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Abstract

In the present study the influence of hydraulic retention time (HRT) in SBR and sludge age (SRT) on 
the effectiveness of nitrogen removal from leachate was investigated. Two series were performed. In each 
series, experiments were carried out in four SBR operated in parallel at HRT 12, 6, 3 and 2d, respectively. 
Each series differed in sludge age. In series 1, SRT decreased from 51 to 17d with shortening of HRT, while 
in series 2 it was about 2 times shorter.

In each series the amount of nitrogen used on biomass synthesis, removal of nitrogen in denitrifica-
tion and losses of ammonium during the aeration phase were estimated on the basis of material balance 
for all nitrogen forms in SBR cycle. It was shown that nitrogen consumption on biosynthesis was de-
creased linearly to the HRT increase. In series 1, the rate of ammonium nitrogen removal increased from  
5.38 mgNNH4/g VSS.h to 7.36 mg NNH4/g VSS.h with HRT shortening from 12 to 3d, respectively. In series 
2 the rate of ammonium nitrogen removal was nearly constant, regardless of HRT and on average it was  
1.74 mg NNH4/g VSS.h. The losses of ammonium nitrogen in series 1 increased from 8.2 mg N/dm3.cycle in 
SBR 1 to 33.4 mg N/dm3.cycle in SBR 4, while in series 2 it was almost 2 times lower.  

Keywords: landfill leachate, SBR, hydraulic retention time (HRT), sludge age, nitrogen removal, losses 
of ammonium
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Introduction

Leachates from active and closed municipal waste 
landfills are often a source of contamination to ground-
water and surface water. Their exposure to the environ-
ment may occur as uncontrolled overflow, rainfall runoff, 
subsidence and infiltration. The most common method of 
prevention is collecting and treating leachate. 

The chemical composition of leachates differs mark-
edly, depending on the type of waste deposits and the age 
of the landfill. Leachate from young landfills includes sig-

nificant amounts of readily biodegradable organic matter, 
while from the maturation phase it contains mainly refrac-
tory organic compounds. Moreover, they are rich in am-
monia nitrogen and have a hazardous nature. For these rea-
sons, designing unified systems of treatment is difficult. 

Landfill leachate can be treated together with municipal 
wastewater [1, 2]. However, stricter regulations for nitro-
gen discharge and growing concern over the potential ef-
fect of recalcitrant and toxicity leachate constituents have 
led to increased demands for separate treatment plants to be 
included in landfill infrastructure. For this purpose, many 
methods are used: biological  [3-8], physicochemical [9, 
10] and two- or multistage systems [11-14]. According 
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to Leitzke [15], Kaczorek et al., [16] even when physico-
chemical processes are used for organics removal, biologi-
cal nitrification and denitrification as a preliminary stage of 
treatment is advisable.

Nitrogen removal from wastewater is based on processes 
of ammonium oxidation to nitrite and nitrate (nitrification) 
and reduction of nitrification products to N2 (denitrifica-
tion). In activated sludge, the ammonium oxidation proceeds 
slowly because of slow nitrifying bacteria growth. To pro-
vide sufficient nitrifying cells residence time there has been 
an on-going search for new technologies. One of these is the 
suspended-carrier biofilm process (SCBP). The SCBP has 
come into extensive use for nitrification and denitrification of 
municipal sewage. Research devoted to nitrification of land-
fill leachate using suspended-carrier biofilm technology was 
carried out by Welander et al. [17]. The authors found that 
the effectiveness of nitrification is dependent on carrier media 
type as well as its surface structure. It was observed that in 
reactors containing small pieces of polyethylene and pieces 
of polyethylene with 5% NH4Cl addition, the nitrification rate 
was clearly lower (from 5.6 to 11 mg NNH4/dm3·h) than in a 
reactor with cellulose packing (about 40 mg NNH4/dm3·h). 

