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ABSTRACT

A common problem of biological treatment of landfill leachates is high toxicity and low
biodegradability. Leachates from old landfills do not exhibit high toxicity and if the landfill
is still filled by waste, they may contain sufficient amounts of biodegradable organic matter.
With the aim of evaluating biotreatability of leachates from old, but active landfill, aerobic
and anaerobic degradation assessment procedures were carried out. Investigated leachates
showed low toxicity to aerobic and anaerobic micro-organisms. During biodegradability
tests, anaerobic biological treatment did not lead to measurable production of biogas.
Leachates were well degraded under aerobic condition in ready (66%) and inherent (78%)
biodegradability tests, while simulation test in pilot sequencing batch reactor showed that
leachates can be successfully treated, mixed with sewage up to 10% v/v.
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1. Introduction

Landfill leachates from municipal solid waste
landfill sites are considered as hazardous and heavily
polluted wastewaters [1]. Leachates arise when rain-
water percolates through disposed waste in the land-
fill body. Water interacts with waste and it becomes
contaminated by various waste components containing
a variety of organic and inorganic pollutants in dis-
solved or suspended forms. Landfill leachate has a
varying composition and strength of organic and inor-
ganic compounds at each phase of municipal solid
waste decomposition. In each phase of landfill
lifecycle, leachate has unique characteristics that are
significantly different from one phase to another [2].

Typically, leachates are classified in terms of landfill
age as young, intermediate, and stabilized [3]. Young
leachates are generated during early phase of landfill
lifecycle (up to five years after waste placement) and
they are characterized by high concentrations of biode-
gradable organic matters, and as a result have a high
biochemical oxygen demand (BOD) and chemical oxy-
gen demand (COD) ratio (BOD/COD > 0.5). The sim-
plest and cost-effective biological treatment methods
used for young leachates are conventional activated
sludge, sequencing batch reactors (SBR) [4], biofilters
[5], anaerobic up flow sludge blanket [6], anaerobic
SBR [7], or a combination of anaerobic and aerobic
systems [8]. With time, some of the biodegradable
organics are decomposed in the stabilization process
within the body of landfill and BOD/COD ratio
decreases. During this period, intermediate leachate is*Corresponding author.
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generated with BOD/COD ranging between 0.1 and
0.5. Decrease of biodegradable organic fraction in
leachate reduces biological treatment efficiency. How-
ever, low content of compounds inhibiting aerobic
and anaerobic micro-organisms (e.g. ammonium)
allows application of biological processes ideally com-
bined with physicochemical treatment to assure high
treatment efficiency [9,10]. Further, maturing of leach-
ate poses problems to biological treatment due to
decrease of biodegradable matter (BOD/COD < 0.1),
increase of refractory components (e.g. humic and
fulvic acids), and inhibitory compounds (e.g. ammo-
nium) [11]. Therefore, biological treatment of stabi-
lized leachates is recognized as not efficient and has to
be replaced by physicochemical methods [12]. How-
ever, leachates from old landfill sites that are still in
use and continuously filled by freshwaste may still
contain high content of biodegradable organics [13].
Hence, the aim of our study was to investigate if
leachate from old, but still active landfill can be trea-
ted by biological processes. At first, inhibiting impact
of leachate to aerobic and anaerobic micro-organisms
was investigated. Biodegradability testing was per-
formed according to a strategy where a simple low
microbial density method is applied at first, and if
leachate expresses a good biodegradability, test with a
higher cell density is applied. Successful biodegrad-
ability of leachate in a higher cell density test leads to
performance of a simulation test.

2. Materials and methods

2.1. Characterizations of landfill leachates

The landfill site where leachates were sampled was
chosen to obtain leachates from old, but active landfill.
The site is located near the city of Logatec, Slovenia.
The landfill was opened in 1977 and reconstructed in
2004. It has a total filling area of 1.5 ha, of which
1.45 ha had been filled by 2009. The maximum annual
amount of leachate is 8,000 m3 and the maximum
daily volume is 56 m3. Leachates are collected in an
open retention basin of 750 m3 capacity and released
into a nearby stream [14]. The composition of leach-
ates was monitored during the years 2010 and 2011.
Leachate was sampled four times at the effluent from
retention basin. For evaluation of landfill leachate
quality, several physicochemical parameters: pH,
BOD5, COD, DOC (dissolved organic carbon), TOC
(total organic carbon), concentration of ammonium
nitrogen, concentration of nitrite and nitrate nitrogen,
orthophosphates, and chlorides were determined [13].
Each analysis was performed twice (two replicates)
and standard deviations were calculated.

