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a b s t r a c t
In this experiment, the pre-denitrification sequencing batch reactor (SBR) and pre-denitrification 
sequencing batch biofilm reactor (SBBR) biotechnologies were used to deal with landfill leachate. 
The experiment focused on the effects of operating factors (aeration dissolved oxygen (DO), delay 
aeration, pre-denitrification, temperature, and inf. C/N) on nitrogen removal from landfill leachate 
in both biotechnologies. The results of the experiment showed that when the initial influent concen-
tration (inf.-con.) of chemical oxygen demand (COD) and total nitrogen (TN) were determined at 
approximately 4,500 and 1,100 mg/L, the final effluent concentration (eff.-con.) of COD and TN was 
550 mg/L, <20 mg/L (in SBR) and 500 mg/L, <10 mg/L (in SBBR) after treatment. It was worth noting 
that the denitrification rate in both biotechnologies performed better than that of COD removal. As 
for TN, the denitrification rate (98%, <20 h) in SBBR was superior to (93%, <24 h) in SBR. The follow-
ing five operating factors act on nitrogen removal. They are aeration DO ≈ 3 mg/L mode, without 
delay aeration mode, pre-denitrification (60 min) mode, temperature (30°C) mode, and inf. C/N ≈ 4:1 
mode, which favors the operating because the denitrifying bacteria could store and utilize more poly-
hydroxyalkanoate to remove nitrogen in these modes. The ability of the SBBR system to resist severe 
operation mode was better than that of the SBR system due to the stability of biofilm.
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1. Introduction

Landfill, which was prone to generate landfill leachate 
due to the combination of rainfall percolate and organic 
wastes decomposition, is widely used for solid waste treat-
ment at present in China [1]. Landfill leachate is the dark 
brown toxic pollutant characterized by a high concentration 
of organics, NH4

+–N, metal ions and other complex compo-
nents [2,3]. Therefore, effective and reasonable treatment of 
landfill leachate for the avoidance of secondary pollution 

to the surrounding environment has become an urgent 
problem to be solved in the urban environment.

The physical treatment technologies of landfill leachate 
included adsorption technology [4], membrane separation 
technology [5], advanced oxidation technology [6] and so 
on. The adsorption technology was suitable for treating the 
mature landfill leachate, but its high cost limits its appli-
cation [7]. Although the membrane separation technology 
has certain advantages in the treatment of high concentra-
tion landfill leachate, it is not suitable for large-scale landfill 
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leachate treatment due to its easy membrane pollution, 
concentration polarization, high investment and operation 
costs [8]. Advanced oxidation technology could degrade 
the refractory organics into the small molecular weight sub-
stances in the landfill leachate treatment. Nevertheless, it 
has the disadvantages of high equipment investment cost 
and secondary pollution [9].

Biological treatment technologies of landfill leachate are 
the most economical and effective technologies, which can be 
the sort of aerobic, anaerobic as well as bio-combination bio-
technologies. The typical biotechnologies includes sequenc-
ing batch reactor (SBR) [10], sequencing batch biofilm reactor 
(SBBR) [11], membrane bio-reactor (MBR) [12], up-flow 
anaerobic sludge bed (UASB) [13], anaerobic sequencing 
batch reactor (ASBR) [14], anaerobic/aerobic (A/O) [15], 
denitrification-partial-nitrification-Anammox (DN-PN-
Anammox) [16] and UASB-A/O [17]. Many researchers 
have studied the removal rates of COD and nitrogen with 
these biotechnologies. Boonnorat et al. [12] demonstrated 
that the removal rates of chemical oxygen demand (COD) 
and nitrogen were 80%–85% and 80%–95% respectively in 
MBR when sludge retention time was 90  d. Selvam et al. 
[18] observed that the removal rate of COD was higher than 
80% in UASB. Li et al. [16] combined the DN-PN-Anammox 
process with a dual recycling system to remove nitrogen 
from mature landfill leachate. Although biotechnologies 
were more economical and environmentally friendly than 
physical and chemical technologies, there are still some 
shortcomings in biotechnologies. Most of all are that anaer-
obic biotechnologies can’t remove ammonia efficiently [19]. 
However, the traditional biological aeration treatment alone 
can’t deal with landfill leachate efficiently, and its effluent 
needs to be further treated by advanced treatment technol-
ogy. Combined with aerobic and anaerobic biotechnologies, 
bio-combination technologies made up for the shortcoming 
of both to some extent, while their shortcomings are com-
plex process operations and high infrastructure investment. 
Therefore, further upgrading and improving the operating 
modes or operating conditions of aerobic biotechnology are 
the key point for landfill leachate treatment.

