
Introduction

Treatment of landfill leachate has become one of the
most important environmental problems due to fluctuating
composition and quantity as well as high concentrations of
specific pollutants (polycyclic aromatic hydrocarbons PAH,
absorbable organic halogens AOX, polychlorinated
biphenyls PCB, heavy metals) and very high ammonia
nitrogen and COD concentrations. Considerable variations
in the quality of leachate from different landfills has been
reported in the literature [1]. The leachate from young land-

fills (where the acetogenic biodegradation phase is active)
is characterized by high chemical oxygen demand (COD),
biological oxygen demand (BOD), and Na+, Cl¯ and NH4

+

content, while the leachate produced in the subsequent
methanogenic phase is characterized by relatively low
COD, BOD, and NH4

+ content and higher pH [2, 3]. The
composition of leachates from 35 landfill sites with aceto-
genic and 29 with methanogenic conditions given by the
British Department of the Environment (1995) is cited by
Jones et al. [2]. The average COD and BOD values for “ace-
togenic” leachates were 36,817 mg O2/l (the range 2,740-
152,000) and 18,632 (the range 2,000-68,000) mg O2/l,
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Abstract

The performance of three constructed wetland systems treating landfill leachate, two located in north-

ern Poland (Szadółki near Gdańsk and Gatka near Miastko) and one in southern Sweden (Örebro), is dis-

cussed. The CWs differ in size, hydraulic regime, type of hydrophytic plants, and type of leachate pre-treat-

ment before discharging to the CW. The CW in Szadółki consists of two parallel beds with sub-surface, hori-

zontal flow of leachate (HSSF) planted with reed. The leachate is discharged to the CW without pre-treatment.

The facility in Gatka is a willow plantation that receives leachate after preliminary sedimentation in a reten-

tion pond. The system at Örebro consists of a series of ponds with a surface flow of leachate (the free water

surface - FWS wetland), preceded by pre-treatment in an aerated tank with nitrogen stripping. A comparison

of treatment conditions and results is presented. The best treatment efficiencies were observed at the CW Öre-

bro (98% TSS, 91% BOD, 65% COD, 99.5% N-NH4
+), which resulted from: 

(i) an effective pre-treatment of leachate before it was discharged to the CW, and

(ii) the CW type – with surface flow of leachate (FWS). 

At the sub-surface flow wetlands (Szadółki, Gatka), clogging problems occurred due to lack of or unsat-

isfactory pre-treatment of leachate, resulting in lower treatment efficiencies. The ammonia nitrogen was still

removed at the clogged facilities with the efficiencies varying from 52 to 89%, while the organics removal

efficiencies were substantially lower (27-61% for BOD5 and 2-35% for COD).
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respectively, while in “methanogenic” leachates these val-
ues decreased to 2,307 mg O2/l (622- 8,000) for COD and
374 mg O2/l (97-1,770) for BOD. Apart from the organics,
ammonia nitrogen is the principal pollutant in the leachate.
Ammonia nitrogen is present in the leachate from young
landfills owing to the deamination of amino acids during
destruction of organic compounds [3]. Leachate from older
landfills is rich in ammonia nitrogen due to hydrolysis and
fermentation of the nitrogenous fractions of biodegradable
substrates. Ammonia concentrations in leachate from dif-
ferent landfills may vary from tens or hundreds of mg N-
NH4

+/l [1] to even over 10,000 mg N-NH4
+/l [4].

