction of N,O is mainly caused by emission.
When the pH was adjusted during the anerobic stage, there
was no different factors affecting N,O accumulation except
COD/N. Table 2 showed that the maximal N,O accumula-
tion decreased with the increase of COD/N. Therefore, it can

be concluded that low COD/N promotes N,O accumulation
due to the more severe electron competition.

N,O accumulation is also related to NO inhibition. NO is
a cytotoxin, which has a serious effect on enzyme and micro-
organism. As stated in previous section, metal centers of
CuA and CuZ are contained in Nos. Research has reported
that CuZ is susceptible to NO, which can inactivate it sig-
nificantly (Richardson et al. 2009). If the CuZ is destroyed,
the electrons cannot be transferred to Nos and used by it,
resulting in N,O rather than N, as the end product in nitrite
denitrification. On the other hand, it has been reported that
cytochrome c is able to bind NO in denitrification at the
physiological concentration of 107~ 107" mol L™! (Gore-
tski et al. 1990). Carr and Ferguson (1990) found that the
activity of cytochrome oxidase was hindered by high NO,
which led to a serious inhibition (Carr and Ferguson 1990).
Furthermore, Yu et al. (2019) reported that the conformation
of cytochrome ¢ was changed by NO, causing the decrease
of Nos activity and loss of electron transfer (Yu et al. 2019).
Consequently, the electron competition among Nir, Nor, and
Nos intensified, and high N,O accumulation occurred in the
experiment.

The results showed that the peak of N,O accumulation
increased with the increase of COD/N when pH was not
adjusted during the anerobic stage, while an opposite trend
was observed with pH adjustment. It was caused by the dif-
ferent inhibitions on N,O reduction under different condi-
tions. When pH was adjusted during the anerobic stage,
the N,O accumulation was mainly affected by COD/N,
there was little inhibition occurred. The Nos activity was
high, resulting in high electron consume rates (2.03 and
4.5 mol g~! day™!) at COD/N of 3a and 6a, and low N,O
was accumulated. In addition, the more electron was sup-
plied, the lower N,O was accumulated. When COD/N was
1, the FNA and NO concentration was low, but the elec-
tron donor was insufficient, which could intensify electron
competition, the electron consume rate of Nos was only
0.75 mol g~! day~!, leading to high N,O accumulation. As
shown in Table 2, high NO and FNA concentration were
detected at COD/N of 3, 4, 6, which had serious effect on
Nos. Figure S4 showed that the electron consume rates
of Nos at COD/N of 3, 4, 6 decreased to 0.74, 0.25, and
0.22 mol g~! day~!, respectively. Consequently, the N,O
accumulation increased with the increase of COD/N. Fur-
thermore, as stated before, the intermediate accumulation
during nitrite denitrification is closely related to electron
distribution. Figure S5 showed that the differences of elec-
tron distribution between Nor and Nos at different COD/N
(1, 3, 4, 6, 3a, 6a) were 15.78, 18.17, 26.41, 29.04, 15.54,
and 2.58%, respectively. Therefore, it was further suggested
that the imbalanced electron distribution between Nor and
Nos caused by COD/N, FNA and NO inhibition resulted in
the different N,O accumulation.
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Conclusion

The mechanisms of NO and N,O accumulation, as well as
NO detoxification were investigated in this study, the main
conclusions are as follows.

(1) CODRE increased with the increase of COD/N, which
was closely related to influent COD concentration and
the residual non-biodegradable COD in the effluent.
High NO,™-NRE (>99%) was achieved when COD/N
was higher than 1 because of the sufficient electron
donors.

(2) NO accumulation was affected by anerobic time,
COD/N, FNA, and NO concentration. The Nor activity
can be reduced by anerobic time, FNA and NO, and the
electron transport and distribution is hindered, resulting
in imbalanced electron distribution, and the NO accu-
mulation occurred. More electrons can be applied for
reduction of NO, -N to NO at high COD/N, leading to
high NO accumulation was observed at high COD/N.

(3) There were three pathways of NO detoxification, which
were NO emission, reduction and dismutation. The
more NO produced, the more proportion of NO dismu-
tation pathway. The maximal DO concentration during
NO dismutation in this study was 1.39 mg L™

(4) N,O accumulation increased with the increase of
COD/N without pH adjustment, while an opposite
trend was observed when pH was adjusted. It is mainly
attributed to FNA and NO inhibition. Sufficient elec-
tron can be supplied for N,O reduction at high COD/N,
but the high FNA and NO concentration caused by no
pH adjustment will inhibit Nos activity and hinder the
reduction of N,O to N,.
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