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Abstract

The partial denitrification (PD) is a very promising process developed in the last decade, to study the comprehensive influ-
ence of influent carbon to nitrogen (C/N) on the activated sludge system under PD, six sequencing batch reactors (SBRs)
were operated in parallel at C/N of 2.75, 3.30, 4.13, 5.50, 8.25 and 16.50, the nitrogen removal, phosphorus removal and
sludge settleability of PD were investigated. The results showed that PD was observed treating synthetic wastewater in all
the six SBRs, and the nitrite accumulation rate (NAR) was highest at C/N of 5.50 (NAR of 82.30%). However, due to the
alternate inhibition of NO, -N and free nitrous acid (FNA) produced by a limited carbon source, both the sludge settleability
and phosphorus removal deteriorated. The average SVI at C/N of 8.25 was 130% lower than C/N of 3.30, and the average
amount of PO,*>~-P released at C/N of 16.5 was 189% higher than C/N of 2.75. Kinetic analysis showed that the denitrifi-
cation kinetics of PD and complete denitrification were similar, and the nitrite accumulation was caused by the difference
between nitrate reduction rate and nitrite reduction rate. Variations of on-line parameters (pH and ORP) revealed that nitrite
accumulation could be indicated by judging the nitrate turning point and nitrite turning point on pH and ORP curves, which
provided guidance for the setup of PD.
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Introduction

The frequent eutrophication occurred by the excessive dis-
charge of nitrogen and phosphorus is among the most urgent
environmental issues in the world. At present, the activated
sludge process is widely used in urban wastewater treatment,
but the nutrients removal performance is usually limited by
the low influent C/N [1]. According to the traditional theory,
the complete denitrification process consists of “NO;™-N
—NO,-N—NO—N,0—N,”. Sometimes due to the car-
bon source deficiency, short hydraulic retention time, nitrite
was accumulated during the denitrification process, which is
termed as partial denitrification (PD) [2]. Anaerobic ammo-
nium oxidation (ANAMMOX) is considered to be the most
promising nitrogen removal process in the future. In the past
NO,™-N required by ANAMMOX was usually provided by
partial nitrification, with the rapid development of the PD
process, the PD process was supposed to be a more fea-
sible approach to provide NO, -N for ANAMMOX [3].
Compared with complete denitrification, the application of
PD-ANAMMOX technology to urban wastewater treatment
plants can save about 80% of the carbon source and 50% of
the aeration energy consumption [4].

In recent years, the rapid start of PD has been achieved
in many types of reactors, such as AO, SBR [5, 6]. Cao
et al. [7] proved that the NO, -N accumulation rate could
be controlled above 80% during the PD process. Du et al.
[8] used PD coupled with the ANAMMOX process to treat
wastewater, and stably operated the system for a long-term.
The PD process could be affected by many factors, such as
pH, hydraulic retention time, and so on [9]. Under high pH
conditions, nitrite reductase is more sensitive under high pH,
and its inhibitory effect is greater than that of nitrate reduc-
tase [10]. Shi et al. found that the PD system could be suc-
cessfully activated by adjusting the pH to 9.0, and the NAR
would be remained around 88% after the pH adjustment was
stopped [11]. Jiang et al. [12] found that the accumulation of
nitrite under PD was obvious when the hydraulic retention
time was 18 h.

The availability of electron donor, expressed as C/N,
is another key factor to determine PD performance [13].
However, the current research about PD is mostly focused
on the generation mechanism and operation control at low
C/N. Cao et al. [14] used domestic wastewater as carbon
source to establish a PD system with a 90% NAR at C/N
of 1.7. Krishna et al. [15] investigated the effect of C/N on
PD, and a positive correlation between influent C/N and
NO, -N accumulation rate was observed when the C/N was
in the range of 1.5-3. The C/N of urban wastewater in China
fluctuated greatly [16]. Therefore, it is necessary to explore
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the effect of high C/N on the stability of PD. Ge et al. [17]
studied the effect of carbon source and C/N (1-25) on deni-
trification using methanol, glucose and acetate as carbon
sources. High C/N resulted in the growth of heterotrophic
bacteria, which is widely investigated in denitrification [18].
In fact, most of the research on high C/N focused on denitri-
fication, while the actual wastewater treatment plant is not
only concerned with nitrogen removal but also cared about
phosphorus removal and sludge settleability. Above all, it
is imperative to explore the removal characteristics of each
nutrient in the PD at different C/N, which helps to establish
a stable and efficient PD process.

