
1. INTRODUCTION
Leachates from municipal solid waste landfill sites are
often defined as hazardous and heavily polluted

wastewaters. Leachates may contain large amounts of
organic matter (biodegradable, but also refractory to
biodegradation), where humic-type constituents make
an important group [1], as well as ammonia-nitrogen,
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A b s t r a c t
The treatment of old municipal landfill leachate by Fenton oxidation, coagulation as well as coagulation combined with the
Fenton oxidation was carried out on a laboratory scale. It has been found that organic pollutants in leachate could be suc-
cessfully removed by Fenton oxidation. The most advantageous dose of H2O2 and Fe2+/H2O2 ratio were 1350 mg/L and 0.2,
respectively at pH 3 and reaction time of 45 minutes. In these operating conditions, the COD removal efficiency reached
61%. However, a 73.1% removal of COD was attained after 26 hours of Fenton oxidation. In coagulation process, the effi-
ciency was within the range of 39-45.8% using PIX as a coagulant at dose of 500 mg/L (pH 5 and 30 min of reaction time).
The best result of COD removal (65.3%) was obtained in the combined treatment system including a coagulation process,
followed by a Fenton oxidation. In this case, COD removal by coagulation was 45.8% while by Fenton oxidation only 19.5%.
Therefore more experiments need to be done towards optimisation of such combined system. It concerns particularly the
second treatment stage by Fenton oxidation. It was concluded that the Fenton oxidation or combined coagulation-Fenton
oxidation system are very efficient and promising methods for treatment of non-biodegradable landfill leachate.

S t r e s z c z e n i e
Prowadzono oczyszczanie odcieków ze starej kwatery składowiska odpadów komunalnych za pomocą odczynnika Fentona,
procesu koagulacji, jak również koagulacji połączonej z utlenianiem odczynnikiem Fentona w skali laboratoryjnej.
Wykazano, że zanieczyszczenia organiczne zawarte w odciekach były efektywnie usuwane za pomocą utleniania odczyn-
nikiem Fentona. Najkorzystniejsza dawka H2O2 i stosunek Fe2+/H2O2 wynosiły odpowiednio 1350 mg/L i 0.2 przy pH 3 i cza-
sie reakcji 45 minut. W tych warunkach stopień obniżenia wartości ChZT wynosił 61%. Po 26 godzinach efektywność ta
zwiększyła się do 73.1%. W procesie koagulacji, efektywność obniżania ChZT zawierała się w granicach 39-45.8% przy zas-
tosowaniu dawki PIX-u równej 500 mg/L przy pH 5 i czasie reakcji 30 minut. Najlepszy wynik obniżenia wartości ChZT
(65.3%) uzyskano w układzie kombinowanym (koagulacja-odczynnik Fentona). W tym przypadku efektywność obniżenia
wartości ChZT w procesie koagulacji wynosiła 45.8%, natomiast w procesie Fentona jedynie 19.5%. Dlatego niezbędne są
dalsze badania nad optymalizacją takiego układu kombinowanego, a w szczególności drugiego stopnia oczyszczania odczyn-
nikiem Fentona. Wyniki badań wykazały, że zastosowanie odczynnika Fentona bądź układu kombinowanego stanowi efek-
tywny i obiecujący sposób oczyszczania odcieków niepodatnych na biodegradację.