Many studies indicated that different operating modes 
(pre-denitrification, delayed aeration) and operating condi-
tions (temperature, DO, inf. C/N) would affect the effluent 
quality and operating efficiency in biotechnologies. For 
example, Zhu et al. [20] have studied the advanced treat-
ment of landfill leachate by different inf. C/N in SBR; Zhang 
et al. [21] have used the simultaneous partial nitrification 
anammox and denitrification (SNAD) with intermittent 
aeration to treat old landfill leachate; Yin Wang and et al. 
[10,22] have employed pre-denitrification SBR and pre-de-
nitrification SBBR respectively to achieve the advanced 
denitrification of landfill leachate without adding any 
additional carbon source; Wen et al. [23] have discussed the 
average total nitrogen removal efficiency under different 
dissolved oxygen levels (1.0, 2.0, 2.7 and 3.5 mg/L) in SBBR; 
Sun et al. [24] have investigated the effect of different tem-
peratures on landfill leachate treatment in aerobic granules; 
Miao et al. [25] have discussed the nitrogen removal of 
landfill leachate by endogenous denitrification under dif-
ferent denitrification carbon sources. However, there is no 
report about the comparison between pre-denitrification 

SBR and SBBR and various parameters optimization for the 
treatment of landfill leachate.

In this experiment, the pre-denitrification SBR and 
pre-denitrification SBBR biotechnologies were used to effi-
ciently and economically treat landfill leachate to increase 
the utilization rate of raw water carbon sources. In addition, 
this experiment not only compared with their total nitrogen 
(TN) and COD removal rates of landfill leachate but also ana-
lyzed their removal mechanism. The effects of variables on 
nitrogen removal from landfill leachate such as aeration DO, 
delay aeration, pre-denitrification, temperature, and inf. C/N 
was discussed in detail for the seeking of optimal operating 
conditions.

2. Materials and methods

2.1. Landfill leachate and inoculation sludge

The landfill leachate obtained from the Jiyang landfill 
(Jinan, Shandong, China, 117°12′N, 36°58′E) was stored in 
the refrigeration house (–4°C) to inhibit the degradation 
of organics. The characteristics of landfill leachate were 
detected by detection methods of 2.4, and the conventional 
water quality indexes of landfill leachate were as follows: 
con. COD 6,500–7,000  mg/L, con. BOD5 4,510–5,000  mg/L, 
con. NH4

+–N 950–1,100  mg/L, con. NO2
––N <1.0  mg/L, con. 

NO3
––N <1.0 mg/L, con. TN 1,000–1,200 mg/L, and pH 8–8.5. 

The inoculation sludge was the whole-process-nitration-re-
action sludge, obtained from everbright sewage treatment 
plant (Anaerobic-Anoxic-Oxic, A2O) in Jinan, China. The 
treated water quality indexes of the sewage plant were 
as follows: con. TN  ≈  63  mg/L and con. COD  ≈  500  mg/L. 
Other characteristics of inoculation sludge were MLSS 
(mixed liquid suspended solids) = 8.57 g/L, MLVSS (mixed 
liquor volatile suspended solids) = 6.22 g/L, and SVI (sludge 
volume index) = 105 mL/g.

