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and associated mechanisms of
carbon transformation (PHAs,
polyhydroxyalkanoates) and nitrogen removal for
landfill leachate treatment in a sequencing batch
biofilm reactor (SBBR)

Wenjun Yin,*a Kai Wang,a Jingtao Xu,a Daoji Wu *a and Congcong Zhaob

A modified sequencing batch biofilm reactor (SBBR, adding a pre-anoxic phase before the aeration

phase) was used to treat landfill leachate. The overall SBBR operation period was divided into a load-

increasing period I (69 days) and a steady operation period II (41 days). In period I, the influent total

nitrogen (TN) and chemical oxygen demand (COD) concentrations increased from approximately 60

and 400 mg L�1 to 1000 and 6500 mg L�1, respectively, and these were kept for period II. In period II,

the COD and TN removal rates were 83–88% and 95–98%, with effluent COD and TN concentrations

of less than 500–600 and 10–20 mg L�1, respectively. The end of pre-anoxic phase PHA

(polyhydroxyalkanoate) content increased from 0.11 Cmol (start of period I) to 0.22 Cmol (end of

period II). The contributions from simultaneous nitrification and denitrification (SND) and endogenous

denitrification to the TN removal rate were approximately 60% and 40%, respectively. The mechanisms

of carbon transformation and nitrogen removal were: (1) the synthesis of PHAs in the pre-anoxic

phase; (2) short-range nitrification; (3) simultaneous nitrification and denitrification (SND); and (4)

endogenous denitrification. Microbial diversity analysis revealed that Proteobacteria and Bacteroidetes

accounted for 89.66% of the total bacteria. Ammonia-oxidizing bacteria (AOB, Nitrosomonas) and

denitrifying bacteria with the ability to transform organic matter into PHAs (Paracoccus and Thauera)

are the dominant bacterial communities.
1. Introduction

The main treatment method for municipal solid waste world-
wide involves the use of sanitary landlls. However, sanitary
landlls generate landll leachate, containing high concentra-
tions of organic matter, nitrogen, inorganic salts, and heavy
metals,1–3 resulting in serious pollution of the external aquatic
environment.4 Therefore, treatment technologies for landll
leachate with improved efficiency and low cost are important for
sewage treatment strategies.

Currently, the main treatment methods for landll leachate
are physical–chemical and biological methods. Physical–
chemical methods include ammonia stripping technology,
advanced oxidation, and adsorption;5–7 these methods are
typically used in pre-treatment or post-treatment steps due to
gineering, Shandong Jianzhu University,

1991@163.com; 1353007350@qq.com;
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llaborative Innovation Center of Human-

rsities of Shandong, Shandong Normal

hemistry 2018
their secondary pollution and high cost. Biochemical methods,
including sequencing batch reactors (SBRs), up-ow anaerobic
sludge beds (UASBs), anaerobic sequencing batch reactors
(ASBRs), membrane bio-reactors (MBRs) and related methods,
could treat landll leachate effectively and environmentally.8,9

However, anaerobic methods are unable to remove NH4
+–N;10

traditional aerobic methods need the addition of extra carbon
sources to remove nitrogen.11

PHAs (polyhydroxyalkanoates) composed of poly-
hydroxybutyrate (PHB) and polyhydroxyvalerate (PHV) have
a signicant impact on carbon substrate conversion in activated
sludge processes.12 Some microbes can convert organic matter
into intracellular PHAs when there is enough organic matter,
then use PHAs as a carbon source for denitrication to remove
nitrogen.13 Zhu et al. used PHAs as a carbon source for endog-
enous denitrication to remove nitrogen in SBR systems,
therefore the strategy of using PHAs to remove nitrogen is
feasible.14,15

PHAs can be used as a carbon source for simultaneous
nitrication and denitrication (SND) to remove nitrogen.16,17