K e y w o r d s : Landfill leachate; Fenton reagent; Coagulation; Advanced oxidation.
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heavy metals, chlorinated organic and inorganic salts
[2]. Landfill leachates have been identified as poten-
tial sources of ground and surface water contamina-
tion, as they may percolate through soils and subsoils,
causing extensive pollution of streams, creeks and
water wells, if they are not properly collected, treated
and safely disposed [3, 4].
Landfill leachate is generated as a result of precipita-
tion, surface run-off, and infiltration or intrusion of
groundwater percolating through a landfill [2].
Therefore, the characteristics of landfill leachates are
the combined result of number of complex factors,
including soil properties, weather conditions, munic-
ipal solid waste composition, landfill age, and landfill
operation. The organic matter present in old landfill
leachates is usually well stabilized, so biological treat-
ment is ineffective for such effluents [5].
The composition and concentration of contaminants
are mainly influenced by the age of landfill [4, 6].
Biological processes are quite effective, when applied
to relatively younger (i.e. recently produced)
leachates, containing mainly volatile fatty acids, but
they are less efficient for treatment of older (i.e.
more stabilized) leachates [7]. Biorefractory contam-
inants, contained mainly in older leachates, are not
amenable to conventional biological processes,
whereas the high ammonia content might also be
inhibitory to activated sludge microorganisms [8].
Furthermore, a supplementary addition of phospho-
rus is often necessary, as landfill leachates are gener-
ally phosphorus-deficient [4, 7]. Consequently, the
biological treatments become ineffective for the
treatment of old landfill leachates [9, 10].
To treat these old or refractory landfill leachates,
many physical/chemical (chemical oxidation, chemi-
cal precipitation, coagulation-flocculation, activated
carbon adsorption and membrane processes) and
biophysical processes have been used [2, 7, 9, 11-15].
Coagulation and flocculation is a relatively simple
technique that may be employed successfully in treat-
ing old landfill leachates [7, 9, 16]. However, this
treatment only leads to moderate removals of COD
and TOC, and it has its drawbacks: sludge is pro-
duced, and in some cases, when traditional chemical
coagulants are used, an increase on the concentration
of aluminium or iron, in the liquid phase, may be
observed [5]. Therefore, coagulation/precipitation is
not appropriate for a full treatment of leachate, due
to its limited efficiency for removal of organic con-
tent. However, coagulation/precipitation can be an
efficient pretreatment prior to biological or mem-
brane treatment, or an effective post-treatment for

the leachate [4, 7], as well as can be used as one of the
elements of a technological setup for the purification
of leachates from municipal solid waste landfills [13].
One available technology widely used to treat landfill
leachate in recent years is Fenton’s oxidation process
(H2O2 + Fe2+) [17], which has the advantages of both
oxidation and coagulation processes [9, 18]. Among
the different technologies reported in literature for
the treatment of highly contaminated effluents,
Fenton’s reagent is characterized by its cost effective-
ness, simplicity and suitability to treat aqueous wastes
showing a variable composition [19, 20]. The Fenton
reagent has been found to be effective in degradation
of various industrial wastewater components [21-28].
The Fenton reaction can be effectively exploited to
treat landfill leachate, and may be particularly
appropriate for mature leachate. Fenton processes
are applicable to the treatment of highly toxic
leachate and exhibit noticeably faster kinetics as
compared with biological treatment processes.
Fenton treatment also achieves considerably higher
efficiency of removal of organic compounds from
leachate, compared with other physical/chemical
technologies including coagulation and activated
carbon adsorption. In particular, Fenton treatment
effects chemical destruction rather than pollutant
transfer from one phase to another, in contrast with
membrane filtration and with other separation
processes. Importantly, capital costs and energy
requirements of Fenton treatment can be expected
to be very low compared with other advanced oxida-
tion processes [29].
In the Fenton process, coagulation and oxidation
both contribute to the removal of pollutants from
leachate, and their relative importance depends on
leachate characteristics and reaction conditions. The
relative importance of oxidation and coagulation
depends primarily on the H2O2/Fe2+ ratio. Chemical
coagulation predominates at a lower H2O2/Fe2+

ratio, whereas chemical oxidation is dominant at
higher H2O2/Fe2+ ratios [30]. Generally, an initial pH
between 2.0 and 4.5 favours the Fenton reaction [29].
Fenton treatment can be implemented alone or in
tandem with other technologies for leachate treat-
ment. Several flow sheets reported for Fenton-based
leachate treatment schemes are shown in Figure 1
[29]. These flow sheets can be roughly grouped into
four categories: direct Fenton treatment of raw
leachate, Fenton pretreatment prior to biological
treatment, Fenton treatment preceded by physi-
cal/chemical treatment, occasionally followed by bio-
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logical treatment, and Fenton treatment preceded by
biological treatment, occasionally followed by physi-
cal/chemical or biological treatment.
In this paper, COD removal efficiency from old
municipal landfill leachate has been examined using
Fenton oxidation as well as coagulation process. In
the Fenton oxidation, the effects of several process
conditions such as dosage of H2O2, Fe2+/H2O2 ratio,
pH and reaction time were investigated. Moreover,
the effect of different dosages of PIX (FeClSO4) in
coagulation process was studied. Additionally, a

coagulation process combined with the Fenton oxida-
tion was also used.