During landfill exploitation, changes of leachate 
composition and a decrease in C/N ratio are observed. 
In young landfills, organic acids occurring in leachate at 
high concentration may inhibit the rate of ammonium ni-
trogen oxidation, leading to a decrease in nitrification ef-
fectiveness (Takai et al., [18]). However, the longest and 
the most important (from the standpoint of biogas produc-
tion) is the methanogenic phase, usually starting in the 5th 
year and lasting until the 17th year of landfill exploitation. 
In this phase, the content of degradable compounds de-
creases, while nitrogen concentration increases. Addition-
ally, organic carbon can be insufficient and can cause a 
decrease in denitrification efficiency. The requirement of 
added organics such as methanol is necessary [19, 20]. 

To overcome existing limitations, several novel con-
cepts of microbial treatment processes for nitrogen remov-
al have been developed [21]. They are Sharon, Anammox 
or CANON [22-26]. They are based on a new concept in 
microbiology: partial nitrification, nitrifier denitrification 
and anaerobic ammonia oxidation. 

The present study was devoted to nitrogen removal 
from leachate by activated sludge treatment in SBR. The 
influence of hydraulic retention time (HRT) and sludge 
age on nitrogen consumption on biosynthesis, effective-
ness of dissimilative denitrification and ammonium losses 
in the aeration phase were analyzed. Following this, the 
rate of ammonium removal and nitrification rate in the 
SBR cycle were estimated.

Materials and Methods

Leachate Feed

The leachate used in this study was collected from a 
municipal landfill located in Wysieka near Bartoszyce in 

the Warmia and Mazury Province. The landfill has been 
in operation since January, 1996. Leachate is collected by 
drainage, 1,200 m in length and 80 mm in diameter, and  
stored in a retention tank. 

The characteristics of the landfill leachate investigated  
are shown in Table 1.

Process Configuration and System Design

The investigations were carried out on a laboratory 
scale in four SBR operated in parallel (SBR 1-SBR 4). 
The reactors with the working volume of 6 dm3 were made 
of plexiglass and were fitted with a stirrer at the regulated 
rotation speed (36 r/min). Dissolved oxygen was supplied 
using porous diffusers placed at the bottom of reactors. In 
all series, the amount of oxygen supplied to the reactor in 
the aeration phase was regulated in order to maintain oxy-
gen concentration at the end of the phase at the level of 
2.5-4.0 mgO2/dm3. The system was in operation at room 
temperature for 2 months for each series.

Two series were performed. The amount of the leach-
ate supplied within 24h to subsequent reactors changed 
from 0.5 dm3 (SBR 1) to 3 dm3 (SBR 4), as a result of 
which the hydraulic retention time (HRT) ranged from 
12d (SBR 1) to 2d (SBR 4). The volumetric exchange 
rate, defined as the ratio of the volume of leachate sup-
plied to the reactor in a cycle to the working volume of 
the reactor, changed from 0.083 dm3/dm3.d (SBR 1) to  
0.5 dm3/dm3.d (SBR 4) (Table 2).

The effect of sludge age on nitrogen removal was ex-
plored. In both series the reactor operating cycle consisted 
of five phases: filling (0.08h), mixing (3h), aeration (18h), 
settling (2.84h), and decanting (0.08h). Series differed in 
the sludge age (SRT). In series 1, the sludge ages were 
51d (SBR 1), 29d (SBR 2), 20d (SBR 3) and 17d (SBR 4). 
The SRT in this series was maintained by carrying off the 
excess sludge in the amounts of 50 cm3/d in SBR 1 and 
2 (which corresponds to 10 and 5% of leachate contents) 
and 100 cm3/d in SBR 3 and 4 (5 and 3.3% of leachate 
contents, respectively). In series 2, the sludge age was 
nearly 2 times shorter than in series 1 and changed from 
24d in SBR 1 to 8d in SBR 4. In SBR 2 and 3 the SRT 
were 16d and 10d, respectively. It was obtained by carry-

Table 1.  Characteristics of landfill leachate used in series 1 and 2.