The realization of SND depends on the anaerobic reaction zone
of the system, so there is no SND in the aeration phase of
RSC Adv., 2018, 8, 42329–42336 | 42329
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a SBR.14,15 A SBR can achieve SND through controlling the dis-
solved oxygen (DO) concentration over a range of 0.5 to
1 mg L�1,18,19 but a lower DO concentration can limit the nitri-
cation reaction rate. Anaerobic reaction zones exist in the
biolm inner layer of a SBBR system because of the dissolved
oxygen gradient; therefore, a SBBR could achieve SND when the
DO concentration is controlled over the range of 2 to 3 mg L�1.
If an anoxic phase is added before the aeration phase to modify
a SBBR, the biolm can store PHAs during the pre-anoxic phase
and the modied SBBR could achieve SND in the anaerobic
reaction zone of the aeration phase. SND facilitates the removal
of nitrogen through these properties: (1) the alkali produced by
SNDmakes up for alkali consumed by the nitrication reaction,
which maintains a stable pH range; (2) there is reduced inhi-
bition from free ammonia and free NO2

�–N of the nitrication
reaction, with enhanced nitrication reaction rates; and (3) SND
can use PHAs as a carbon source. A survey of the literature
shows that no work has been done so far regarding landll
leachate treatment by SND in a modied SBBR, but it is very
meaningful to realize SND in a SBBR system.

The objectives of this study were: (1) to determine the
operating parameters and investigate the variation in biolm
indicators, such as biomass, density and extracellular polymeric
substance (EPS) concentration; (2) to monitor the variation in
COD, TN, NO2

�–N, NO3
�–N, COD and TN removal rates, PHA

content, pH, DO, oxidation-reduction potential (ORP), etc. over
the whole operation period and typical cycles of period II; (3) to
investigate mechanisms of carbon transformation and nitrogen
removal; and (4) to investigate the structures and characteristics
of dominant bacterial communities.

2. Materials and methods
2.1 Experimental setup

A polymethyl methacrylate SBBR reactor was used for the
experiments, as shown in Fig. 1a. A laboratory scale cylindrical
SBBR reactor with a height of 50 cm, diameter of 20 cm, and
working volume of 10 L was used. The SBBR reactor included
a Multi 3620 analyzer for the detection of pH, DO and ORP,
Fig. 1 Schematic diagrams of the SBBR device (a); and the operational m

42330 | RSC Adv., 2018, 8, 42329–42336
mechanical stirrers, an air diffuser, an air compressor, a heating
belt, and a temperature control box. The air diffuser is con-
nected to the air compressor for the aeration of the SBBR. The
heating belt and temperature control box constitute a tempera-
ture control device to regulate the temperature. The biolm
ller consists of polyurethane and other polymer materials,
referred to as PPC, and the PPC characteristics are shown in
Table 1.

2.2 Inuent media, sludge and ller

Raw landll leachate for this study was taken from the Ji Yang
MSW Sanitation Landll Site, Jinan, Shandong Province, China.
The characteristics of the landll leachate are shown in Table 2.
The seed sludge was obtained from return sludge from the
Everbright Sewage Treatment Plant, Jinan, Shandong Province,
China. The concentrations of mixed liquid suspended solids
(MLSSs), mixed liquor volatile suspended solids (MLVSSs) and
the sludge volume index (SVI) were approximately 9230 mg L�1,
7523 mg L�1 and 123 mL g�1, respectively.

2.3 Operational procedure

The operation mode of the SBBR system includes: (a) a lling
phase (5 min); (b) a pre-anoxic phase (60 min); (c) an aeration
phase (aeration time); (d) an anoxic phase (anoxic time); (e)
a settling phase (30 min); (f) an effluent phase (5 min); and (g)
an idle phase (idle time), as shown in Fig. 1b. The aeration time
and anoxic time were determined from the ammonium valley
(pH variation) and nitrate knee (ORP variation) real-time control
methods.20

The volumetric exchange rate was 30%. The temperature was
controlled at 25 � 1 �C. The DO concentration was maintained
over a range from 2.0 to 3.0 mg L�1 during the aeration phase.

2.4 Method determination and calculations

The pH, DO, ORP, and temperature were monitored using
a Multi 3620 analyzer (WTW Company, Germany). NH4

+–N,
NO2

�–N, NO3
�–N, COD, MLSSs, MLVSSs, and the SVI were

measured using standard methods.21 The total nitrogen (TN)
ode (b).