2. MATERIALS AND METHODS
Landfill leachate: Leachate was collected from the
municipal solid waste landfill in southern Poland. Its
characteristics were: dark brown colour, poor clarity,
COD in the range from 932 to 1325 mg/L,
BOD5/COD = 0.2 and pH 6.7-7.3 (average pH = 7.0).
Taking into account the low value of the BOD5/COD

Figure 1.
Flow sheets for Fenton treatment of landfill leachate [29]
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ratio, this leachate was classified as “old” and non-
biodegradable.
Experimental procedure: The Fenton oxidation
experiments were performed in ambient temperature
in glass reactors with a magnetic stirrer. The follow-
ing parameters were examined and optimized: H2O2

concentration, Fe2+/H2O2 weight ratio, pH and time.
The procedure was as follows: 0.5 L of leachate was
put into reactors of 1-litre volume, and then acidified
with H2SO4 to the selected value, since a Fenton
reagent is effective in acidic pH range. After that,
various doses of 30% H2O2 and solid FeSO4�7H2O
were added. After appropriate time the leachate was
neutralized with 5% solution of NaOH up to about
pH 8.5. Then, the samples were centrifuged at 3000
rpm (2.5 min) and analysed.
Coagulation studies were performed in a convention-
al jar-test apparatus (Flocculator SW1) equipped
with 6 beakers of 1 L volume. The experimental pro-
cedure consisted of three subsequent stages: the ini-
tial rapid mixing lasted 2 min at 120 rpm, the follow-
ing slow mixing for 30 min at 30 rpm, while the final
settling step lasted for another 1 hour. Chemical
reagent used as coagulant was PIX 110 (FeClSO4) at
pH 5. After the settling period, the supernatants were
withdrawn from the beaker and analysed.
In the combined method, experiments were per-
formed using a coagulation process, followed by a
Fenton oxidation. The optimal operating parameters,
that were determined earlier, were used for each
process.
Analytical methods: CODCr in leachate was deter-
mined in accordance with Polish Standard [31], while
pH was measured by pH-meter (pH 196, Poland). In
the samples of leachates treated by Fenton oxidation,
concentration of residual H2O2 was analysed by iodo-
metric method before the COD measurement. The
presence of H2O2 increase the COD value since it
acts as a reductant, especially in the chromate based
analysis of COD [32, 33]. The initial dark brown
colour of raw leachate was not an obstacle in deter-
mination of H2O2 because, after Fenton process, the
leachate was discolouring. However, in no case the
presence of residual H2O2 was found in leachate after
Fenton oxidation and neutralization. Therefore,
there was no need to calculate COD as difference
between the total COD measured and the COD due
to residual H2O2.

3. RESULTS AND DISCUSSION
3.1. Fenton oxidation
Preliminary batch tests were conducted to determine
the optimum dose of H2O2 (Fig. 2). The COD values
were determined after 90 minutes of the Fenton oxi-
dation. The experiments were performed in the wide
range of 200-1600 mg H2O2/L. As the dosage of H2O2

changed from 200 to 1350 mg/L, COD removal effi-
ciency increased from 39.8 to 69.7% (COD value 631
and 282 mg O2/L respectively). However, above the
dose of 1350 mg H2O2/L a slight decrease in COD
removal was observed. These phenomena could be
explained by the excess of hydrogen peroxide con-
centration, behaving as a hydroxyl radical’s scavenger
in the Fenton reaction, according to the following
reaction [34]:
OH• + H2O2 → H2O + HO2•

Therefore, further experiments concerning the opti-
misation of pH and Fe2+/H2O2 ratio were continued
at H2O2 dose of 1350 mg/L.