Therefore, this study initiated the PD process by adjusting
the influent nitrate concentration to prepare a series of C/N.
From the sludge structure, denitrification kinetics, the effects
of influent C/N on nitrogen removal, phosphorus removal
and filamentous bacteria inhibition under PD condition were
discussed. Finally, combined with parameters such as ORP
and pH, it is hoped to provide theoretical reference and tech-
nical guidance to control the PD process.

Materials and methods
Wastewater and inoculated sludge

The synthetic wastewater with the following composition
was used: 663.80 mg-L~!' of CH;COONa-3H,0, 166.90
mg-L~! of NH,Cl, 18.80 mg-L~! of KH,PO,, 375 mg-L~! of
NaHCO;, 40 mg-L~! of CaCl,-2H,0, 80 mg-L~" of MgSO,,
and 0.30 ml-L~! of micro-element solution [19]. The chem-
icals were analytical purity supplied by Kermel (99.9%).
The synthetic wastewater quality was around 330 mg-L~! of
COD, 45 mg-L~! of NH,*-N and 4.30 mg-L~! of PO,*~-P.
The inoculated sludge was taken from the anoxic tank of
an anaerobic/anoxic/oxic (AAO) WWTP (Zhengzhou,
Henan province, China) which showed well nitrogen and
phosphorus removal performances (both removal efficien-
cies were bigger than 85%). Its settleability was poor due to
the overgrowth of filamentous bacteria. The sludge volume
index (SVI) and mixed liquid suspended solids (MLSS) were
360 ml-g~! and 2000 mg-L~!, respectively. The inoculated
sludge was washed by pure water three times. Each time
the pure water and the inoculated sludge were thoroughly
mixed for 1 min. After settling for 30 min, the supernatant
was discharged.
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Experimental operation

The study was carried out in 6 SBRs. Each SBR was made
up of lucite with 12 L. working volume, 200 mm diameter
and 700 mm working height (Fig. 1). The influent COD was
all controlled at 330 mg-L™". The concentration of NO;™-N
were 120, 100, 80, 60, 40, 20 mg‘L_l, respectively (C/N are
2.75, 3.30, 4.13, 5.50, 8.25 and 16.50, respectively). The
temperature was maintained at 21+ 1°C. Each cycle con-
sisted of 5 min feeding (3L), 30 min anoxic stirring, 120 min
aeration, 30 min sedimentation, 30 min discharge and idle
phase. Sludge retention time (SRT) was controlled at 12.5
days by withdrawing the mixture (100 ml) at the end of the
aerobic phase. Each day 3 cycles were operated. Each SBR
operated for 105 cycles. Water samples were taken at 0.5 h
intervals and immediately filtered with a 0.45 pm filter. Each
sample was tested three times, and the average value was
calculated for analysis.

Analytical methods

Samples were collected each day for COD, NH,*-N,
NO, -N, NO;™-N, MLSS, SV, SVI and mixed liquid volatile
suspended solids (MLVSS) measurements, all parameters
were measured according to the Standard Methods [20].
Among them, NH,-N adopted Nessler’s reagent spectro-
photometry, NO, -N adopted N-(1-naphthyl)-1,2-diami-
noethan e dihydrochioride spectrophotometry, and NO;™-N
adopted thymol spectrophotometry. MLSS, SV, SVI and
MLVSS adopted gravimetric method. Sludge morphology
was observed with an OLYPUS BXS51 optical microscope;
DO, pH, ORP and temperature values were recorded using
WTW level 2 pH meter and pH/oxi340i meter (WTW
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Fig. 1 Experimental device of partial-denitrification in SBR

Company, Germany). The effluent pH, DO and ORP were
measured at the end of anoxic phase.

The denitrification kinetics is described by the Monod
equation and was calculated using Eq. (1) [21]. Nitrate
reduction rates (Ryos™ -N reduction) WEre calculated using
Eq. (2). Nitrite accumulation rates (Ryos ™ -N accumulation)
were calculated using Eq. (3). Nitrite reduction rates
(RNno2™ N reduction) Were calculated using Eq. (4). The NAR
was calculated using Eq. (5).

dC C

v=%_v
at MKs +C

ey

where V is the specific denitrification rates of NO;™-N and
NO,™-N at concentration C, mg~(g~d)'1; V., is the maxi-
mum specific denitrification rates of NO;™-N and NO,™-N,
mg-(g-d)~!; Ks is the half-saturation constant, mg-L™".