2.2. Experimental equipment

As shown in Figs. 1a and b, the SBR and SBBR experi-
mental equipment were laboratory-scale cylinders made of 
polymethyl methacrylate with an effective volume of 10  L 
(dimension: 20 cm (internal diameter) × 70 cm (height)). The 
equipment was equipped with a stirring system (stirrer, 
electric machine), aeration system (air diffuser, air compres-
sor), temperature control system (heating belt, temperature 
control box) and monitoring system (pH, DO, oxidation–
reduction potential (ORP), and temperature analyzer).

The carriers of the SBBR system were composed 
of the polyurethane and other polymer materials in 
Fig. 1c. The carriers’ characteristics were as follows: edge 
length  =  10  ±  1  mm, density  =  12.5  ±  0.7  kg/m³, surface 
area  =  4,000–5,000  m²/mg, and hanging film time  =  3–7  d. 
The carrier fill ratio of the SBBR (Vcarrier/Vreactor) was approx-
imately 30%.

2.3. Batch experiment design

Batch experiments included: start-up experiment and 
stable operation experiment and effect experiment of dif-
ferent operational factors (aeration DO delay aeration, 
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pre-denitrification, temperature, and inf. C/N) on nitrogen 
removal. The operation mode (I–VI) of the batch experi-
ments is shown in Fig. 2: filling stage → pre-denitrification 
stage → aeration stage → endogenous denitrification stage 
→ settling stage → effluent stage. Each typical cycle was 
controlled within 24 h, and the operational time of the fill-
ing stage, the settling stage and effluent stage were 5, 30, 
and 5 min, respectively. The endpoints of the aeration stage 
(nitrification reaction), endogenous denitrification stage 
(endogenous denitrification reaction) were determined by 
ammonia valley point (A, pH variation), and nitrate knee 
point (B, ORP variation) are in Fig. 3 (Supplementary mate-
rial) [11,26]. The volumetric exchange ratio of SBR and SBBR 
system was 30% and the stirring speed was controlled at 
around 200 rpm.

The start-up and stable operation experiment adopted 
operation mode I in Fig. 2a: pre-denitrification time = 60 min, 
aeration DO ≈ 2.5 mg/L, delay aeration time = 0 min, tem-
perature ≈ 30°C, and inf. C/N ≈ 4:1. The active sludge of the 
stable phase (in start-up and stable operation experiment) 
was used as an experimental sludge for effect experiment 
of different operational factors on nitrogen removal. The 
aeration DO effect experiment adopted operation mode II: 
(a) DO ≈ 1; and (b) 3 mg/L in the aeration stage in Fig. 2b. 
The delay aeration effect experiment adopted operation 
mode III: (a) delay aeration (60 min) and (b) without delay 
aeration (0  min) in Fig. 2c. The pre-denitrification effect 
experiment adopted operation mode IV: (a) pre-denitrifi-
cation (60  min) and (b) without pre-denitrification (direct 
aeration) in Fig. 2d. The temperature effect experiment 
adopted operation mode V: (a) temperature ≈ 10°C and (b) 
temperature ≈ 30°C in Fig. 2e. The inf. C/N effect experiment 
adopted operation mode V: inf. C/N ≈ 5:1 (a) → 4:1 (b) → 3:1 
(c) → 4:1 (d) in Fig. 2f.

2.4. Analytical methods

The pH, DO, ORP, and temperature were monitored 
using WTW 3620 oxygen and pH meters (WTW company, 
Germany). Water samples were filtered through 0.45  μm 

filter paper for the NH4
+–N, NO2

––N, COD analysis. The 
various indexes of NH4

+–N, NO2
––N, COD, MLSS, MLVSS, 

and SVI were conducted using standard methods [27]. 
TN was analyzed by using a TN analyzer (Multi N/C3000, 
Germany). The content of polyhydroxyalkanoate (PHA) 
was determined by gas chromatography, and the value was 
calculated using Eqs. (1) and (2) [28].