2.2. Biodegradability tests

2.2.1. Aerobic biodegradation

First of all, inhibition of oxygen consumption by
nitrifying and heterotrophic micro-organisms in acti-
vated sludge was measured. As a result, an effective
concentration (EC50) was calculated. It is the concen-
tration of added landfill leachate that after 30 and
180 min of incubation under given condition brings a
specified effect in 50% of the test micro-organisms.
EC50 was calculated according to standard procedure
[15]. Definitive test was repeated twice and standard
deviations were calculated.

The first applied biodegradability test was used for
determination of ready biodegradability and it pro-
vides information about biodegradability of leachate
under the most common environmental conditions.
The concentrations of leachates in the system were
chosen to avoid any toxic impact to the activated
sludge (inoculum in biodegradability tests) and to
assure initial COD of 100 mg L−1, and DOC of 40 mg
L−1. The inoculated medium was stirred in a closed
flask and biodegradability was evaluated by DOC
analysis [16]. Biodegradation of leachates was moni-
tored for 28 d.

In the second test, inherent biodegradability was
determined to evaluate biodegradability of leachate
under conditions which appear in a biological treat-
ment plant. Only leachates which were well degraded
in the ready biodegradability tests were used for
evaluation of inherent biodegradability in the Zahn–
Wellens test [17]. Biodegradability of the leachate was
determined in a presence of high-density inoculum
(1,500mgMLVSSL

−1) and concentration of landfill leach-
ate was 10% v/v in 5 L reactors with continuous stir-
ring and aeration. Reduction of DOC and COD,
concentration of oxygen, and pH was monitored daily
for a period of 25 d in the test mixture, blank, as well
as in the abiotic test (without inoculum added).

The last test was chosen to evaluate biotreatability
of leachates in a lab-scale SBR [18]. The SBR is oper-
ated mainly under aerobic conditions when organic
compounds (COD) are reduced and ammonium is
oxidized into nitrate via nitrification. During each SBR
cycle, one longer settling phase was included to
achieve anoxic conditions for possible conversion of
nitrate into gas nitrogen via denitrification [19]. For
the laboratory experiments, two glass cylindrical
reactors of total volume 2 L were used. One of them
was fed with synthetic sewage (blank test), while in
the second one the landfill leachate was introduced.
Synthetic sewage was prepared according to standard
procedure [18]. Peristaltic pump was employed for
influent feed and effluent withdrawal, while the excess
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of sludge was removed manually to maintain its
constant concentration (3.2 ± 0.3 g L−1) during the per-
formance of the system. Nineteen cycles (days) were
run. During this time, each cycle (24 h) contained the
following phases: filling (0.25 h), aerating (5.0 h), set-
tling (5.0 h), aerating (13.0 h), settling (0.5 h), and
removal of treated leachate (0.25 h). In the first four
cycles, reactor was acclimated with synthetic sewage,
in the next seven cycles, 10% v/v of the landfill leach-
ate was added in the synthetic sewage, while in the
next four cycles its concentration was increased to
20% v/v. In the last four cycles, 40% v/v of landfill
leachate was added. The second reactor (blank) was
operated under the same conditions, but it was fed
only with synthetic sewage [20].

To evaluate possible loss of ammonium nitrogen by
air stripping during aeration phase of the SBR cycle,
additional batch experiment was setup: 200 mL of the
leachate was diluted by synthetic sewage (20% v/v of
the leachate) and the mixture was aerated for 24 h.