This journal is © The Royal Society of Chemistry 2018
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Table 1 The characteristics of PPC

Item
Edge length
(mm) Density (kg m�3)

Surface area
(m2 m�1) Porosity (%)

Hanging lm
time (days) Attachments (mg)

Parameter 10 � 1 12.5 � 0.7 >4000 98 3–7 0.02

Table 2 The characteristics of the influent landfill leachate

Compound pH NH4
+–N (mg L�1) TN (mg L�1) NOx

�–Na (mg L�1) BOD5 (mg L�1) COD (mg L�1) C/N

Range 8 � 0.3 1000 � 100 1100 � 100 0.5–1 4500 � 500 6500 � 500 >6

a NOx
�–N includes NO2

�–N, and NO3
�–N.

Fig. 2 The variation of biofilm indices.
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was analyzed using a TN analyzer (Multi N/C3000, Germany).
The extraction and determination of EPS were performed using
the method of Zhang et al.22 The extraction of PHAs was per-
formed using the method described in Albuquerque et al.23 The
PHA content was determined via gas chromatography, calcu-
lated using eqn (1) and (2). The determination method for the
biolm indices (biomass and density) comes from the litera-
ture;24 biomass and density were calculated using eqn (3) and
(4). The contribution of SND to the TN removal rate was
calculated using eqn (5). The nitrite accumulation rate was
calculated using eqn (6). Eqn (7) shows the reduction process of
NO2

�–N. DNA extraction and Illumina high-throughput
sequencing analysis of the SBBR and seed-sludge were per-
formed by Novogene Co., Ltd (Beijing, China).

Y ðPHAÞ ¼ PHA ðmg CODÞ
X ðg CODÞ þ PHA ðg CODÞ (1)

X ¼ DW (g COD) � PHA (g COD) (2)

Q ðbiofilmÞ ¼ MLVSS ðg L�1Þ
A ðm2Þ (3)

P ðbiofilmÞ ¼ Q ðbiofilmÞ
S

(4)

SND contribution ð%Þ ¼
 
CðTNend aerationÞ � C

�
TNeff

�
C
�
TNinf

�� C
�
TNeff

�
!

� 100% (5)

Nitrite accumulation rate ð%Þ ¼ C
�
NO2 end aeration

��
CðTNend aerationÞ � 100%

(6)

NO2
� + 0.67CH3OH + 0.53H2CO3 /

0.04C5H7O2N + 0.48N2[ + 1.23H2O + HCO3
� (7)

where Y and DW are the PHA content and dry biomass weight;
Qbiolm, A, and Pbiolm are the biomass, surface area and density;
and end aeration represents the end of the aeration phase.
This journal is © The Royal Society of Chemistry 2018
2.5 Statistical analysis

All statistical analyses were performed using the statistical
program SPSS 19.0 (SPSS, Chicago, USA). Three-sample t-tests
were used to evaluate the signicance difference for each group.
The data are all averages of two or more replicates. The results
were analyzed to be statistically signicant when p < 0.05
(signicance above 95%).
3. Results and discussion
3.1 Variation of biolm indices

The biomass, density and EPS concentration are important
biolm indices, and the stability of the biolm determines the
stability of the SBBR system. The overall SBBR operation period
was divided into the load-increasing period I (69 days) and the
steady operation period II (41 days). As shown in Fig. 2, the
biomass and density increased rapidly in period I and then
gradually stabilized in period II as the inuent load increased.
The density of the internal and surface biolm layers increased
from 5 � 0.5 to 16 � 1 mg cm�3 and from 3 � 0.5 to 7 � 1 mg
cm�3, respectively, which demonstrates that the density
increases signicantly with depth. The biomass increased with
RSC Adv., 2018, 8, 42329–42336 | 42331
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Fig. 3 The variation of EPS over typical cycles of stability period II.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

1/
15

/2
02

5 
4:

44
:3

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the increase in density; biomass increased from 3026 � 20 to
7504 � 30 VSS/m2.25