Y
X

PHA
PHA mg OOD

g OOD PHA g OOD
( ) = ( )

( ) + ( ) 	 (1)

X = ( ) − ( )DW g OOD PHA g OOD 	 (2)

The three-sample t-test was used to evaluate the sig-
nificant differences between the samples. It is considered 
to be statistically significant when the value of P is lower 
than 0.05.

3. Results and discussion

3.1. Start-up and stable operation

The toxic substances and high concentration pollutants 
contained in the landfill leachate would poison the acti-
vated sludge and biofilm directly. Thus, the start-up and 
stable operation experiment adopted the influent load pro-
gressive increase method to achieve advanced treatment of 
the raw landfill leachate in the SBR and SBBR system. The 
whole experiment operating period was 110 d, including the 
start-up period (I) and a stable period (II). As shown in Fig. 4, 
the SBR and SBBR systems finally achieved advanced denitri-
fication of landfill leachate within 90–110 d.

The water quality indexes variations of start-up and sta-
ble operation periods in the SBR and SBBR system are shown 
in Fig. 4. As shown in Fig. 4a, the inf. con. COD gradually 
increased from 300 to 4,500 mg/L (inf. C/N ≈ 4:1). There was 
a little difference between SBR and SBBR in the removal of 
organic matter. It can be seen that the final eff. con. COD was 
maintained at about 550 mg/L, and the effluent organics of 

Fig. 1. Experimental equipment: (a) physical device, (b) model graph, and (c) carriers of SBBR.
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Fig. 2. Different operational modes: (a) startup-stability operation experiment mode I, (b) aeration DO affect experiment mode II, 
(c) delay aeration experiment mode III, (d) pre-denitrification effect experiment mode IV, (e) temperature effect experiment mode V, 
and (f) inf. C/N effect experiment mode VI.

 
Fig. 3. Ammonia valley and nitrate knee of a typical cycle in (a) SBR and (b) SBBR.
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the system at this moment may come from refractory organ-
ics of landfill leachate such as humus [29].

It can be known from Fig. 4b that the inf.-con. TN was 
finally maintained at approximately 1,100 mg/L. The trends 
of eff.-con. NO2

––N in SBR and SBBR systems increased 
firstly and then decreased. The reasons can be mainly 
ascribed to the following: (1) the con. NO2

––N* (NO2
––N after 

aeration stage) was extremely low because the nitrification 
reaction at the preliminary stage of the start-up period (I) 
was the whole-run nitrification reaction; (2) the con. TN, 
con. FA (free ammonia) [30] and con. poisonous substances 
[31] increased with the landfill leachate inf. load and ammo-
nia-oxidizing bacteria (AOB) gradually eliminated as well 
as nitrite-oxidizing bacteria became the dominant nitrobac-
terium [32]. In addition, short-range nitrification gradually 
replaced the whole-run nitrification reaction and became 
the leading nitrification reaction. Therefore, as the con. 
NO2

––N* gradually increased to nearly 100% owing to the 
accumulation of nitrite, the con. NO3

––N* (NO3
––N after aer-

ation stage) gradually decreased to approximately 0  mg/L 
in Fig. 4c; (3) the steady denitrification reaction reduced 
eff.-con. NO2

––N. The final-eff.-con. TN was gradually 
maintained below 20  mg/L (in SBR (< 20  mg/L) and SBBR 
(< 10 mg/L) system). It is obvious that the TN removal rate 
of SBBR (≈98%) was higher than that of SBR (≈ 3%) in a stable 
period (II) from Fig. 4d. The reason may be that simulta-
neous nitrification and denitrification (SND) in the biofilm 

anaerobic zone resulted in the lower con. NO2
––N* of SBBR 

than that of SBR [33,34].
The mechanism of nitrogen removal in SBBR was shown 

in Fig. 5. Firstly, the special denitrifying bacteria with the 
PHA synthesis function [35] (denitrifying bacteria*) could 
convert organics into intracellular PHA in the pre-denitrifi-
cation stage. Secondly, the short-range nitrification (removal 
of ammonia nitrogen) and SND (removal of NO2