2.2.2. Anaerobic biodegradation

For evaluation of biodegradability of leachates
under anaerobic conditions, a method for determina-
tion of ultimate biodegradability of complex organic
substrates and biogas production [21] was used with
some minor modifications. The method is based on
exposure of the tested sample to anaerobic micro-
organisms from digested sludge at constant tempera-
ture 39˚C (±1˚C), in the dark and in a sealed stirred
system (OxiTop system, WTW Germany, 2008) for up
to 10 d.

First of all, the toxicity of the leachates to micro-
organisms of anaerobic sludge was determined by
measurement of increased pressure in the vessels
resulting from the production of CH4 and CO2 (biogas)
in the system with different concentrations of the land-
fill leachate, inoculum (anaerobic sludge, 6.6 g L−1),
and glucose (60 mg L−1). Any toxic effect caused by the
leachate was indicated by a lowering of the biogas pro-
duction. Simultaneously, the blank test and the refer-
ence test (only glucose) were accomplished. At the end
of the experiments, 2.5 mL of 6 M NaOH solution was
injected in the rubber sleeve of the reaction vessel and
the CO2 in the gaseous phase was absorbed. The resid-
ual pressure in the system pertained to produced
methane. The inhibition of biogas production was
calculated according to the standard procedure [21].

Biodegradability experiments were prepared in the
same way as the experiments for determination of
toxicity, but the test mixture (landfill leachate and inoc-
ulum) did not contain glucose, and thus the production

of biogas was caused only by the degradation of the
landfill leachate.

3. Results and discussion

3.1. Characterization of the landfill leachates

Physicochemical parameters of the leachates from
the active municipal landfill are presented in Table 1.
Waste has been disposed in the site for more than
30 years and thus generated leachates had many typi-
cal attributes of mature leachates as alkaline pH, high
content of ammonium nitrogen, and chlorides. How-
ever, BOD/COD ratio has ranged between 0.17 and
0.33, with an average of 0.21 indicating higher content
of biodegradable organics typical for intermediate
leachate. Also TOC/COD ratio being between 0.33
and 0.82 might classify the leachate among intermedi-
ate (0.3–0.5) or stabilized (>0.5) leachates [3]. The pres-
ence of biodegradable organics in the mature leachate
is probably caused by a continuous disposal of muni-
cipal waste in the site. Some parameters (e.g. BOD5,
Cl−) showed variability that can be caused by seasonal
weather changes, composition, and amount of cur-
rently disposed waste on the landfill [22].

3.2. Aerobic biodegradation

Landfill leachates can contain many hazardous
compounds, which can act as inhibitors to degrading
micro-organisms. Therefore, toxicity of leachates has
to be assessed to select concentrations of leachates
used in biodegradability tests which are harmless for
heterotrophic micro-organisms of activated sludge.
Furthermore, leachates must not inhibit nitrification,
which is considered to be the key process in biological

Table 1
Physicochemical parameters of landfill leachates generated
from investigated landfill (n = 4, mean ± SD)

Parameter

pH (/) 7.8 ± 0.6
TOC (mg L−1) 1,165 ± 195
COD (mg L−1) 2,274 ± 691
BOD5 (mg L−1) 497 ± 348
BOD/COD (/) 0.21 ± 0.08
TOC/COD (/) 0.58 ± 0.25
N-NHþ

4 (mg L−1) 796 ± 297
N-NO�

3 (mg L−1) 1.8 ± 1.4
N-NO�

2 (mg L−1) 3.4 ± 2.9
P-PO3�

4 P-PO4
3− (mg L−1) 5.3 ± 5.1

Cl− (mg L−1) 1,150 ± 453
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nitrogen removal [23]. Landfill leachates had no
impact on heterotrophic micro-organisms in activated
sludge (30 and 180min EC50 > 100% v/v). However,
all leachates showed acute impact on nitrifying micro-
organisms (30 min EC50 = 40 ± 14% v/v) that slightly
increased with time of incubation (180 min EC50 = 25
± 5% v/v). Nitrifying micro-organisms are slowly
growing micro-organisms and they are usually more
sensitive than heterotrophic ones. Their increased
sensitivity to mature leachates is given by their low
tolerance to salinity and ammonium nitrogen [24,25]
that were found in all leachate samples in high con-
centrations. Nevertheless, due to the low toxicity of
the leachates to the heterotrophic micro-organisms,
which are responsible for organic matter removal, bio-
degradation should be thus limited only by the pres-
ence of refractory compounds in landfill leachates.