Cro;-N, = Cno;-nt

RNO; —Nreduction — t (2)

CNOZ’—NL - CNO;—NO

RNO; —Naccumulation — t (3)

RNO; —Nreduction — RNO;—Nreduction - RNO;—Naccumulation (4)

where Cygs -no and Cygs -no 18 the initial NO;™-N or
NO, -N concentration, [mg-(L~min)_1]; Cros Nt and
Cnoz2 .t 18 the NO;7-N or NO,™-N concentration at time t
(corresponding to the nitrate turning point of pH and ORP),
[mg-(L-min)™'].

NAR = 5)

where Cyg, .y and Cyos .y are the concentrations of
NO,™-N and NO;™-N at the end of anoxic period, mg-L™".

Results and discussion
Effect of C/N ratio on PD

Theoretically, to denitrify 1 g of NO;™-N to NO, -N will
consume 1.14 g COD. However, due to the assimilation
effect 3.45 g COD will actually be consumed [1.14/(1 — Yy)
g COD, Y;=0.67] [22]. According to the variation trend
of NAR, the experiment can be divided into two stages, the
initiation stage of PD (NAR gradually increased) and the
maintenance stage of PD (NAR remained stable) (shown in
Fig. 1). When the C/N was 2.75 and 3.30, the average NAR
of the second stage (40-105 d, 30-105 d) was 79.29% and
72.22%, respectively (Fig. 2a, b). Compared with the C/N of
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2.75, the system entered the second stage faster. The results
showed that the growth and metabolism of denitrifying bac-
teria were inhibited when carbon sources were insufficient
[1]. The start time of the second stage was close at C/N
of 4.13 and 5.50 (Fig. 2c, d), the average NAR increased
from 56 and 76% in the first stage (0—18 d) to 81.31% and
82.30% in the second stage (19—-105 d), respectively. When
the C/N was 8.25 and 16.50, the systems directly came into
the PD process (Fig. 2e, f). It had been reported that PD
was prone to occur when the C/N was lower than 7 [16].
In this study, the PD was obvious when C/N was less than
5.50, and it would be inhibited when C/N was bigger than
8.25. The results showed that the increase of C/N would
be harmful to the PD. A high NO,™-N accumulation PD
sludge was obtained at high C/N of 5.50, which was much
higher than previous reported values at low C/N of 2.5 [23].
The discrepancy showed that limited carbon source during
PD was not the key factor for high NAR, and higher NAR
could be achieved within a wide range of organic carbon
concentrations.

Effect of C/N on phosphorus removal and sludge
settling

The variations of phosphorus uptake and phosphorus release
under different C/N were monitored (Fig. 3). When C/N was
2.75 and 3.30, the average PO43_—P concentrations in anoxic
effluent were 11.81 and 12.59 mg-L~!, respectively. Since
the carbon source was insufficient, the phosphorus-accumu-
lating bacterias (PAOs) were disadvantaged in the competi-
tion with denitrifying bacterias [24]. Therefore, phospho-
rus removal performance was almost disappeared. When
the C/N was bigger than 4.13, because of the inhibition of
free nitrous acid (FNA) on PAOs, the phosphorus removal

(a) —0O— C/N=2.75-aerobic —*— C/N=2.75-anoxic
O\ —*¥— C/N=3.30-aerobic —v— C/N=3.30-anoxic
16 | Y~9- —&— C/N=4.13-aerobic —0— C/N=4.13-anoxic

PO, *P/mg L’

0 20 40 60 80 100

cycle/number

performances were different (Fig. 3a, b). Zeng et al. [25]
found that PAOs would consume a large amount of polyhy-
droxyalkanoate (PHA) for detoxification when FNA was big-
ger than 0.0068 mg-L~". In this study, the FNA concentration
was just in this range. In addition, the PO,>~-P concentra-
tions in aerobic effluent under different C/N were 8.6 +2.5
mg~L_1, which was similar to the PO43_-P concentration of
the influent. This suggested that the NO,™-N accumulated by
PD seriously inhibited the activity of PAOs. Zhou et al. [26]
found that the phosphorus removal performance of complete
denitrification reactors was linearly related to the C/N, and
the high C/N did not inhibit the release of phosphorus. How-
ever, the phosphorus release ability was inhibited at all the
six C/N in this study. With the increase of C/N, the attenuate
inhibition of PAOs was observed. The average amount of
released PO,>~-P at C/N of 16.50 was 189% higher than C/N
of 2.75. The high accumulation of nitrite was the key factor
for the difference between traditional phosphorus removal
and PD phosphorus removal.