High-tech solutions applied for leachate treatment (i.e.
reverse osmosis or ozonation) are expensive and energy
consuming, thus they are not suitable at many landfill sites,
especially in rural areas. Constructed wetlands (CWs) pro-
vide an alternative method of either treating or polishing the
landfill leachate, which is inexpensive, simple to operate,
and has potential to remove not only organic carbon and
nitrogen compounds, but xenobiotics and heavy metals as
well [5-7]. The natural process occurring in CWs can aid in
leachate treatment. Volatile organics are removed by
volatilization or biodegradation. Ammonia nitrogen can be
released to the atmosphere directly or after transformation
to the dinitrogen gas in the nitrification and denitrification
processes. According to Reddy and d’Angelo [8] volatiliza-
tion of nitrogen is negligible at neutral pH, thus nitrification
and denitrification are key removal processes. Metals are
accumulated by the hydrophytes (mostly at the under-
ground parts) [5, 9-12], precipitate in the form of insoluble
sulphides and hydroxides, or undergo ion exchange
processes in the bottom sediments. Hydrophytes are toler-
ant to the high concentrations of typical pollutants present
in the leachate, as well as heavy metals and PAHs [5, 7, 10,
11, 13, 14]. High leachate salinity may disturb some aquat-
ic plants, although according to literature reports, the plant
most commonly used in the constructed wetland systems,
Phragmites australis, can withstand relatively high Cl con-
centrations [10, 15-17]. Constructed wetlands have been
successfully applied for leachate treatment in the USA [18-
22], and in European countries (Norway, UK, Slovenia,
Sweden) [5, 23-27]. Different types and configurations of
CWs are applied for leachate treatment (with surface and
sub-surface flow of sewage, several treatment stages with
different flow conditions) [20, 23, 28, 29]. While CWs in
Poland have gained popularity for sewage treatment, expe-
rience with landfill leachate treatment is still developing. In
some cases, lack of knowledge in design, construction and
operation leads to problems and unsatisfactory treatment
results. 

In this paper, the design and performance of three CWs
for leachate treatment, two located in northern Poland
(Szadółki near Gdańsk and Gatka near Miastko) and one in
southern Sweden (Atleverket near Örebro) is discussed.
The CWs differ in size, hydraulic regime, type of
hydrophytic plant, and type of leachate pre-treatment
before discharging to the CW. Performance and operation
problems of the CWs are discussed.
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Experimental

Study Facilities

Investigations were performed at three constructed wet-
lands: two in northern Poland (Szadółki near Gdańsk and
Gatka near Miastko) and one in southern Sweden
(Atleverket near Örebro). Both Polish CWs experienced
serious clogging problems resulting from unstable leachate
composition and quantity, as well as the use of fine grained
materials as filter materials (hydraulic conductivity 2.55·10-

5 m/s in Szadółki and 5.87 ·10-5 m/s in Gatka). These ques-
tions were not properly considered and solved at the design
stage, which had a crucial impact on future operation and
treatment efficiency of both CWs [30]. Poor operation of
CW Szadółki made it impossible to discharge the treated
leachate to the surface receiver as planned. Finally, the
clogged bed materials were replaced by a new medium,
thanks to which treatment processes were restored.
However, the hydraulic conductivity of the new filtration
material was similar to the replaced clogged material,
which may negatively impact future CW performance. 

Methods

Performance monitoring was based on analyses of the
leachate flowing into and out of the CW systems. In the
case of the CW at Gatka, there was no outflow due to high
transpiration. In order to evaluate the treatment processes
taking place at the filter, two poliethylene wells were
installed at the filter to assemble pore water sample collec-
tion (Fig. 1, sampling points III, IV). The leachate percolat-
ing through the filter gathered at the bottom of the pipes and
could be collected using a syphon.

For the CWs working as the final treatment stage, the
raw leachate quality (before pre-treatment) was also
assessed. Leachate samples were collected from 2004 to
2005 at Szadółki, from December 2005 to November 2006
at Gatka, and from January 2004 to October 2006 at Öre-
bro. Concentrations of the following pollutants were mea-
sured: TSS, BOD5, CODCr, N-NH4, N-NO3̄ , Ntot, Ptot, total
alkalinity, and Cl¯. All measurements were performed
according to Polish Standard Methods as well as U.S. stan-
dards [31].

The granulometric analyses of filtration bed media and
hydraulic conductivity were performed in Szadółki (2004)
and Gatka (2006). The analyses were done for already
clogged media (no data concerning the initial structure and
type of filling material is available). Two types of soils sam-
ples were collected: the disturbed-structure samples for
grain size analyses (from depths below 30 cm) and the
undisturbed-structure samples for the measurement of per-
meability coefficient (from 30-40 cm). The analyses were
carried out according to Polish Norm PN-88/B0481.
Construction soils – soil sample analyses as well as
Geotechnical Engineering Handbook [32].

Results and Discussion

The concentrations of pollutants in raw and treated
leachates (mean values and standard deviations) are shown
in Table 2.