––N) would 
occur simultaneously in the aeration stage. Lastly, the denitri-
fying bacteria* that stored PHA could remove NO2

––N* by 
endogenous denitrification reaction [36] in the endogenous 
denitrification stage. Hereto, the SBBR system finally real-
ized the advanced denitrification of leachate. In conclusion, 
SBBR was better than SBR in treating landfill leachate because 
there was no biofilm anaerobic zone in the SBR system com-
pared with the SBBR system. The variations of nitrogen and 
carbon during in the typical cycle of the stable period (II) in 
Fig. 6 also showed that the nitrogen removal rate and denitri-
fication rate of SBBR was better than that of SBR.

3.2. Effect of different operating factors on nitrogen removal

The aeration DO, delay aeration, pre-denitrification, tem-
perature, and inf. C/N were the important factors affecting 
the nitrogen removal from landfill leachate in the SBR and 
SBBR systems, so the study of the nitrogen removal effect 
experiment by different operational factors was of great 

0

1000

2000

3000

4000

5000

0

20

40

60

80

100

120

0 20 40 60 80 100

0

100

200

300

0 20 40 60 80 100
0

20

40

60

80

100

CO
D 

co
n.

 (m
g/

L)

inf.COD
 eff.COD  (SBR)
 eff.COD (SBBR)

0

2

4

6

8

(d)(c)

(a)

 eff.C/N

NO
2- -N

 an
d 

TN
 co

n.
 (m

g/
L)

 
C/

N

 eff.TN (SBR)
 eff.TN (SBBR)
 eff.NO2

- (SBBR)
 eff.NO2

- (SBBR)

0

300

600

900

1200
 inf.TNinf

TN
 co

n.
 (m

g/
L)

 

annotation: NO2
--N*con. was the NO2

--N con. after aeration stage

 

 N
O

2- -N
*  

co
n.

 (m
g/

L)

Time (Day)

  NO2
--N* (SBR) 

 NO2
--N* (SBBR) 0

30

60

90

  accumulation rate  (SBR)
  accumulation rate  (SBBR)

 T
N 

re
m

ov
e r

at
e(

%
)

 

ni
tr

ite
 ac

cu
m

ul
at

io
n 

ra
te

 (%
)

Time (Day)

 rate (SBR)
 rate (SBBR) 2

4

6

8

10

(b)

 time (SBR)
 time (SBBR)

ae
ra

tio
n 

tim
e (

h)
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significance. The activated sludge with stable denitrification 
effect (after 110 d of start-up and stable operation periods) 
was used in the batch tests. According to different opera-
tional factors in SBR and SBBR systems, the nitrogen removal 
effect experiment was explored by investigating the changes 
of NH4

+–N, NO2
––N and PHA* content in sludge.

3.2.1. Aeration DO

Different aeration DO correspond to different aera-
tion duration, which also has a certain impact on nitrogen 
removal, [37]. Therefore, the change of aeration duration and 
the effect of aeration duration on nitrogen removal under 

Fig. 5. Mechanism of nitrogen removal in the SBBR system.
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different DO modes (mode (II)-a: DO = 1 mg/L; mode (II)-b: 
DO = 3 mg/L) were investigated by controlling the aeration 
amount. The effects of different aeration DO on nitrogen 
removal in SBR and SBBR systems are shown in Fig. 7. In the 
SBBR system, the PHA* content in mode (II)-b was greater 
than that of in mode (II)-a, while the con. NO2