EPS consists of polysaccharides (PS), proteins (PN), and
nucleic acids.26 As shown in Fig. 3, the EPS content is basically
maintained at 70–80 mg/VSS during typical cycles of the
stability period II, indicating that the biolm system is stable
and that EPS forms and stabilizes the biolm structure together
with ller, sludge, and biolm.27 And polysaccharides (PSs) were
the main EPS component (60%) in the SBBR system. The
stability of the biomass, density and EPS concentration during
period II indicated that this operational set-up of the SBBR
system is stable.
3.2 Treatment performance

3.2.1 Carbon transformation. As shown in Fig. 4b and c,
inuent and effluent COD concentrations (CODinf and CODeff)
increased from 350 � 10 and 20 � 2 mg L�1 to 1100 � 50 and
550 � 50 mg L�1 during the load-increasing period I. In the
steady operation period II, CODinf and CODeff were maintained
at 1100 � 50 and 550 � 50 mg L�1, respectively, with a COD
removal rate of 85 � 3%. The organic matter contained in the
effluent is mainly refractory humic acid, humus, etc.,14 so the
CODeff value was maintained at approximately 600 mg L�1.

In a conventional SBBR, the removal of organic matter
depends on the oxidation of aerobic heterotrophic bacteria in
the aerobic phase; aerobic heterotrophic bacteria compete for
oxygen (O2) more than nitrifying bacteria, and the nitrication
reaction begins aer the organic matter is removed.28 As shown
in Fig. 5b, the little variation between the CODeff and the end of
pre-anoxic phase COD concentrations (CODend pre-anoxic)
explained that the removal of organic matter mainly occurred in
the pre-anoxic phases. There is no biodegradable organic
matter present in the aeration phase; aerobic heterotrophic
bacteria are gradually eliminated and nitrifying bacteria
become the dominant bacteria. Therefore, the addition of pre-
anoxic phases could not only remove organic matter, but
42332 | RSC Adv., 2018, 8, 42329–42336
could also promote the rapid occurrence of the nitrication
reaction.

As shown in Fig. 5b, the PHA content increased with
decreasing CODinf in the pre-anoxic phase, which indicated that
biolm converted organic matter into PHAs. The PHA content
(start of the pre-anoxic phase) increased from 0.065 � 0.001
Cmol to a maximum content (end of the pre-anoxic phase) of
0.223 � 0.005 Cmol, then decreased sharply to 0.125 � 0.005
Cmol (end of the aeration phase), and slowly reduced to 0.065�
0.005 Cmol (end of the anoxic phase). The NO2

�–N concentra-
tion decreased as the PHA content decreased synchronously in
the aeration and anoxic phases, which indicates that the
removal of NO2

�–N requires the consumption of PHAs. The
NH4

+–N concentration was not obviously increased during the
aeration and anoxic phases, which explains that the biolm
used PHAs for the removal of NO2

�–N, rather than carbon
sources from cell lyses. The synthesis of PHAs occurs in the pre-
anoxic phase, and the consumption of PHAs occurs in the
aeration and anoxic phases, indicating that biolm converts
organic matter into intracellular PHAs in the pre-anoxic phase
and consumes PHAs for the removal of NO2

�–N in the aeration
phase and the anoxic phase.

Fig. 4b shows that the end of pre-anoxic phase PHA content
(PHA end pre-anoxic) increased from 0.1 Cmol to 0.22 Cmol, as the
improvement in CODinf demonstrated that the PHA content
threshold in the microbial cells can be increased. A theoretical
COD conversion value of 1 Cmol PHA is approximately 36 g COD,
so the theoretical COD conversion value of PHA end pre-anoxic (0.22
Cmol) is 5.38 g COD; the reduction value of COD was 6.0 � 0.3 g
COD, so the theoretical COD conversion value was less than the
reduction value of COD, which suggests that part of the organic
matter was converted to PHAs and part of it was used for
metabolism or other aspects.29,30

3.2.2 Nitrogen removal. As shown in Fig. 4a and c, the
inuent and effluent TN concentrations (TNinf and TNeff)
increased from 60 � 5 and 20� 2 mg L�1 to 1100 � 50 and 10�
50 mg L�1 during the load-increasing period I. In the steady
operation period II, TNinf and TNeff were 1100 � 50 and 10 �
2 mg L�1, respectively, with the TN removal rate maintained at
98%. The contributions of simultaneous nitrication and
denitrication (SND) and endogenous denitrication to the TN
removal rate were approximately 60% and 40%, respectively.