A measure of bioavailability of organics in the leachate is
the BOD5/COD ratio. At young landfills (landfilled wastes
not older than 3-5 years) the BOD5/COD ratio is high, reach-
ing even 0.7, indicating high biodegradability of organics in
the leachate. In such cases, COD and BOD5 concentrations
are high (over 4,000 mg O2/l and over 6,000 mg O2/l, respec-
tively). The pH is acidic (<6.5) indicating that acetogenic fer-
mentation phase products (volatile fatty acids) are present. At
the mature landfills (5-10 years) the BOD5/COD ratio
decreases to 0.5-0.3, since the easily biodegradable organics
(BOD5) are consumed. The pH increases to 6.5-7.5. The
leachate from old landfills (over 10 years) is characterized by
low BOD5/COD ratios (< 0.1) and pH over 7.5 [1, 4].

Although the three landfills in this study have been in
operation for several years, the age of landfilled wastes at
each site varies, and all of the landfills are still receiving
new waste. Despite their ages, the decomposition process-
es within the landfill have not yet finished. The leachate
from Szadółki is characterized by the highest COD and the
highest BOD/COD ratio (0.49), whereas the pH of the
Szadółki leachate is the lowest of the analyzed leachates
(7.5). In view of the landfill leachate characteristics given
above, these parameters correspond to leachate from
mature landfills, with partly decomposed organic wastes.
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Leachate from the Örebro site has the second highest COD
concentration as well as BOD/COD ratio (0.21), and pH
8.0. The ammonia nitrogen concentration of the Örebro
leachate is even higher than that of Szadółki. The quality of
raw leachate from the Gatka landfill is much better than that
of the other two sites.

Apart from the organics, ammonia nitrogen is a typical
pollutant of landfill leachates. The concentrations of ammo-
nia nitrogen in municipal leachates fluctuate from several
hundred to over 10,000 mg/l [3, 33]. The concentrations of
ammonia nitrogen in the analyzed leachates were typical, as
were the chloride concentrations. In case of the leachate
from Gatka the TSS concentrations were relatively high. 

The data presented in Table 2 allows for analyses of pre-
treatment efficiency and its effect on treatment processes in
the CW. At Gatka, pre-treatment in the retention tank was
not effective, since the concentrations of pollutants, espe-
cially TSS, were almost the same before and after this
stage. This was due to the fact that the gathered sludge was
never removed from the tank. Probably the resuspension of
the settled sludge took place, leading to high TSS at the
tank effluent. The extremely high TSS concentrations dis-
charged to the vegetation filter caused partial clogging of
the filter and periodic flooding of the lower part of the fil-
ter (around point IV, Fig. 1), followed by changes of the
vegetation type (at the lower part of the filter willow Salix
was replaced by orchard grass Dactylis glomerata L.).

At Örebro the pre-treatment took place in the aeration
tank with nitrogen stripping. High removal efficiencies
were observed: 71% for BOD5, 46% for COD and 68% for
N-NH4

+. However, the TSS concentrations increased by
over 100%. 

At Szadółki, raw leachate was discharged directly to the
CW. Due to lack of a sedimentation tank upstream from the
CW at Szadółki, the leachate flowing into the CW con-
tained very high concentrations of BOD and COD as well
as ammonia nitrogen, which had a remarkable impact on
the treatment results. A sedimentation tank would enable
not only partial elimination of TSS and probably organics
or volatilization of ammonia nitrogen, but it would allow
for averaging the concentrations of pollutants and the
leachate inflow as well.

Of the three CW systems studied, the most successful in
terms of pollution reduction was the CW at Örebro. At the
other sites operational problems connected with clogging
(Szadółki, Gatka), fluctuations of the leachate amount, and
quality (Szadółki) and excessive pollutant concentrations in
the leachate discharged to the CWs (due to lack of or unsat-
isfactory pre-treatment) occurred, influencing the treatment
results [30]. 

The most “problematic” of the CWs was the pair of
beds at Szadółki, where all of the above operational prob-
lems appeared, caused by errors at the design and con-
struction stage. There was no data concerning the filling
material used for bed construction; the only analyses were
performed for already clogged media and described in ear-
lier publications [30]. It was found that the fine-grained
soil was used for bed construction (0.0007-0.0024 mm).