Constituent
Values

series 1 series 2

Biochemical oxygen demand (mg BOD5/dm3) 457 622

Chemical oxygen demand (mg COD/dm3) 1237 1596

Total nitrogen (mg N/dm3) 189 154

Ammonium nitrogen (mg NNH4/dm3) 141 113.3

Organic nitrogen (mg Norg/dm3) 47.2 38.8
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ing of the volume of the excess sludge, i.e. 125, 225, 425, 
and 600 cm3, respectively (25 – 20% of leachate contents 
supplied in the cycle).

Analytical Method

In raw leachate, analyses of COD (according to the 
methodology described by Hermanowicz et al., [27]), 
BOD5 (with use of the OxiTop® by the method given by 
WTW firm), total nitrogen and ammonium (according to 
the methodology described by Hermanowicz et al., [27]) 
were performed.

The effluents from SBR were subjected to daily mea-
surements of total nitrogen, ammonium, nitrite and nitrate 
(according to the methodology described by Hermano-
wicz et al., [27]).

The mixed reactor content was measured for volatile 
suspended solids (VSS) and total suspended solids (TSS) 
(according to the methodology described by Hermanowicz  
et al., [27]) and oxygen concentration (using an oxygen 
controller HI 9142).

Results 

The influence of HRT and sludge age on nitrogen re-
moval was analyzed on the basis of balance of all nitrogen 
forms in the influent and effluent in the operational cycle 
of SBR. It was assumed that nitrogen removal from leach-
ate is a result of:
• biomass production in duration of the cycle period 

(CN-syn),
• dissimilative nitrate and nitrite reduction in the mixing 

phase (denitrification) (CN-den),
• losses of ammonium in the aeration phase (CN-A).

Calculation of nitrogen concentration consumed 
on biomass production (CN-syn). Nitrogen concentration 
used for synthesis of activated sludge in the opera-
tional SBR cycle may be expressed by the following  
equation (1):

     (1)

where:
CN-syn - nitrogen concentration consumed on biomass pro-

duction (mg N/dm3.cycle),
Yobs - observed coefficient of biomass production  

(mg VSS/mg COD),
C0 - organics concentration in leachate at the beginning 

of the SBR cycle (mg COD/dm3),
Ce - organics concentration in the effluent (mg COD/dm3),
XN - nitrogen concentration in biomass dry matter  

(mg N/mg VSS),
tc - duration time of SBR operating cycle (cycle).

The observed coefficient of biomass yield (Yobs) and 
nitrogen content in dry mass of activated sludge (XN) were 
determined earlier by Kulikowska [28]. In the present 
study, the  Yobs and XN values were used for calculations 
of CN-syn.

The experimental data on nitrogen concentration con-
sumed in biomass production during the operational SBR 
cycle versus volumetric exchange rate of leachate are il-
lustrated in Fig. 1. From the data it can be concluded that 
in both series CN-syn increased linearly with an increase 
in volumetric exchange rate, but in series 2 (with shorter 
sludge age) the regression line coefficient was about 1.5-
fold higher. 

The nitrogen balance in activated sludge during SBR 
cycle. The experimental data of ammonium, nitrate and 
nitrite concentration profiles in duration of SBR cycle ob-
tained in mixing and aeration phases at varied  HRT (SBR 
1-4), are shown in Figs. 2a-d. It was observed that dur-
ing the mixing phase the ammonium concentration was 
nearly stable in all reactors. Nitrogen removal was a result 
of dissimilative reduction of nitrate, which remained in 
the SBR reactor after the previous cycle. The concentra-
tion of nitrate reduced in mixing phase increased from  
2.71 NNO3/dm3 (SBR 1) to  5.39 mg NNO3/dm3 (SBR 3). 

On the basis of analysis of nitrogen concentration pro-
files CN = f(t) it was stated that removal of ammonium ni-
trogen rate and nitrification rate were followed according 
to first-order kinetics. 

During the start-up of the aeration phase, a high con-
centration of ammonium was obtained. It was observed 

Table 2.  The operational conditions in series 1 and 2.