Fig. 5b shows that the NO2
�–N and NO3

�–N concentrations
quickly increase as the NH4

+–N concentration decreases during
the whole aeration phase. The nitrication reaction becomes
the dominant aerobic reaction in the aeration phase and
aerobic heterotrophic bacteria were gradually eliminated due to
a lack of organic matter; this result is consistent with the
conclusions when discussing carbon transformation. With the
increase in the inuent load, the end of aeration phase NO2

�–N
concentration (NO2

�–Naeration) started to exceed the end of
aeration phase NO3

�–N concentration (NO3
�–Naeration) at point

A (Fig. 4a), then the NO3
�–Naeration concentration gradually

decreased below 1 mg L�1 and the nitrite accumulation rate
increased to over 98%. It is indicated that the SBBR system
realizes the short-range nitrication reaction in the aeration
phase. The achievement of the short-range nitrication reaction
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 The treatment performance of the SBBR over the whole operation period.
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depends on the inuent load; a high inuent load has high free
ammonia (FA) and leachate toxicity concentrations. High FA
and leachate toxicity concentrations can inhibit the activity of
ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing
bacteria (NOB), but the inhibition thresholds of AOB (10–
150 mg L�1) were smaller than those of NOB (0.1–1.0 mg L�1),
and AOB shows stronger adaptability and resistance than
NOB.31 In this study, NOB was gradually eliminated and AOB
eventually became the dominant nitrobacteria, resulting in the
short-cut nitrication reaction becoming the dominant nitri-
cation reaction, with the product aer the end of the aeration
phase being basically all NO2

�–N. The short-cut nitrication
reaction can increase the TN removal rate through the following
properties: (1) economizing carbon source and oxygen
consumption; (2) reducing the aeration time; (3) reducing alkali
consumption; and (4) increasing the PHA content of the initial
anoxic phase.

Biolm has a large amount of PHAs at the beginning of the
aeration phase; the PHAs could be used as a carbon source for
simultaneous nitrication and denitrication (SND) to remove
NO2

�–N. As shown in Fig. 5b, the theoretical NO2
�–N value

produced by nitrication is 3 � 0.3 g N, but the actual end of
aeration phase NO2

�–N value (in the range of 1.3 to 1.5 g N) is
less than the theoretical value; the PHA content is reduced
from the aeration stage, indicating that some NO2

�–N is
reduced through SND. SND only exist in an anaerobic area:
This journal is © The Royal Society of Chemistry 2018
a traditional activated sludge process achieves SND through
controlling the DO concentration in the range of 0.5 to
1 mg L�1. However, this SBBR system could achieve SND when
the DO concentration was controlled in the range of 2–
3 mg L�1, which was due to the presence of anaerobic zones in
the biolm inner layer. SND could increase the TN removal
rate through the following properties: (1) alkalis produced by
SND made up for alkalis consumed by short-cut nitrication,
which maintained a stable pH range; (2) the reduced inhibi-
tion of short-range nitrication by free nitrite; and (3)
enhanced nitrication reaction rates.

The concentration of NO2
�–N decreased as the PHA content

decreased during the anoxic phase, which indicated that
endogenous denitrication used PHAs as a carbon source for
nitrogen removal. Van Aalst et al. showed that cells preferen-
tially used PHAs as a metabolic carbon source rather than
a denitrication carbon source when the PHA content was at
a critical level,32 suggesting that the PHA content determined
the contribution of endogenous denitrication to the TN
removal rate. Given that: (1) the NO2

�–N reduction value was 3
� 0.3 g N; (2) each reduction of 1 g of NO2

�–N could consume
1.71 g COD, theoretically (eqn (7)); (3) the theoretical COD
value (COD-1) for the reduction of NO2

�–N was 5.13 g COD; (4)
the PHApre-anoxic content was above 0.2 Cmol; (5) the theoret-
ical COD value corresponding to the PHA content was
approximately 7.2 g COD (COD-2); and (6) COD-2 is more than
RSC Adv., 2018, 8, 42329–42336 | 42333
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Fig. 5 The variation of indices over typical cycles of stability period II.
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COD-1, the PHA content was sufficient to achieve the reduction
of NO2

�–N. In other words, the biolm has sufficient PHA
content to act as a carbon source for SND and endogenous
denitrication to remove TN. Endogenous denitrication
could use PHAs as a carbon source for nitrogen removal to
guarantee a lower effluent TN concentration.