High uniformity coefficients (174-583) were explained
using the landfilled wastes and debris, as well as the local
soil (clay, loam), for the bed filling, which was visible dur-
ing the visits to the CW. This  resulted in very low hydraulic
conductivity of the beds (permeability coefficient k10 =
2.55-5.77⋅10-5 m/s). The total hydraulic capacity of the CW
system, evaluated on the basis of soil analyses (clogged
media), was only 1.72 m3/d, while the hydraulic loading of
the beds varied from 6 to 240 m3/d. Since there was no pre-
treatment of the leachate discharged to the CW, the beds
were particularly prone to clogging, not only because of the
average TSS concentration at Szadółki (150 mg/l), but also
due to high organics content (792 mg/l BOD and 1,616
mg/l COD). Assuming the mean leachate flow of 123 m3/d,
the incoming loads of pollutants were as follows: 3.7 g
TSS/m2·d, 19.5 g BOD5/m2·d and 39.8 g COD/m2·d. The
recommended values to avoid clogging risk are 5.4 g
TSS/m2·d [34], 6 g BOD5/m2·d [35, 36] and 15-20 g
COD/m2·d [34]. 

According the TSS concentration, some authors and the
German Guideline ATV-A62 recommend that the incoming
concentrations should be below 100 mg TSS/l. Beyond any
doubt the organic loads discharged to the CW Szadółki
were too high and the TSS load contributed to the bed clog-
ging as well. Also, the value of BOD5/COD ratio at
Szadółki (0.49) was quite high comparing to leachates from
other landfills. However, it was smaller than the typical
value for wastewater, indicating the presences of recalci-
trant substance. This means that the organics once accumu-
lated at the beds were resistant to biodegradation and
remained at the beds, reducing the effective porosity.
Another contributor to the poor hydraulic capacity was
related to high concentration of Fe in the raw leachate
(mean 22.6 mg/l; range 11 to 38 mg/l). Contact with oxy-
gen brought to the beds via the roots and rhizomes of reed,
the Fe2+ ions will get oxygenated to the insoluble Fe3+ ions
that will be deposited in the bed, reducing the effective pore
size. High iron concentrations ought to be removed before
the leachate is directed to the CW beds. 

In the research performed by Randerson and Slater [37]
on treatment of leachate from a closed landfill site, the first
stage of treatment was leachate aeration at a 3 m high tower
filled with lightweight polypropylene media, were dis-
solved Fe2+ was rapidly oxidized to solid Fe3+ and precipi-
tated as a film on the media, then the leachate was directed
into a lagoon, where further iron settlement took place.
Still, in the next stage of treatment performed at small reed
beds (with intermittent leachate inflow), iron settlement
occurred. To avoid clogging problems it was necessary to
clear the accumulated iron deposits, which was achieved by
excavating the gravel from the reed beds and washing out
the iron sludge with a pressure hose. The washed gravel
was then returned to the beds and the reed rhizomes replant-
ed. This operation was performed once a year. 

Another problem at Szadółki was connected with unsta-
ble leachate composition and lack of any collecting tank
prior to the CW that would enable averaging of the leachate
composition. Finally, high Cl¯ concentration was present in
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the leachate (mean 749 mg/l; range 530 to 922 mg/l). The
combination of these factors led to flooding of the beds and
P. australis die-off, with consequently poor treatment effi-
ciency (Table 2). The leachate at Szadółki cannot be dis-
charged to surface waters and is recirculated to the landfill
site.

The concentrations of pollutants measured in the pore
water samples collected at the willow plantation at Gatka
were quite low in terms of BOD, total nitrogen, and ammo-
nia nitrogen concentrations. In contrast, the COD and TSS
concentrations are high. Nevertheless, the leachate dis-
charged to the vegetation filter was transpired to the atmos-
phere by Salix and Dactylis glomerata L. plants and there
was no problem with effluent quality. The BOD and COD
removal in the vegetation filter was below expectations, but
good efficiencies of N and P removal were observed. The
ammonia nitrogen removal efficiency was about 70-78%
(Fig. 1), indicating an effective nitrification process. There
is some indirect evidence that the data presented in Table 2
may not reflect the real denitrification capacity. It is likely
that an intensive transpiration by willow growing around
sampling point III caused depletion of water and an
increase of the pollutant concentrations. This is confirmed
by an increase of chloride concentration at point III in com-
parison to the inflow that cannot be explained by any other
reason. If it was so, the nitrate concentration at sampling
point III may also be overvalued due to water loss.