Operational conditions
Values

SBR 1 SBR 2 SBR 3 SBR 4

Volume of leachate influent 
in SBR operating cycle 

(dm3)
0.5 1.0 2.0 3.0

Hydraulic retention time  
(HRT) (d) 12 6 3 2

Volumetric exchange rate 
(n) (dm3/dm3.d) 0.083 0.167 0.33 0.5

Fig. 1. Nitrogen amount used for biomass synthesis in SBR  
operating cycle.
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that nitrate were formed in amounts clearly less than the 
ammonium consumed. As a consequence in series 1, cor-
respondingly with the decrease of HRT in 1-3 SBR reac-
tors, the ammonium nitrogen removal rate increased from 
5.38 mg NNH4/g VSS.h (SBR 1) to 7.36 mg NNH4/g VSS.h 
(SBR 3), whereas the nitrification rates in SBR 1 and SBR 
3 were over 7-fold, and in SBR-2 almost 12-fold lower 
than the ammonium removal rate. In SBR 4, at HRT = 
2d, a decrease in ammonium removal rate to 1.45 mg  
NNH4/g VSS.h and nitrification rate to 0.05 mg  
NNO3/g VSS.h was observed. In series 2, except for SBR 4, 
shortening of sludge age caused a decrease in ammonium  
removal rate as well as nitrification rate. Consequently,  
in this series, the mean rate of ammonium removal was 
1.73 mg NNH4/g VSS.h and the nitrification rate was  
0.09 mg NNO3/g VSS.h.

It is evident that the amount of removed nitrogen as a 
result of denitrification was much lower than the  amount 
of nitrogen utilized for biomass production. Additionally, 
in all reactors, the gradient of ammonium concentration 
at the beginning and the end of the aeration phase was 
clearly higher than gradient of nitrate concentration. This 
means that unbalanced ammonium oxidation-to-nitrate or 
nitrite and ammonium removal from leachate in the aera-
tion phase were observed. 

It was assumed that the lack of balance between removed 
ammonium amount and nitrate formed in both series could 

be a result of partial nitrification, nitrifier denitrification or 
deamonification in the aeration phase. The nitrogen losses 
(CN-A) were calculated as the  difference between total nitro-
gen concentration at the beginning and the sum of nitrogen 
concentration consumed on biomass synthesis in the SBR 
operating cycle and ammonium, organic, nitrite and nitrate 
nitrogen concentrations in the effluent:

 (2)

where:
C0,N - total nitrogen concentration at the beginning of 

the aeration phase (mg N/dm3),
Ck,N-NH4 - ammonium nitrogen concentration at the end of 

the aeration phase (mg NNH4/dm3),
Ck,Norg - organic nitrogen concentration at the end of the 

aeration phase (mg Norg/dm3),
Ck,N-NO2 - nitrite nitrogen concentration at the end of the 

aeration phase (mg NNO2/dm3),
Ck,N-NO3 - nitrate nitrogen concentration at the end of the 

aeration phase (mg NNO3/dm3),
CN-syn - nitrogen concentration used for biomass synthe-

sis in the SBR operating cycle (mg N/dm3).

In series 1 the nitrogen losses increased from  
8.2 mg NNH4/dm3  in SBR 1 to 33.4 mg NNH4/dm3 in SBR 4, 
while in series 2 it was nearly 2 times lower and changed 

Fig. 2. Concentrations of ammonium, nitrite and nitrate nitrogen during SBR operating cycle (series 1); a. SBR 1, b. SBR 2, c. SBR 3, 
d. SBR 4.
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from 5.1 mg NNH4/dm3 in SBR 1 to 15.7 mg NNH4/dm3 in 
SBR 4. The obtained data indicates that in both series, the 
losses of ammonium nitrogen during aeration phase for 
any volumetric exchange rate can be found from CN-A, max 
value. Mathematically, this can be expressed as follows:

        (3)

where:
CN-A,max - the maximum losses of ammonium nitrogen 

for established operation condition in SBR  
(mg N/dm3),

k - reaction constant (d.dm3/dm3),
n - volumetric exchange rate (dm3/dm3.d).

The maximum losses of ammonium nitrogen (CN-A, max) 
were in correlation with sludge age and in series 1 were 
2.5-fold higher in comparison to series 2 (Fig. 3).