The variations of SVI under different C/N are shown in
Fig. 4. It could be seen that sludge settleability deteriorated
under low C/N condition. SVI was lower when the influent
C/N were 8.25 and 16.50, while it increased when the influ-
ent C/N were 2.75, 3.30, 4.13, and 5.50. Casey et al. [27]
found that NO was an intermediate product during denitri-
fication, and it was only accumulated in the floc bacterias
rather than filamentous bacterias. In addition, the FNA also
showed an inhibition effect on the microorganisms [28].
When C/N were 2.75, 3.30 and 5.50, the average concen-
trations of NO, -N and FNA were 51.63, 42.73, 28.73 and
0.11, 0.091, 0.061 mg-L_l, respectively, which were both in
the range to deteriorate sludge settleability (NO, -N >28.73
mg-L~!, FNA >0.061 mg-L™") [29]. When C/N were 8.25
and 16.50, the average concentrations of NO, -N and FNA

(b)w L /V —0O— C/N=5.50-aerobic —*— C/N=5.50-anoxic
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Fig.3 Variations of phosphorus uptake and phosphorus release under different C/N (a) C/N=2.75, 3.30, 4.13; b C/N=5.50, 8.25, 16.50
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soo L R as an electron acceptor over nitrite when both nitrate and
o nitrite were available for microorganisms. Based on Monod

480 .\ /k o*
L oo
/ N L
460 - RK
/ f%& / \D§
¥\>K'—>K/* 0
.\. * mf\g
*—* _p—gl * \
\>~< %
* P 0 C/N=2.75 —8— C/N=3.30 —¥~ C/N=4.13
4 / —*— C/N=5.50 —— C/N=8.25 —I]— C/N=16.50
ﬁ/ﬂ\/ﬂ/x <(<]\<]/q\<]/<]\<]—/<1/<]\<]<1
360 | o e I
N\

.
T 000t
& e tes

0L ¢ N o«

320 1 1 1 1 1
0 20 40 60 80 100

cycle/number

Fig.4 Variations of SVI under different C/N

were 5.27 and 3.41 mg-L~! and 0.011 and 0.0072 mg-L~!,
respectively. The average SVI was the lowest at C/N of 8.25,
which was 130% lower than C/N of 3.30. This suggests that
the sludge settleability improved when the concentrations
of NO, -N and FNA are low. Meanwhile, when the influ-
ent C/N was bigger, more organics would be adsorbed and
uptaken by floc bacterias, and the sludge settleability would
be improved [29].

Effect of C/N on PD kinetics

There are two kinds of electron acceptors in the denitri-
fication process, the variations of NO; -N and NO, -N
under different C/N were shown in Table 1, the reduc-
tion rates of NO; -N (Ryos N reduction) WEre bigger
than those of NO, -N (Ryo2 N reduction) Under different
C/N, which was the main reason for the accumulation of
NOZ_'N [RNOS_'N reduction ~ (2-10) RNOZ_'N reduction]' The
Ry02 "N reduction @t high C/N was bigger than that at low C/N.
It maybe the activity of nitrite reductase was low in the pres-
ence of high nitrate because competition for the electron
with nitrate reductase. In other words, nitrate is preferred

Table. 1 PD reaction rate parameters and kinetics parameters

kinetic equation, NO;-N almost decreased linearly during
NO, -N accumulation, and Ryg3™ -y reduction Was close to the
V 1ax-NO3 “N reduction- YWhen the concentration of NO;™-N
was lower than the KSNO3_7N reduction® RNO3_-N reduction gradu_
ally decreased with the decrease of NO;™-N. Conversely,
RN02™-N reduction 1Rcreased with the increase of NO, -N
before reached the concentration of V ., no2 “N reduction-
NO,™-N concentration would reach the peak value when
the RNOB_'N reduction and RNOZ_'N reduction WET€ the same. The
V maxNO3 N reduction at different C/N were 2.53, 2.50, 2.61,
3.07,3.11 and 3.20 d~!, respectively, which were higher than
the V_,xNO3 N reduction F€POr'ted by Wang et al. [30] at 0.71
d~!. This shows that the PD system of this study can achieve
high nitrite accumulation in a shorter time. With the decrease
of initial NO;™-N concentration, V ,,.Nxo3™ “N reduction &adu-
ally increased, and K o3™ N reduction gradually decreased,
which was the same as observed by Cao et al. [14] during
the complete denitrification process. It could be concluded
that the denitrification kinetics of NO;™-N under PD condi-
tion is consistent with that of complete denitrification.