The effluent from the CW Örebro contained very low
BOD and N-NH4

+ concentrations. However, the total nitro-
gen concentrations were similar to the treated leachate from
Gatka. The predominant form of nitrogen in the effluent
from Örebro was nitrate nitrogen. The CW Örebro was
characterized by the highest treatment efficiency among the
analyzed facilities. This resulted from: 
(i) an effective pre-treatment of leachate before it was dis-

charged to the CW, and
(ii) the CW type – FWS (free water surface). 

The raw leachate from the Örebro landfill site contained
the highest concentration of N-NH4

+ of the analyzed leachates.
The ammonia stripping process in the aerated tank prior to the
CW system was quite effective and allowed for the average
N-NH4

+ concentration decrease from 415 to 134 mg/l (Table
2). Also, BOD and COD concentrations decrease in the aerat-
ed tank. In contrast, the average TSS concentrations increased
from 99 to 234 mg/l. Clogging problems inside the wetland
did not occur however, since this was the FWS wetland with
surface flow of leachate, which is generally less prone to clog-
ging than the sub-surface flow wetlands.

Fig. 2 compares the BOD, COD, TSS and ammonia
nitrogen removal efficiencies for the three CWs. For the CW
Szadółki, removal efficiencies for both parallel working
beds (I and II) are shown. In Gatka, removal efficiencies
were calculated separately for pore water sampling points III
(the area covered by willow) and IV (orchard grass).
Although the treated leachate quality from Gatka and
Szadółki is worse than at Örebro, the treatment efficiencies
observed at Gatka and even at Szadółki (especially at bed I)
are quite good. This is due to the fact that both Polish CWs

receive raw leachate (at Szadółki there is no pre-treatment at
all, while the only function of the retention tank at Gatka is
averaging of the leachate volume and composition – the pol-
lutant concentrations do not decrease).

Conclusions

Analysis of the operational results of three CW systems
for leachate treatment located in northern Poland (2 sites)
and southern Sweden (1 site) shows that constructed wet-
land systems can effectively treat landfill leachate. The
hydrophytes are tolerant to the high concentrations of COD,
BOD, N-NH4

+ and Cl¯ present in the leachate; however,
there may be problems with huge fluctuations in the com-
position and quantity typical of the landfill leachates. Thus,
we recommend that retention tanks precede CW systems
treating landfill leachate. Another role of retention tanks
would be removal of TSS in order to avoid clogging of wet-
land cells, which is especially important in the case of sub-
surface flow wetlands. Since high concentrations of Fe (III)
contribute to the clogging, Fe (III) removal prior to the wet-
land systems should be considered. Although constructed
wetlands can deal even with raw leachate, using the two-
stage leachate treatment systems with CW as the final
stage, achieves high quality effluent that can be discharged
to surface waters (Örebro). The pre-treatment can occur in
a combination of aeration and sedimentation units. The
design and construction stage of the CW systems is very
important, which is apparent in the case of the CW at
Szadółki. As leachate composition, volume and quality
fluctuations are site-specific, the system design should be
adapted to these site specific conditions. Otherwise, future
problems with the operation of CW systems and poor treat-
ment results will cause landfill operators to reject the idea
of leachate treatment with CWs. 

Acknowledgements

Funding support from the Committee of Scientific
Research in Poland for constructed wetland study (3 T09D
017 27) and the EEA Financial Mechanism (PL 0085) is
gratefully acknowledged.

648 Wojciechowska E., et al. 

0%

10%
20%

30%

40%
50%

60%

70%

80%
90%

100%

BOD COD N-NH4+ TSS

Szadó ki I
Szadó ki II
Gatka III
Gatka IV
Örebro

Fig. 2. Average leachate treatment removal efficiencies for the
analyzed CW systems.



References

1. SURMACZ-GÓRSKA J. Degradation of the landfill
leachate organic compounds Monographies of the
Committee of Environmental Engineering, Polish Academy
of Science, Lublin, 5, 184, 2001 [In Polish].

2. JONES D.L., WILLIAMSON K.L., OWEN A.G.
Phytoremediation of landfill leachate. Waste Management
26, 825, 2006.

3. KLIMIUK E., KULIKOWSKA D., KOC-JURCZYK J.
Biological removal of organics and nitrogen from landfill
leachates – A review. In: Pawłowska M. & Pawłowski L.
(Eds.) Management of pollutant emission from landfills and
sludge. Taylor & Francis Group, London, pp. 187-204,
2008.