The influence of HRT and sludge age on the quality of 
treated leachate. The research results showing the concen-
tration of nitrogen forms in the effluent from SBR are pre-
sented in Table 3. In series 1, with a long sludge age, com-
plete nitrification and ammonium concentration in treated 
leachate below 1 mg NNH4/dm3 were obtained in SBRs 

1-3. The nitrate concentration in these reactors increased 
from 4.1 mgNNO3/dm3 to 18.7 mgNNO3/dm3 and nitrite from  
0.08 mgNNO2/dm3 to 0.15 mgNNO2/dm3, respectively. In SBR 
4, at HRT = 2d, the ammonium concentration in the effluent 
was 46.6 mgNNH4/dm3, while nitrate and nitrite concentrations 
did not exceed 1.5 mgNNO3/dm3. In the effluent from series 1, 
organic nitrogen was a dominant form and ranged between 
26.4 mgNorg/dm3 (SBR 1) and 37.7 mgNorg/dm3 (SBR 4).

In series 2, with a shorter sludge age, the lowest con-
centration of ammonium (2.3 NNH4/dm3) was obtained in 
SBR 1, at HRT = 12d. The nitrate concentration was not 
significant and the highest value was observed in SBR 3. 
However, the nitrite concentration in this series was from 
slight to over a dozen-times higher than in series 1. It was 
found that the high concentration of organic nitrogen in 
the effluent ranged from 25.2 mgNorg/dm3  (SBR 1) to  
35 mgNorg/dm3 (SBR 3).

Discussion

In the present work, the effect of hydraulic retention 
time and sludge age on nitrogen removal from landfill 
leachate was investigated. It was found that the amount 
of nitrogen consumed in biomass synthesis increased lin-
early with an increase of volumetric exchange rate. 2-fold 
shortening of the sludge age caused a 1.5-fold increase in 
k coefficient from 32.45 to 50.18 [C/n].

It was observed that ammonium concentration in the 
effluent did not exceed 1 mgNNH4/dm3 at HRT 3, 6 and 
12d and sludge age 20, 29 and 51d, respectively. 2-fold 
shortening of sludge age caused the low concentration of 
ammonium nitrogen in the effluent (2.3 mgNNH4/dm3) to 
be obtained only at 12d HRT. However, at HRT 6 and 
3d, the concentration of ammonium increased to 11.9 
mgNNH4/dm3 and 20.5 mgNNH4/dm3, respectively. The re-
sults indicate that sludge age was the critical parameter 
for ammonium removal. Ammonium oxidation-to-nitrate 
nitrogen was successfully obtained at HRT above 20d.

Robinson and Maris [29] obtained concentrations of 
ammonium nitrogen in the effluent below 1 mgNNH4/dm3  

Fig. 3. Losses of ammonium nitrogen during aeration phase in 
SBR operating cycle.

Table 3. Nitrogen concentration in the effluent from SBR reactors  in series 1 and 2.

Nitrogen concentration SBR 1 SBR 2 SBR 3 SBR 4

Ammonium nitrogen 
(mg NNH4/dm3)

Series 1 0.8 0.7 0.9 46.4

Series 2 2.3 11.9 20.5 36.0

Organic nitrogen  
(mg Norg/dm3)

Series 1 26.4 27.6 28.3 37.7

Series 2 25.2 26.5 31.8 35.0

Nitrite nitrogen  
(mg NNO2/dm3)

Series 1 0.08 0.09 0.15 1.48

Series 2 1.46 1.37 0.52 1.49

Nitrate nitrogen  
(mg NNO3/dm3)

Series 1 4.1 8.9 18.7 1.4

Series 2 2.04 5.92 7.32 1.47
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at HRT about 5d. According to the authors, the total 
amount of removed ammonium nitrogen from leachate 
was consumed on sludge growth, which corresponded to 
44% removal of organics (measured as COD) from leach-
ate. Studies carried out by Bull et al. [30] made similar 
observations. The total nitrogen removal from leachate of 
60% was a result of activated sludge growth. Research 
conducted by Zaloum and Abott [31] in SBR indicated 
that nitrogen elimination was caused by biosynthesis, air-
stripping, nitrification and denitrification. At HRT = 20d, 
low concentrations of organic nitrogen (1.3 mg Norg/dm3) 
and the sum of nitrate and nitrite nitrogen (6.5 mg/dm3) in 
the effluent were obtained.