––N*, eff.-con. 
NO2

––N and aeration duration in mode (II)-b were lower 
than that of in mode (II)-a. Moreover, as for removal time, 
the SBBR system has achieved advanced nitrogen removal 
in mode (II)-b within the 20th h compared with mode (II)-a. 
The above results can be explained by the following reason. 
Longer aeration time would consume PHA stored in denitri-
fying bacteria* cells, and further, inhibit the endogenous 
denitrification reaction at the end phase of the endogenous 
denitrification stage due to the lack of carbon sources. The 
variations of PHA* content, NO2

––N* and other parameters 
in the SBR system also proved that mode (II)-a was not con-
ducive to remove nitrogen from landfill leachate, and the 
reasons were similar to those in the SBBR system. Compared 
with the differences between SBBR and SBR systems in mode 
(II)-a, the eff. con. NO2

––N of the SBBR system was lower 
than that of the SBR system, which may be because that 
biofilm contains abundant biomass (for example, nitrifying 
bacteria), and SND was found in biofilm anaerobic zone of 
SBBR system [38].

To sum up, mode (II)-b: DO = 3 mg/L was beneficial to 
the nitrification reaction, which ensures the PHA* content for 
endogenous denitrification reaction and further facilitates 
the advanced nitrogen removal in the SBR and SBBR systems.

3.2.2. Delay aeration

Delayed aeration can not only inhibit the nitrification 
reaction but also can consume the internal carbon source 
(PHA) stored in denitrifying bacteria*. Thus, it is signifi-
cant to study the delay aeration effect on nitrogen removal 

(mode (III)-(a): delay aeration (60 min)/mode (III)-(b): with-
out delay aeration) in the SBR and SBBR systems. As shown 
in Fig. 8, the PHA* content in mode (III)-(b) was greater than 
that in mode (III)-(a). However, the con. NO2

––N * and eff. 
con. NO2

––N in mode (III)-(b) was lower than in mode (III)-(a) 
in the SBBR system. The above results can be explained 
by the following two reasons: (1) delayed aeration had an 
adverse effect on nitrification reaction; (2) delayed aeration 
consumed the PHA content stored in denitrifying bacteria*. 
The variations of PHA* content, con. NO2

––N* and other 
parameters in the SBR system also proved that delayed aer-
ation was not conducive to the advanced nitrogen removal, 
and the reasons were similar to those in the SBBR system. 
Meanwhile, the anti-delay aeration ability of the SBBR sys-
tem was better than that of the SBR system in mode (III)-(a). 
The reason can be ascribed to the existence of the anaerobic 
zone in the SBBR biofilm system, which could promote the 
nitrogen removal by SND in mode (III)-(a) [23,39].

In conclusion, the endogenous denitrification time in 
mode (III)-(a) was far greater than that in mode (III)-(b). It can 
be seen that the adoption of real-time control and timely stop 
aeration system could not only save the aeration amount 
but also has important significance for the realization of 
advanced nitrogen removal in the SBR and SBBR systems.

3.2.3. Pre-denitrification

The denitrifying bacteria* can not only convert organics 
into intracellular PHA under hypoxia or anaerobic conditions 
but also can perform SND and endogenous denitrification 
by using PHA as carbon sources [25,40]. Compared with the 
traditional SBR and SBBR processes which the filling stage 
was followed directly by the aeration stage, the SBR and 
SBBR systems reported in this paper can make reasonable 
use of organics in raw landfill leachate under the condition of 
no additional carbon sources added. Due to the great merits 
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Fig. 7. Effect of different aeration DO on nitrogen removal.
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of denitrifying bacteria*, the effect of pre-denitrification on 
nitrogen removal (mode (IV)-(a): pre-anoxic time (60 min)/
mode (IV)-(b): direct aeration) was investigated in the SBBR 
and SBR systems.