Figure 2.
Effect of the H2O2 dosage on the COD removal efficiency

(Fe2+/H2O2 ratio = 0.3, pH 3, reaction time 90 min.)

Figure 3.
Effect of the Fe2+/H2O2 dosage on the COD removal effi-
ciency (H2O2 conc. 1350 mg/L, pH 3, reaction time 120 min.)
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In order to investigate the optimum FeSO4 dosage,
five different Fe2+/H2O2 ratios were tested using con-
stant H2O2 concentration of 1350 mg/L (Fig. 3). The
reaction time was extended to 120 min. These results
show that with an increase in Fe2+/H2O2 ratio in the
range of 0.1–0.2 COD removal efficiency significant-
ly increases from 42% to 61%. However, above
Fe2+/H2O2 ratio of 0.2, only slight changes in COD
removal were observed and COD value kept almost
the same level about 457-506.2 mg/L. Therefore,
Fe2+/H2O2 ratio of 0.2 was chosen for further experi-
ments.
Hydrogen peroxide was most stable in the range of
pH 3-4, but the decomposition rate was rapidly
increased with increasing pH above 5. In a pH reac-
tion higher than 5, the COD removal efficiency by
oxidation was rapidly decreased, not only by decom-
position of hydrogen peroxide but also by deactiva-

tion of a ferrous catalyst with the formation of ferric
hydroxo complexes [9, 35]. Therefore, in order to
estimate the pH effect on COD removal, the experi-
ments were conducted at pH values varying between
1 and 5. As presented in Figure 4, COD removal effi-
ciency was shown to be maximum (60.1%) around a
reaction of pH 3, and it rapidly decreased with
decreasing pH below 2. This inhibitory effect could
be explained by an observation that excessive hydro-
gen ions are the dominant OH• radical scavenger
according to the following reaction [22, 34, 36]:

OH• + H+ + e– → H2O

As the pH changed from 3 to 5, the COD removal
efficiency was only slightly decreased from 60.1% to
57.3%.
A very important factor was also the reaction time.
Figure 5 shows the changes of COD as a function of
reaction time during 26 hours of the Fenton oxida-
tion. The results demonstrated that COD removal
efficiency was rapidly increasing within the first 45
minutes of reaction time. Maximum efficiency of
COD removal (62.9%) was observed after 60 min.
After this time, COD removal was diminished to
61.4% and 52.3% after 90 and 120 min. respectively.
These phenomena could be explained by the forma-
tion of by-products more resistant to oxidation.
Degradation by-products of Fenton’s reaction were
not identified in this study. When the reaction time
was extended up to 26 hours, COD removal efficien-
cy was reached 73.1%, probably as a result of oxida-
tion of these by-products. This supposition is based
on the other observations that high efficiency of
COD removal from leachates and industrial waste-
water (using Fenton reagent or coagulation) was not
always followed by significant reduction of their toxi-
city to an acceptable level [13, 22, 32]. Prolongation
of reaction time caused distinct toxicity reduction to
low level [32]. However, because between 45 and 60
min., the change of COD became insignificant, 45
minutes’ reaction time was chosen as economically
accepted in this study.

3.2. Coagulation process
The aim of the coagulation process was to determine
possible efficiency of COD removal from landfill
leachate. As a coagulant, the PIX 110 (FeClSO4) was
used at pH 5, because optimum pH range for PIX is
4.5-5.5. Several coagulant doses were tested without
adding any polymers to improve flocculation quality.
The results are presented in Figure 6.

Figure 4.
Effect of the initial pH reaction on the COD removal effi-
ciency (H2O2 conc. = 1350 mg/L, Fe2+/H2O2 ratio = 0.2,
reaction time = 120 min.)