The nitrogen balance data in the present study indi-
cates that nitrogen losses occurred in the aeration phase 
of SBR cycle. In series 1, the loss values ranged from  
8.2 mg N/dm3 (SBR 1) to 33.4 mg N/dm3 (SBR 4), while 
in series 2 they were lower (from 5.1 mg N/dm3 in SBR 1 
to 15.7 mg N/dm3 in SBR 4). The data indicate that aver-
age ammonium losses were 1.9-fold higher with longer 
activated sludge age.

Im et al., [32] using the anaerobic-aerobic system, re-
ported that the difference between ammonia removal rate 
and nitrification rate was a result of ammonia stripping 
and ammonia removal for biomass growth. Loukidou 
and Zouboulis [33], conducting research in SBR, filled to 
50% of its empty volume with cube-shaped polyurethane 
particles, noted that denitrification achieves a sufficiently 
high degree, as nitrate concentrations in the effluent are 
substantially lower than those expected from the oxidation 
of initially present, high ammonia concentrations. This 
observation can be possibly explained by the mechanism 
of simultaneous nitrification and denitrification which oc-
curs during the aeration phase. 

It was observed that an ammonium nitrogen removal 
rate at HRT above 20d increased with HRT values from 
5.38 mg NNH4/dm3.h (0.13 kgN/m3·d) to 7.36 mg NNH4/dm3.h  
(0.18 kgN/m3·d). At HRT below 20d, the rate was con-
stant (about 1.6 mg NNH4/dm3.h; 0.04 kgN/m3·d), regard-
less of HRT values. Consequently, the concentration of 
ammonium nitrogen in the effluent was high.

In studies with a sequencing batch reactor operated 
with ammonium-rich wastewater under oxygen-limited 
conditions at a suitable loading rate with aerobic nitrify-
ing bacteria and Anammox bacteria, a nitrogen removal 
rate of up to 0.3 kgN/m3·d was reported for the CANON 
process. In this reactor, heterotrophic denitrification did 
not occur, and no aerobic nitrite-oxidizing bacteria were 
detected [26]. The CANON process was carried out in gas 
lift reactors. Nitrogen removal rates up to 1.5 kgN/m3·d 
were achieved [26]. 

The highest losses of ammonium nitrogen were obtained 
in reactors with a long sludge age. The increase of ammo-
nium nitrogen losses with a corresponding increase in nitrifi-
cation rate and sludge age indicates that nitrogen losses can 
be connected with the activity of nitrifying bacteria.

 The literature also indicates that ammonium nitrogen 
removal in a single, aerated reactor is caused by complete 

autotrophic nitrogen removal over nitrite, known as the 
CANON process. The basis of this process is a combination 
of partial nitrification and Anammox. The partial nitrifica-
tion is the oxidation of ammonium to nitrite in wastewater, 
but not to nitrate. The nitrifiers oxidize ammonia to nitrite, 
consume oxygen and create anoxic conditions, which the 
Anammox process needs. The Anammox process is the de-
nitrification of nitrite with ammonia as the electron donor. 
The first step caused by too short sludge age could be a 
limiting factor in ammonium nitrogen removal

Conclusions

1. On the basis of nitrogen balance in a single SBR cycle, 
it has been shown that nitrogen removal was a result of 
biosynthesis and denitrification although a significant 
part of nitrogen was removed as a result of ammonium 
loss. In both series, ammonium losses were shown. 
However, in series 1 (with longer sludge age) the losses 
were nearly 2 times higher in comparison to series 2;

2. Corresponding with the decrease in hydraulic reten-
tion time (HRT), the nitrogen amount consumed on 
biomass synthesis increased linearly. The regression 
coefficient value was 2 times higher in the series with 
a shorter sludge age;

3. In reactors with 12, 6 and 3d HRT, the concentration 
of ammonium in the effluent did not exceed the value 
of 1 mgNNH4/dm3 at sludge ages above 20d;

4. The ammonium removal rate changed from 
5.38 mg NNH4/g VSS.h to 7.36 mg NNH4/g VSS.h, 
while the nitrification rate changed from 0.75 mg  
NNO3/g VSS.h to 0.99 mg NNO3/g VSS.h.