The effect of pre-denitrification on nitrogen removal in 
SBR and SBBR systems is shown in Fig. 9. In SBBR system, 
the aeration time of aeration phase in mode (IV)-(a) was later 
than that mode (IV)-(b), while the PHA content (before aer-
ation phase) in mode (IV)-(a) was approximately 2.5 times 
than that of mode (IV)-(b). After aeration, the PHA* content 
in mode (IV)-(a) was about 40% higher than that in mode 
(IV)-(b), while the con. NO2

––N* in mode (IV)-(a) was about 
50 mg/L lower than that of in mode (IV)-(b). Therefore, the 
low PHA* content eventually led to the failure to realize the 
deep denitrification from landfill leachate in mode (IV)-(b). 
The reasons for the above results can be ascribed that the 
denitrifying bacteria* adsorbed a large number of organics 
in the pre-denitrification stage and converted them into PHA 
as well as a stored carbon source in the cell body. Owing 
to the less organics in the aeration stage, the heterotrophic 
bacteria were gradually eliminated by the dominant ammox-
idation bacteria and further made the nitrification reaction 
occurred rapidly [32,41], In addition, it is more important 
than the decrease of PHA content at the end of the previous 
cycle would directly affect the nitrogen removal in the next 
cycle. Hence, the next operation cycle will be longer and 
longer. As a result, the system was unable to achieve deep 
denitrification in mode (IV)-(b).

The variations of parameters (PHA*, NO2
––N) in the SBR 

system also proved that the mode (IV)-(b) was not conducive 

to the deep denitrification of landfill leachate, and the reasons 
were similar to those of the SBBR system in Fig. 9b. Compared 
with the differences between SBR and SBBR systems in mode 
(IV)-(b), it can be found that the eff. con. NO2

––N in the SBBR 
system was lower than that in the SBR system. The reason 
may impute that the biofilm had a stronger ability to absorb 
organics than the activated sludge, and the denitrifying bac-
teria* in the biofilm anaerobic zone could store more PHA, 
which could be basically used as carbon sources for endoge-
nous denitrifying and SND to remove nitrogen.

To make a long story short, the pre-anoxic phase was 
added before the aeration stage in the traditional SBR and 
SBBR systems, which could improve the nitrogen removal 
rate and denitrification rate of the whole system.

3.2.4. Temperature

Temperature is one of the important influencing factors 
of biological denitrification, especially reflecting on the type 
of nitrification reaction. It has been reported that the short-
range nitrification reaction can be realized and stabilized 
at high temperature conditions [42]. Therefore, the effect of 
nitrogen removal by different temperatures (mode (V)-(a): 
temperature = 10°C and mode (V)-(b): 30°C) was investigated 
in the SBR and SBBR systems.

Figs. 10c and d reveal that the con. NO2
––N* and of PHA* 

content decreased with the increase of aeration time in the 
aeration stage in the SBBR system, which indicated that 
the nitrification time in mode (V)-(a) was more than that in 
mode (V)-(b). Studies have shown that the growth rate and 
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Fig. 8. Effect of delay aeration on nitrogen removal: (a) SBR and (b) SBBR.
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Fig. 10. Effect of different temperature on nitrogen removal: (a) T = 30°C, SBR; (b) T = 10°C, SBR; (c) T = 30°C, SBBR; and (d) T = 10°C, SBBR.
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metabolic capacity of AOB is a positive correlation to tem-
perature. In other words, the increase in temperature would 
increase the growth rate of ammonia-oxidizing bacteria and 
further promote the efficiency and rate of nitrification reac-
tion [43]. The endogenous denitrification reaction time was 
prolonged due to the decrease of PHA* content, so the SBBR 
system was ultimately unable to realize advanced nitro-
gen removal because of the lack of PHA in the endogenous 
denitrification stage. At the same time, the increase of eff.-
con. NO2

––N in the previous cycle inhibited the organic mat-
ter transformation reaction in the pre-anoxic stage of the next 
cycle. This can be attributed to the influent organics were 
first used to treat the residual nitrogen in the previous cycle. 
Furthermore, low temperature also inhibited the activity of 
denitrifying bacteria [24]. Therefore, low temperature is not 
conducive to the advanced nitrogen removal of the system.