4. TATSI A.A., ZOUBOLIS A.I. A field investigation of the
quantity and quality of leachate from a municipal solid
waste landfill in a Mediterranean climate (Thessaloniki,
Greece). Adv. Environ. Res. 6, 207, 2002.

5. PEVERLY J.H., SURFACE J.M., WANG T. Growth and
trace metals absorption by Phragmites australis in wetlands
constructed for landfill leachate treatment. Ecological
Engineering 5, 21, 1995.

6. KOWALIK P., SLATER F.M., RANDERSON P.
Constructed wetlands for landfill leachate treatment. W:
Thofelt L., Englund A. (Eds.) Ecotechnics for a sustain-
able society. Proceeding from Ecotechnics 95 –
International Symposium on Ecological Engineering., 16,
189, 1996.

7. YE Z., BAKER AJ., WONG MH., WILLIS AJ. Zinc, lead
and cadmium tolerance, uptake and accumulation by the
common reed, Phragmites australis (Cav.) Trin. ex Steudel.
Ann Bot, pp. 363-370, 1997.

8. REDDY K.R., D’ANGELO E.M. Biogeochemical indica-
tors to evaluate pollutant removal efficiency in constructed
wetlands. [In:] Materials of 5th International Conference on
Wetland System for Water Pollution Control. Universität für
Bodenkuultur Wien and International Association on Water
Quality, Vienna, pp. 1-21, 1996.

9. CHENG S., GROSSE W., KARRENBROCK F., THOEN-
NESSEN M. Efficiency of constructed wetlands in deconta-
mination of water polluted by heavy metals. Ecological
Engineering 18, 317, 2002.

10. WEIS J.S., GLOVER T., WEIS P. Interactions of metals
affect their distribution in tissues of Phragmites australis.
Environmental Pollution 131, 409, 2004.

11. WEIS J.S., WEIS P. Metal uptake, transport and release by
wetland plants: implications for phytoremediation and
restoration. Environmental International 30, 685, 2004.

12. OBARSKA-PEMPKOWIAK H., HAUSTEIN E., WOJ-
CIECHOWSKA E. Distribution of heavy metals in vegeta-
tion of constructed wetlands in agricultural catchment. J.
Vymazal (Ed.) Natural and Constructed Wetlands: Nutrients,
Metals and Management, Backhuys Publishers, Leiden, The
Netherlands, pp. 125-134, 2005.

13. HAWKINS W.B., RODGERS J.H., GILLESPIE W.B.,
DUNN A.W., DORN P.B., CANO M.L. Design and con-
struction of wetlands for aqueous transfers and transforma-
tions of selected heavy metals. Ecotoxicology and
Environmental Safety 36, 238, 1997.

14. OBARSKA-PEMPKOWIAK H. Removal and retention of
selected heavy metals in components of a hybrid wetland
system. In: Mander U. and Jenssen P. (Eds): Constructed
wetlands for wastewater treatment in cold climates. WIT
Press Southampton, Boston, pp. 300-309, 2003.

15. LISSNER J., SCHIERUP H.H. Effects of salinity on the
growth of Phragmites australis. Aquat.Bot. 55, 247,
1997.

16. LISSNER J., SCHIERUP H.H., COMIN F.A., ASTORGA
V., Effect of climate on the salt tolerance of two Phragmites
australis populations. I Growth, inorganic solutes, nitrogen
relations and osmoregulation. Aquat.Bot. 64, 317, 1999.

17. CHOI W.J., RO H.M., CHANG S.X. Carbon isotope com-
position of Phragmites australis in a constructed saline wet-
land. Aquat.Bot. 82, 27, 2005.

18. MARTIN C.D., JOHNSON K.D. The use of extended aera-
tion and in-series surface-flow wetlands for landfill leachate
treatment. Wat.Sci.Tech. (32), 119, 1995.

19. MARTIN C.D., JOHNSON K.N., MOSHIRI G.A.
Performance of constructed wetland leachate treatment sys-
tem in Chunchula landfill, Mobile County, Alabama. Wat.
Sci. Tech. 40, (3), 67, 1999.

20. KOZUB D.D., LIEHR S.K. Assessing denitrification rate
limiting factors in a constructed wetland receiving landfill
leachate. Wat.Sci.Tech. (40), 75, 1999.