References

1. BOYLE W. C., HAM R. K. Biological treatability of landfill 
leachate. Journal WPCF 5(46), 860, 1974.

2. AHNERT L., EHRIG H-J. Co − treatment of leachate with 
sewage. Landfilling of waste: leachate. Elsevier  applied sci-
ence. London and New York, pp. 305, 1992.

3. TIMUR H., ÖZTURK I. Anaerobic treatment of leachate us-
ing sequencing batch reactor and hybrid bed filter. Wat. Sci. 
Technol., 6-7(36), 501, 1997.

4. WELANDER U., HENRYSSON T. Degradation of organic 
compounds in a municipal landfill leachate treated in a sus-
pended − carrier biofilm process. Wat. Environ. Res., 6(70), 
1236, 1998.

5. TIMUR H., ÖZTURK I. Anaerobic sequencing batch reac-
tor treatment of landfill leachate. Wat. Res., 15(33), 3225, 
1999.

6. TIMUR H., ÖZTURK I, ALTINBAS M., ARIKAN O., 
TUYLUOGLU B. S. Anaerobic treatability of leachate: a 
comparative evaluation for three different reactor systems. 
Wat. Sci. Technol., 1−2(42), 287, 2000.

7. KENNEDY K. J., LENTZ E. M. Treatment of landfill leach-
ate using sequencing batch and continuous flow upflow an-



The Influence of Hydraulic Retention Time... 289

aerobic sludge blanket (UASB) reactors. Wat. Res., 14(34), 
3640, 2000.

8. IM J-H., WOO H-J., CHOI M-W., HAN K-B, KIM Ch-W. 
Simultaneous organic and nitrogen removal from municipal 
landfill leachate using an anaerobic-aerobic system. Wat. 
Res., 10(35), 2403, 2001.

9. CHIANG L-CH., CHANG J-E., WEN T-CH. Indirect oxida-
tion effect in electrochemical oxidation treatment of landfill 
leachate. Wat. Res., 2(29), 671, 1995.

10. YOON J., CHO S., KIM S. The characteristics of coagula-
tion of Fenton reaction in the removal of landfill leachate 
organics. Wat. Sci. Technol., 2(38), 209, 1998.

11. ALBERS H., KRÜCKEBERG G. Combination of aerobic 
pre-treatment, carbon adsorption and coagulation. Landfill-
ing of waste: leachate. Elsevier  Applied Science. London 
and New York, pp. 305, 1992.

12. JANS J. M., van der SCHROEFF A., JAAP A. Combination 
of UASB pre - treatment and reverse osmosis. Landfilling of 
waste: leachate. Elsevier  Applied Science. London and New 
York, pp. 313, 1992.  

13. LIN S. H., CHANG Ch. C. Treatment of landfill leachate 
by combined electro-Fenton oxidation and sequencing batch 
reactor method. Wat. Res., 17(34), 4243, 2000.

14. ZAMORA R. M. R., MORENO A. D., ORTA de VELAS-
QUEZ M. T., RAMIREZ I. M. Treatment of landfill leach-
ates by comparing advanced oxidation and coagulation-floc-
culation processes coupled with activated carbon adsorption. 
Wat. Sci.Technol., 1(41), 231, 2000.

15. LEITZKE O. Landfill leachate treatment by wet photochem-
ical oxidation. Roczn. PZH, 1(47), 125, 1996 (in Polish).

16. KACZOREK K., SÓJKA−LEDAKOWICZ J., LEDAKO-
WICZ S. Comparison of biological methods and membrane 
techniques effectiveness in landfill leachate treatment. 
Inżynieria i aparatura chemiczna. 3, 67, 2002 (in Polish).