The variations of parameters (PHA*, NO2
––N) in the 

SBR system also proved that the mode (V)-(a) (tempera-
ture = 10°C) was not conducive to the deep denitrification of 
landfill leachate, and the reasons are similar to those of the 
SBBR system in Figs. 10a and b. Compared with the differ-
ences between SBR and SBBR systems in mode (IV)-(b), the 
eff.-con. NO2

––N in the SBBR system was lower than that in 
the SBR system. Because the biofilm was more resistant than 
that of activated sludge, and the con. NO2

––N* was decreased 
by the SND in the aeration stage, the nitrogen removal effi-
ciency of the SBBR system was better than that of the SBR 
system in mode (V)-(a).

All in all, the improvement of nitrogen removal can be 
ascribed to the characters of the activity and growth rate of 

nitrifying bacteria and denitrifying bacteria with the increase 
of temperature.

3.2.5. Inf. C/N

The water quality of landfill leachate varies with the 
landfill age, especially the change of C/N ratio [3]. In this 
experiment, inf.-con. TN of landfill leachate was maintained 
at approximately 1,100  mg/L, and the inf. C/N was set as 
5:1 (mode VI-a), 4:1 (mode VI-b), 3:1 (mode VI-c) and 4:1 
(mode VI-d) to investigate the effects of inf. C/N on nitrogen 
removal. The experimental results were shown in Fig. 11. For 
mode VI-a, it can be seen that the PHA** and PHA* content 
increased from approximately 35  mg COD/gVSS to about 
40 mg COD/g VSS, approximately 20 mg COD/g VSS to about 
25 mg COD/g VSS, respectively. At this moment, the aeration 
time and eff. TN was maintained at approximately 5.5 h and 
less than 10 mg/L, respectively. The adequate carbon sources 
of landfill leachate could improve the PHA content stored in 
the biofilm and further facilitate the nitrogen removal in the 
SBBR system. For mode VI-c, the PHA**, PHA* and PHA*** 
content decreased when the inf. C/N of landfill leachate was 
adjusted to 3:1. Besides, the aeration time was slightly short-
ened, and the eff. TN gradually increased to about 100 mg/L 
with the total operating time increasing. The reason can be 
attributed to that the denitrifying bacteria in the system 
could not store enough carbon sources to synthesize PHA 
in the cell body when the inf. C/N was lower than 4:1, so 
stable advanced nitrogen removal could not be achieved in 
mode VI-c. For mode VI-b and mode VI-d, the PHA content 
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Fig. 11. Effect of inf. C/N on nitrogen removal.
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was gradually increased or decreased rather than suddenly 
increased or decreased with the changes of inf. C/N, and eff. 
con. TN didn’t change immediately with the change of inf. 
load. Both two points indicated that the biofilm had certain 
adaptability and buffering ability to the change of inf. C/N in 
the SBBR system.

4. Conclusion

Based on the observed effects of aeration DO, delay 
aeration, pre-denitrification, temperature, and inf. C/N on 
nitrogen removal from landfill leachate in the pre-denitrifi-
cation SBR and pre-denitrification SBBR biotechnologies, the 
following three conclusions could be drawn:

•	 The final eff.-con. COD and eff.-con. TN was approxi-
mately 500 mg/L, <20 mg/L (<20 mg/L in SBR; <10 mg/L 
in SBBR) under the condition that the final inf.-con. 
COD and inf.-con. TN was approximately 4,500 and 
1,100 mg/L.

•	 The aeration favorable operating modes: DO  ≈  3  mg/L 
mode, without delay aeration mode, pre-denitrifica-
tion (60  min) mode, temperature (30°C) mode, and inf. 
C/N ≈ 4:1.

•	 The nitrogen removal rate and denitrification rate in the 
SBBR system (98%, <20  h) were better than that in the 
SBR system (93%, <24 h), and the ability of the SBBR sys-
tem to resist severe operation mode was better than that 
of SBR system due to the stability of biofilm.
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