Biodegradation of leachates under common natural
conditions (ready biodegradability test) was compared
to the reference compound, sodium acetate. Sodium
acetate was always degraded more than 60% in the
first five days of experiment and it reached 93 ± 6%
degradation in 28 d confirming high activity of micro-
organisms and good performance of the test. In this
test, biodegradability of leachates was up to 66 ± 7%
and in the Zahn–Wellens test (inherent biodegradabil-
ity test) the reduction of COD and DOC was enhanced
to 78 ± 2% and 83 ± 2%, respectively. Our results con-
firmed good biodegradability of leachates in two types
of biodegradability tests (low- and high-cell density
tests) and leachate was submitted to SBR for biological
treatment.

For optimal biological growth in the wastewater
treatment system, the ratio among carbon, nitrogen,
and phosphorus (C:N:P) should be between 100:20:1
and 100:5:1 [26]. The C:N:P ratio of sewage is often
ideal; however, landfill leachates usually contain
excess of nitrogen and deficiency of phosphorous
(Table 1). Another problem connected to the biological
treatment of landfill leachate is bulking of sludge,
which is caused by overgrowth of certain undesirable
micro-organisms that do not settle readily. They can
prevail in activated sludge during landfill leachate
treatment because it contains high chloride contents
[27]. Such problems can be limited by co-treatment of
landfill leachate and sewage in SBR to fulfill require-
ments for optimal C:N:P ratio and to eliminate loss of
sludge organisms in the effluent, which may eventu-
ally lead to a process failure. The result of lab-scale
biological treatment of the synthetic sewage and the
leachate in SBR reactors is presented in Fig. 1. Blank
test with synthetic sewage was running well during
the whole experiment. Average COD, DOC, and
ammonium nitrogen reduction in the system without

landfill leachate was 91 ± 9, 74 ± 3, and 81 ± 13%,
respectively (Fig. 1(A)).

Experiment with landfill leachate started with slow
adaptation of sludge to landfill leachate because adap-
tation to low concentrations of leachate can fairly and
quickly produce sludge with greatly enhanced ability
to degrade organic matter in landfill leachate [28].
First four cycles with only synthetic sewage proceeded
well (Fig. 1(B)) and COD and DOC removal was
always above 80 and 70%, respectively. After addition
of 10% v/v of leachate, the efficiency of the system
started slowly to decrease and it was stabilized after
the eighth cycle, where COD and DOC removal
reached up to 57 and 70%, respectively. The treatment
with 10% v/v of the leachate continued until the 11th
cycle; afterward leachate concentration in the system
was increased to 20% v/v. As a consequence, the
treatment efficiency started to decrease and after addi-
tion of 40% v/v was significantly deteriorated: COD
removal was reduced to 30% and DOC removal
dropped to 59%. Reduction of treatment efficiency

Fig. 1. Removal efficiency of COD, DOC, and ammonium
nitrogen during 19 cycles of laboratory SBR operation
with synthetic sewage-blank test (A) and test with the
leachate (B).
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seems to be a consequence of low adaptation of sludge
to leachate or perhaps daily addition of leachate could
lead to accumulation of toxic components as well as
hazardous degradation products that could be
adsorbed to activated sludge, or entrapped in the
system affecting the activity of the sludge. Similarly,
Neczaj et al. [29] evaluated that 10% v/v of mature
leachate from an old landfill used for co-treatment
with sewage is a practical upper limit in the SBR pro-
cess. Hence, biological treatment of leachates from old
sites, notwithstanding their biodegradability, is limited
by the compounds generated during long-term degra-
dation processes within the landfill body.