21. SANFORD W.E. Substrate type, flow characteristics, and
detention times related to landfill leachate treatment effi-
ciency in constructed wetlands. Constructed Wetlands for
the Treatment of Landfill Leachates. Mulamoottil, G., Mc
Bean, E.A. & Rovers, F. (Eds.). Lewis Publishers, Boca
Raton, Florida, USA, pp. 47-56, 1999.

22. KADLEC R.H. Integrated natural systems for landfill
leachate treatment. Wetlands – nutrients, metals and mass
cycling. Vymazal J. (Ed.) Backhuys Publishers, Leiden pp.
1-33, 2003.

23. MAEHLUM T. Treatment of landfill leachate in on-site
lagoons and constructed wetlands. Wat. Sci. Tech. 32, (3),
129, 1995.

24. BULC T., VRHOVSEK D., KUKANJA V. The use of con-
structed wetland for landfill leachate treatment. Wat. Sci
Tech. 35, (3), 301, 1997.

25. JOHANSSON WESTHOLM L. Leachate treatment with
use of SBR-technology combined with a constructed wet-
land system at the Isätra landfill site, Sweden. Proc. Sardinia
2003, the 9th International Waste Management and Landfill
Symposium, S. Margherita di Pula, Cagliari, Italy, 6-10 Oct,
pp. 75-81, 2003.

26. JOHANSSON WESTHOLM L. Constructed wetlands for
treatment of landfill leachate – experiences from Sweden
and Norway. Vatten 60, 7-14, Lund 2004. 

27. BULC T.G. Long term performance of a constructed wet-
land for landfill leachate treatment. Ecological Engineering
26, 365, 2006.

28. RUSTIGE H., NOLDE E. Nitrogen elimination from land-
fill leachates using an extra carbon source in subsurface flow
constructed wetlands. In: Proc. of 10th International
Conference on Wetland Systems for Water Pollution
Control, September 23-29 2006 Lisbon, Portugal, pp. 229-
239, 2006.

29. KINSLEY C.B., CROLLA A.M., KUYUCAK N., ZIM-
MER M., LAFLÉCHE A. Nitrogen dynamics in a con-
structed wetland system treating landfill leachate. In: Proc.
of 10th International Conference on Wetland Systems for
Water Pollution Control, September 23-29 2006 Lisbon,
Portugal, pp. 295-305, 2006.

30. WOJCIECHOWSKA E., OBARSKA-PEMPKOWIAK H.
Leachate treatment at a pilot plant using hydrophyte sys-
tems. In: Pawłowska & Pawłowski (Eds) Management of
Pollutant Emission from Landfills and Sludge. Taylor &
Francis Group, London, pp. 205-210, 2008.

Treatment of Landfill Leachate by Constructed Wetlands... 649



31. APHA Standard Methods fir Examination of Water and
Wastewater, 20th edn., American Public Health Association,
(American Water Association) Water Environment
Federation, Washington, DC, USA, 1998.

32. GEOTECHNICAL ENGINEERING HANDBOOK. U.
Smoltczyk. Ernst & Sohn, 1, 2002.

33. LO I.M.C. Characteristics and treatment of leachates from
domestic landfills. Environment International 22, 433, 1996.

34. VYMAZAL J. Types of Constructed Wetlands. 1st
International seminar on The Use of Aquatic Macrophytes
for Wastewater Treatment in Constructed Wetlands. Lisbon,
Portugal, 2003.

35. USEPA, Constructed Wetland Treatment for Municipal
Wastewater. EPA/625/R-99/010. Office of Research and
Development, Cincinnati, OH. 166, USA, 2000.

36. GARCÍA J., AGUIRRE P., BARRAGÁN J., MUJERIEGO
R., MATAMOROS V., BAYONA J. M. Effect of key design
parameters on the efficiency of horizontal subsurface flow
constructed wetlands. Ecol. Eng. 25, 405, 2005.

37. RANDERSON P.F., SLATER F.M. The role of willow
plants in the treatment of iron-rich landfill leachate. Proc. 6th

International Conf. on Environmental Engineering, 26-27
May 2005, Vilnius, Lithuania. Vilnius Gediminas Technical
University. (1), 420, 2005.

650 Wojciechowska E., et al. 