Figure 5.
Effect of the reaction time on the COD removal efficiency
(H2O2 conc. = 1350 mg/L, Fe2+/H2O2 ratio = 0.2, pH 3)
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With increasing PIX dose, the COD removal effi-
ciency increased gradually, giving a maximum (39%)
at 500 mg/L and next decreased beyond this dose.
This COD removal decrease (above dose of
500 mg/L) can be explained by the acidic character of
PIX. When the dose of PIX was increased, pH
decreased continually (pH was not adjusted during
coagulation) and thus optimum pH range for coagu-
lant was not maintained. This remains in agreement
with the observations by Amokrane et al. [7] and
Kang and Hwang [9]. According to Amokrane et al.
[7], also with increasing PIX dose, the dark brown
colour of raw leachate turned, after sludge separa-
tion, to a clear brown, then to yellow and became
clear yellow for the coagulant dose near the optimal
value.
On the basis of insufficient efficiency of the COD
removal in coagulation process performed alone, it
can be stated that for more effective treatment of
leachate, the coagulation should be integrated with a
Fenton oxidation.

3.3. Fenton oxidation combined with a coagulation
process
The combined tests were performed using a coagula-
tion process, followed by a Fenton oxidation. In the
coagulation process (1st stage), the PIX dose of
500 mg/L was added at pH 5. These optimal parame-
ters were determined earlier, when coagulation
process was carried out alone. In the Fenton oxida-
tion (2nd stage), also earlier determined parameters
were used: H2O2 dose = 1350 mg/L, Fe2+/H2O2

ratio = 0.2, pH 3 and 45 minutes’ reaction time.

As presented in Figure 6, COD removal efficiency
45.8% and 19.5% was observed after coagulation and
Fenton oxidation process respectively. The overall
COD removal efficiency in combined process
reached 65.3%. This efficiency was higher than after
coagulation and Fenton oxidation performed alone.
This relatively little increase in COD removal,
observed by Fenton oxidation in the combined treat-
ment system (19.5%) in relation to Fenton oxidation
performed alone (61%) was probably because of
effective COD removal by the coagulation process. In
the presented experiments, the combined methods
were performed using the optimal operating parame-
ters that were determined earlier for each process
alone. In such combined method, the effectiveness of
the first stage is an important parameter that influ-
ences the second one and consequently the efficiency
of the total process.

4. CONCLUSIONS
The application of coagulation and Fenton oxidation
for non-biodegradable, old leachate collected from a
sanitary landfill were examined in this study. The
optimal operation conditions and results received for
particular treatment systems are presented in Table 1.
It has been found that organic pollutants in leachate
could be successfully removed by Fenton oxidation.
The COD removal efficiency reached 61%, using the
following optimum operational conditions:
H2O2 = 1350 mg/L, Fe2+/H2O2 ratio = 0.2, initial
pH = 3.0 and reaction time = 45 min. When the
reaction time was extended up to 26 hours, COD
removal efficiency reached 73.1%.
In coagulation process, the addition of PIX coagulant
(500 mg/L at pH = 5.0 and reaction time = 30 min.)
to landfill leachate resulted only in 39% reduction of
COD. Further improvement of the coagulation effi-
ciency could be probably obtained by adding poly-
mers to improve flocculation quality. Applying other
coagulants should also be taken into consideration to
this effect.
The best results of COD removal (65.3%) were
obtained in the combined treatment system including
a coagulation process, followed by a Fenton oxidation.
In this case, COD removal by coagulation was 45.8%
while by Fenton oxidation only 19.5%. Therefore more
experiments need to be done towards optimisation of
such combined system. It concerns particularly the sec-
ond treatment stage by Fenton oxidation. In such opti-
misation process the changes of toxicity should be also
taken into consideration.

Figure 6.
The effectiveness of COD removal by coagulation (pH 5,
reaction time = 30 min.) and combined coagulation–Fenton
oxidation system (PIX dose = 500 mg/L, H2O2 conc. =

1350 mg/L, Fe2+/H2O2 ratio = 0.2, pH 3, reaction time =
45 min.)
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On the basis of the above results it can be stated that
the Fenton oxidation or combined coagulation-
Fenton oxidation system are very promising methods
for treatment of non-biodegradable landfill leachate.
Moreover, the effectiveness of Fenton oxidation and
combined coagulation-Fenton system can be proba-
bly improved by the stepwise addition of both hydro-
gen peroxide and ferrous iron.
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