Ammonium removal in the reactor with the landfill
leachate seemed to be not affected by the increased
concentration of the landfill leachate (Fig. 1(B)). How-
ever, additional batch experiments (without activated
sludge) with air stripping of the leachate diluted by
synthetic sewage (20% v/v of the leachate) showed that
after 24 h 63% of ammonium nitrogen was stripped
out. The reason is that ammoniacal nitrogen exists in
landfill leachate as un-ionized NH3 or as ammonium
ion NHþ

4 and their ratio depends on pH. When the pH
is higher than seven, the concentration of ammonium
ion progressively decreases and the equilibrium shifts
toward NH3, which is easily stripped out during
aeration [4]. Deficient nitrification was confirmed by
measurement of nitrate concentration prior and after
each cycle. In the test with landfill leachate concentra-
tion of nitrate nitrogen was, after treatment, comparable
to results from the blank test with synthetic sewage
(data not showed), and thus the main portion of the
ammonium nitrogen was probably not removed by
converting ammonium nitrogen to nitrate nitrogen via
nitrification, but more probably stripped out during
aeration [20]. Some authors (e.g. [30]) reported excellent
removal of ammonium nitrogen after biological treat-
ment of mature landfill leachate (COD = 2,560 mg L−1,
BOD5/COD = 0.07) exceeding 99%. However, all
mature leachates express high pH and thus it can be
expected that similarly to our results the air stripping
could possibly contribute to the final removal of
ammonium nitrogen.

The maximum daily volume of the leachate gener-
ated from the landfill site is 56 m3. A nearby local
municipal wastewater treatment plant (PE = 4,000)
treats approximately 1,020 m3 of municipal wastewa-
ter per day [31]. If maximal daily amount of the land-
fill leachate is transported and co-treated with
municipal sewage, the highest concentration in the
system is 6%. Based on our results, such addition of
landfill leachate will not affect the efficiency of the
wastewater treatment plant regarding to organic
matter removal. Due to the neutral pH of municipal

wastewater (typically ~7), un-ionized NH3 from leach-
ates is expected to partially turn into ammonium ion
NH4

+ that is less toxic and stable in water medium
[32], where it is easily available for group of micro-
organisms that are concerned in nitrification. Hence,
co-treatment of landfill leachates with municipal sew-
age could be an option for reduction of lechate’s
organic and inorganic pollution.

3.3. Anaerobic biodegradation

The next step of the study was to evaluate the
possibility of anaerobic biological treatment of the
leachates resulting in useful biogas production. First
of all, the toxicity of the leachates to degrading micro-
organisms in anaerobic activated sludge was evalu-
ated (Fig. 2).

After seven days of the experiment, carbon dioxide
produced was removed by fixation with 6 M NaOH.
As a result, pressure decreased. It is assumed that
remaining pressure in the closed bottle arose from
methane production during methanogenesis. Anaero-
bic degradation of glucoses in the reference system
proceeded well and production of biogas reached
80% of the theoretically calculated value. This
confirmed validity of the test and activity of the
micro-organisms. Degradation of glucose in presence
of leachate was not affected by low leachate concentra-
tions: 16 and 32% v/v of the leachate (Fig. 2). Accord-
ing to our measurements, it was calculated that in the
headspace of the system with glucose there is 38% of
CO2, while the rest (62%) are probably methane and
other gasses. Such ratio is also typical for biogas gen-
erated in landfill (65–70% of methane with remaining
30–35% of CO2) [33]. Similar results were obtained for
glucose in presence of 16 and 32% v/v of the leachate.
Higher concentrations of the leachate (72% v/v) had
significant impact on anaerobic biodegradation of

Fig. 2. Toxicity of the leachate to micro-organisms of
anaerobic activated sludge.
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glucose resulting in 75% inhibition of methane pro-
duction in comparison to corresponding control. It
means that anaerobic bacteria were able to convert
glucose to CO2 during acetogenesis (in the headspace
it was 75% of CO2), but methanogenesis was probably
inhibited resulting in generation of only 25% of other
gasses. Although not determined, it is expected that
volatile fatty acids, hydrogen, and NH3 appeared in
the biogas [34] and were not transformed to methane
due to high concentrations of ammonium nitrogen in
landfill leachate which acts as inhibitor of methano-
genesis during anaerobic digestion process [35].