17. WELANDER U., HENRYSSON T., WELANDER T. Nitri-
fication of landfill leachate using suspended-carrier biofilm 
technology. Wat. Res., 9(31), 2351, 1997.

18. TAKAI T., HIRATA K., YAMAUCHI K., INAMORI Y. Ef-
fects of temperature and volatile fatty acids on nitrification-de-
nitrification activity in small-scale anaerobic-aerobic recircula-
tion biofilm process. Wat. Sci. Technol., 6(35), 101, 1997.

19. SHISKOWSKI D. M., MAVINIC D. S. Biological treatment 
of a high ammonia leachate: influence of external carbon 
during initial start up. Wat. Res., 8(32), 2533, 1998.

20. WELANDER U., HENRYSSON T., WELANDER T. Bio-
logical nitrogen removal from municipal landfill leachate in 
a pilot scale suspended carrier biofilm process. Wat. Res., 
5(32), 1564, 1998.

21. KHIN T., ANNACHHATRE A. P. Novel microbial nitro-
gen removal processes. Biotechnology Advances, 22, 519, 
2004.

22. MULDER J. W., van LOOSDRECHT M. C. M., HELLIN-
GA C.,  van KEMPEN R. Full scale application of the SHA-
RON process for treatment of rejection water of digested 
sludge dewatering. Wat. Sci. Technol., 43, 127, 2001.

23. van  KEMPEN R., MULDER J. W., UIJTERLLNDE C. A., 
van LOOSDRECHT M. C. M. Overview: full scale expe-
rience of the SHARON process for treatment of rejection 
water of digested sludge dewatering. Wat. Sci. Technol., 44, 
145, 2001.

24. JETTEN M. S. M., WAGNER M., FUERST J., van  LOOS-
DRECHT M., KUENEN G., STROUS M. Microbiol-
ogy and application of the anaerobic ammonium oxidation 
(ANAMOX) process. Curr. Opin. Biotechnol., 1, 51, 2002.

25. STROUS M., HEIJNEN J. J., KUENEN J. G., JETTEN M. 
S. M.  The sequencing batch reactor as a powerful tool for 
the study of slowly growing anaerobic ammonium-oxidiz-
ing microorganisms. Appl. Microbiol. Biotechnol., 50, 589, 
1998.

26. SLIEKERS A. O., THIRD K. A., ABMA W., KUENEN J. 
G., JETTEN M. S. M. Canon and Anammox in a gas-lift 
reactor. FEMS Microbiology Letters, 218, 339, 2003.

27. HERMANOWICZ W., DOŻAŃSKA W., DOJLIDO J., 
KOZIOROWSKI B. Physicochemical research of water and 
wastewater. Arkady. Warszawa, 1999 (in Polish).

28. KULIKOWSKA D. Efficiency of municipal landfill leach-
ate treatment in  SBR. Doctor’s thesis. Wydział Inżynierii 
Środowiska, Politechnika Warszawska. 2002 (in Polish).

29. ROBINSON H. D., MARIS P. J. The treatment of  leachates 
from domestic wastes in landfills I. Aerobic biological treat-
ment of a medium – strength leachate. Wat. Res., 11(17), 
1537, 1983.

30. BULL P. S., EVANS J. V., WECHSLER R. M. CLELAND 
K. J. Biological technology of the treatment of leachate from 
sanitary landfills. Wat. Res., 11(17), 1473, 1983.

31. ZALOUM R., ABBOTT M. Anaerobic pretreament im-
proves single sequencing batch reactor treatment of lanfill 
leachates. Wat. Sci. Technol., 1(35), 207, 1997.  

32. IM J-H., WOO H-J., CHOI M-W., HAN K-B, KIM CH-W. 
Simultaneous organic and nitrogen removal from municipal 
landfill leachate using an anaerobic-aerobic system. Wat. 
Res., 10(35), 2403, 2001.

33. LOUKIDOU M. X., ZOUBOULIS A. I. Comparison of two 
biological treatment processes using attached-growth bio-
mass for sanitary landfill leachate treatment. Environmental 
Pollution, 111, 273, 2001. 