The mechanisms for carbon transformation and nitrogen
removal during landll leachate treatment are: (1) biolm
converts inuent organic matter into intracellular PHAs
during the pre-anoxic phase; (2) the realization of short-range
nitrication saves carbon sources and aeration time during
the aeration phase; (3) the synergistic effects of SND and short-
range nitrication promote the nitrication reaction rate and
maintain a constant pH; and (4) SND and endogenous deni-
trication use PHAs as a carbon source to remove nitrogen.
3.3 diversity of microbial communities

Statistics showing the alpha diversity of the SBBR and seed-sludge
at a 97% consistency threshold are shown in Table 3. The coverage
index indicates the good coverage of the sequencing. The
Table 3 Alpha diversity indices for 97% sequence similarity

Group Observed species Shannon

SBBR 572 4.80
Seed-sludge 1424 8.09

42334 | RSC Adv., 2018, 8, 42329–42336
community composition, species richness, and diversity of the
seed-sludge were higher than those of the SBBR. At the phylum
level for the SBBR, as shown in Fig. 6a, Proteobacteria (59.38%) and
Bacteroidetes (30.28%) were the dominant communities,
accounting for 89.66% of the total bacteria. The abundance of
Bacteroides in the SBBR was higher than that in the seed sludge,
and this may be related to the quality of the landll leachate.33 At
the genera level for the SBBR, as shown in Fig. 6b, the top four
genera (with relative abundances higher than 1%) were Paracoccus
(28.60%), Thauera (10.34%), Nitrosomonas (5.89%) and Truepera
(3.42%), accounting for 48.25% of the total bacteria.

In the nitrobacteria community, unidentied-
Nitrospiraceae (NOB) presented in the seed sludge nally
disappears; Nitrosomonas (AOB) becomes the dominant
nitrobacteria and Nitrosomonas europaea (AOB, 5.57%)
becomes the dominant species with the most abundance. This
explains that the short-cut nitrication reaction is the domi-
nant nitrication reaction, and this result is consistent with
the conclusions made when discussing nitrogen removal.
Paracoccus, Thauera, and Truepera belong to the denitrifying
bacteria community, and account for 42.36% of the total
Simpson Chao Coverage

0.889 655.59 0.998
0.995 1506.28 0.997

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 The microbial diversity of the top 10 examples at the phylum
level (a); and the microbial diversity of the top 9 examples at the genus
level (b).
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bacteria. Paracoccus34 and Thauera35 have the ability to trans-
form organic matter into PHAs, accounting for 38.94% of the
total bacteria. Thauera and Truepera can degrade bio-refractory
organic matter and resist harsh environments.36 This shows
that ammonia-oxidizing bacteria and denitrifying bacteria
with the ability to transform organic matter into PHAs become
the dominant bacterial communities.

4. Conclusions

Amodied SBBR, with the addition of a pre-anoxic phase before
the aeration phase in a conventional SBBR, was used to treat
landll leachate. The system achieves stable operation with 110
days of operation, and COD and TN removal rates were 83–88%
and 95–98%. In the pre-anoxic phase, biolm converts organic
matter into intracellular PHAs. In the aeration phase, short-
range nitrication removes NH4

+–N to produce NO2
�–N, and

SND uses PHAs as a carbon source to remove NO2
�–N. In the

anoxic phase, endogenous denitrication uses PHAs as
a carbon source to remove residual NO2

�–N. Ammonia-
oxidizing bacteria and denitrifying bacteria with the ability to
transform organic matter into PHAs become the dominant
bacterial communities.
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