A second set of experiments under anaerobic condi-
tions was setup to determine biodegradability of land-
fill leachates. Glucose was degraded well again under
experimental anaerobic conditions (76%). A higher
non-toxic concentration of the leachate (32% v/v) was
introduced into the biodegradability tests, which
proceeded for 10 d (Fig. 3). During the monitoring
period there was no production of biogas observed
and it was concluded that micro-organisms are unable
to degrade organic matter from the leachate. In spite of
higher BOD5 which represents biodegradable organic
matter, present organics are biodegradable only in
aerobic conditions, while anaerobically degradable
matter was already digested within the body of
landfill, and leachates from old landfills cannot be
anaerobically treated.

4. Conclusion

Regarding many advantages, biological treatment
of landfill leachate is often employed. However, the
results of our study showed that in spite of high
biodegradability displayed in ready and inherent
biodegradability tests, the treatment of leachate in
biological treatment plant can be accomplished up to
10% v/v of leachate in municipal sewage. In case of

anaerobic treatment of landfill leachate, no biogas
production was recorded. It has been concluded that
conventional biological treatment is suitable for treat-
ment of leachates only under aerobic condition and
co-treated with municipal sewage.
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with anaerobic degradation experiment. We also thank
J. Hellis for help in language editing.

References

[1] A.R. Abood, J. Bao, J. Du, D. Zheng, Y. Luo, Non-
biodegradable landfill leachate treatment by combined
process of agitation, coagulation, SBR and filtration,
Waste Manage. 34 (2014) 439–447.

[2] T.A. Kurniawan, W.H. Lo, G.Y.S. Chan, Physico-
chemical treatments for removal of recalcitrant con-
taminants from landfill leachate, J. Hazard. Mater. 129
(2006) 80–100.

[3] K.Y. Foo, B.H. Hameed, An overview of landfill leach-
ate treatment via activated carbon adsorption process,
J. Hazard. Mater. 171 (2009) 54–60.

[4] S. Renou, J.G. Givaudan, S. Poulain, F. Dirassouyan, P.
Moulin, Landfill leachate treatment: Review and
opportunity, J. Hazard. Mater. 150 (2008) 468–493.

[5] B. Xie, B.Y. Lv, C. Hu, S.B. Liang, Y. Tang, J. Lu, Land-
fill leachate pollutant removal performance of a novel
biofilter packed with mixture medium, Bioresour.
Technol. 101 (2010) 7754–7760.

[6] M. Kawai, I.F. Purwanti, N. Nagao, A. Slamet, J.
Hermana, T. Toda, Seasonal variation in chemical
properties and degradability by anaerobic digestion of
landfill leachate at Benowo in Surabaya, Indonesia, J.
Environ. Manage. 110 (2012) 267–275.

[7] R.C. Contrera, K.C. da Cruz Silva, D.M. Morita, J.A.
Domingues Rodrigues, M. Zaiat, V. Schalch,
First-order kinetics of landfill leachate treatment in a
pilot-scale anaerobic sequence batch biofilm reactor,
J. Environ. Manage. 145 (2014) 385–393.

[8] H. Sun, Y. Peng, X. Shi, X. Shi, Advanced treatment of
landfill leachate using anaerobic–aerobic process:
Organic removal by simultaneous denitritation and
methanogenesis and nitrogen removal via nitrite, Bior-
esour. Technol. 177 (2015) 337–345.

[9] R. Chemlal, L. Azzouz, R. Kernani, N. Abdi, H.
Lounici, H. Grib, N. Mameri, N. Drouiche, Combina-
tion of advanced oxidation and biological processes
for the landfill leachate treatment, Ecol. Eng. 73 (2014)
281–289.

[10] G.T. Müller, A. Giacobbo, E.A. dos Santos Chiara-
monte, M.A. Siqueira Rodrigues, A. Meneguzzi, A.M.
Bernardes, The effect of sanitary landfill leachate
aging on the biological treatment and assessment of
photoelectrooxidation as a pre-treatment process,
Waste Manage. 36 (2015) 177–183.

[11] E.S. Batarseh, D.R. Reinhart, N.D. Berge, Sustainable
disposal of municipal solid waste: Post bioreactor
landfill polishing, Waste Manage. 30 (2010) 2170–2176.

Fig. 3. Anaerobic degradation of glucose (reference
compound) and the leachate.
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