pH and ORP as control parameters

The variations of NO;™-N and NO,™-N in the PD process
under different C/N could be indicated by pH and ORP. As
shown in Fig. 5a and b, when C/N were 2.75 and 3.30, the
concentrations of NO;™-N and NO, ~-N changed linearly.
When C/N were 4.13, 5.50, 8.25, the NO,™-N reached the
peak value at 5, 10, and 15 min, respectively (Fig. 5c—e).
Correspondingly, the nitrate turning point appeared on the
pH and ORP curves, indicating that denitrification with
NO;™-N as the electron acceptor was finished. As shown
in Fig. 5 (f), when C/N was 16.50, the turning points of
nitrate and nitrite appeared at 3 min and 25 min, respec-
tively. The curves of ORP and pH could be divided into
three stages by nitrate turning point and nitrite turning
point. The differences of slope in ORP curves are mainly
caused by the different electric potential of NO;™-N/
NO,™-N and NO, -N/N,. The ORP curve dropped sharply

C/N NO,™-N Reaction rate [mg»(Lmin)"] Kinetics of PD
accumula-tion ~ ~ - — — — =
period RN03 “Nreduction  RN02 “Naccumutation RNO2 “Nreduction ~ VmaxNO3 “Nreduction  KsNO3 -Nreduction Y maxNO2 "N Kooz N

-1 mg~L’1 -1 mg~L’1
2.75:1  0~30 min 3.06 2.74 0.32 2.53 12.21 2.12 10.18
3.30:1 0~30min 2.81 1.83 0.98 2.50 11.35 2.02 9.35
4.13:1  0~15 min 4.20 3.06 1.14 2.61 6.26 2.53 5.29
5.50:1 0~10 min 4.53 3.23 1.3 3.07 4.23 2.62 3.15
8.25:1 0~5min 4.63 3.30 1.33 3.11 3.52 2.82 2.17
16.50:1 0~3 min 5.02 3.61 1.41 3.20 2.68 2.90 1.12
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after the nitrite turning point, which indicated the sys-
tem altered from anoxic state to anaerobic state [31]. No
alkalinity was produced during NO;™-N was reduced to
NO,™-N, but it was produced when NO,™-N was reduced
to N,. The pH curve slowly increased before the turning
point of nitrate. The reason was CH;COONa as the only
carbon source was alkalescence, and OH™ would be gen-
erated with the consumption of CH;COOH [24]. After

the turning point of nitrite, facultative anaerobic bacte-
ria began to produce short-chain fatty acids, and the pH
curve decreased rapidly [32]. Moreover, with the increase
of C/N, the nitrate turning point appeared earlier, and the
nitrite turning point was prone to appear. The nitrate turn-
ing points in this study all appeared before 15 min, which
were earlier than those reported by Du et al. [33]. It shows
that this study has a higher nitrite accumulation rate, and
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it is reasonable for WWTP to choose the turning points
on the curves of pH and ORP to control the PD process.
According to the turning points of the pH curve (decelera-
tion point, infection point) and the two turning points of
the ORP curve (nitrate turning point, nitrite turning point),
the process of PD can be clearly controlled.

Conclusion

This research explored the characteristics of nutrients
removal and sludge settleability under partial denitrifi-
cation. The FNA and NO, -N produced would deterio-
rate both sludge settleability and phosphorus removal.
When the C/N was in the range of 2.75-5.50, the PD phe-
nomenon was obvious. Sludge settleability deteriorated
because floc bacterias would be inhibited by the intermedi-
ate products produced by insufficient denitrification. And
phosphorus removal would deteriorate as PAOs could not
get enough carbon source to release PO43_-P. When the
C/N was in the range of 8.25-16.50, the inhibition effect
decreased. The denitrification kinetics of PD and complete
denitrification were similar, and the nitrite accumulation
was caused by the difference between nitrate reduction rate
and nitrite reduction rate. When the influent quality is sta-
ble, monitoring the turning points of pH and ORP curves
will help to regulate the PD process. Further study on the
changes of microbial populations at different C/N would
help researchers to understand, apply and/or maintain the
PD. For this purpose, pure or highly enriched cultures with
identified metabolic pathways and functional genes would
be required.
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