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Abstract. Landfill leachate treatment is a critical environmental issue. This effluent is composed various toxins
and complex chemicals including heavy metals, organic pollutants, ammonium nitrogen, and xenobiotic com-
pounds. Due to this complexity and variation in the chemical composition, conventional treatment methods
such as biological treatment and membrane separation often struggle with stabilized leachate due to its low
biodegradability and refractory organic content. The combination of treatment methods such as coagulation/
flocculation as pretreatment followed by adsorption has shown promising results in removing a broad range
of contaminants at a much lower overall cost using natural materials. This review provides an in-depth exami-
nation of landfill leachate characteristics, conventional and innovative treatment techniques and operational
parameters affecting their efficiency, with a focus on the hybrid coagulation-adsorption process which has
been found in many recent studies to achieve promising results, yielding COD removal efficiencies exceeding
80% and ammoniacal nitrogen removal above 90% through a synergistic effect, significantly outperforming
either of the processes alone. This review also critically evaluates the performance of commonly used coagu-
lants and adsorbents, examines key operational factors governing hybrid process efficiency, and highlights

remaining challenges for future research.
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1. Introduction

Landfills are considered the most common measure for
MSW disposal (Kaza et al., 2018). Infiltration of rainfall
through the different layers of MSW disposed of in land-
fills creates a highly toxic liquid called landfill leachate
(Baettker et al., 2020; Gautam et al., 2019). This liquid is a
highly complex, dark, and toxic effluent which consists of
very high concentrations of organic matter, high Chemi-
cal Oxygen Demand (COD), elevated levels of ammonia
and nitrogen, high salinity, and various toxic substances.
The toxicity level of landfill leachate typically exceeds that
found in domestic sewage by several orders of magni-
tude. The substantial pollution content of landfill leachate
requires effective leachate treatment to ensure proper
discharge and environmental management. The composi-
tion of landfill leachate can be clustered into four principal
groups, namely dissolved organic matter, inorganic macro-
components, heavy metals, and xenobiotic organic com-
pounds (Abdel-Shafy et al., 2024). Considering the highly
toxic nature of landfill leachate, highly efficient treatment
methods are required. Conventional biological treatment
processes are effective for young landfill leachate treat-

ment, while generally struggling with old (stabilized) lea-
chate, which contains high concentrations of refractory hu-
mic and fulvic like substances, persistent ammonium, and
toxic micropollutants (El-Saadony et al., 2023; Luo et al,
2020). Other conventional technologies applied for land-
fill leachate treatment include membrane technologies (Ye
et al,, 2023), Advanced oxidation processes (AOP) (Li et al.,
2022), and adsorption (Xu et al., 2019). Physicochemical
treatment methods such as coagulation/flocculation and
adsorption methods are increasingly applied in landfill lea-
chate treatment, either as a standalone or hybrid process
(two stages process) (Sossou et al.,, 2024).

The Coagulation/flocculation process is considered one
of the most effective and economical options for the treat-
ment of landfill leachate. Coagulation excels in removing
colloidal particles, suspended solids, nonbiodegradable
organic compounds, and heavy metals. Metal salts such
as aluminium and iron coagulants are commonly used in
the coagulation process. Although the coagulation process
is considered highly effective in reducing COD, colour and
turbidity, coagulation alone is found to struggle with the
removal of dissolved contaminants such as ammoniacal
nitrogen (Sossou et al., 2024).
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Adsorption, on the other hand, is known to be one
of the simplest processes to remove stubborn dissolved
contaminants, colours, and heavy metals. The efficiency of
adsorption depends on the selected adsorbent (He et al,
2023). Various adsorbents have been investigated for land-
fill leachate treatment, including activated carbon, biochar,
zeolites, and industrial byproducts, with ongoing research
into low-cost and waste-derived materials supporting
circular economy (El-Saadony et al., 2023). The high sus-
pended solids and turbidity in landfill leachate can hinder
the adsorption process when used alone, clogging filters
and blocking adsorption columns; therefore, the use of
adsorption in hybrid treatment processes is advised.

In the context of hybrid treatment processes, the hy-
brid coagulation-adsorption process has shown promis-
ing results for a highly efficient landfill leachate treatment
method. In this hybrid system, the coagulation/floccula-
tion process is used as a pretreatment stage to remove
suspended solids, colloidal matter, and part of the organic
load, improving the clarity of leachate, thus reducing the
chance of fouling and clogging, the subsequent adsorp-
tion stage then removes stubborn and residual dissolved
organic and inorganic pollutants (Narendra et al., 2024).
Recent studies have reported that this hybrid process
shows a significant synergistic effect, achieving an overall
higher COD, colour, heavy metals, and ammonia nitrogen
than either coagulation or adsorption processes alone.
The use of natural or waste derived material further in-
creases the benefits of this process either environmentally
or economically (EI-Saadony et al., 2023; Genethliou et al.,
2023).

2. Characteristics of landfill leachate

Landfill leachate is an immensely toxic liquid to both fauna
and flora (Lindamulla et al.,, 2022; Swar et al., 2023). Char-
acteristics of landfill leachate depend heavily on different
factors such as the landfill age, geographical location, and
climate (Jagaba et al., 2021; Mohammad-pajooh et al.,
2017). The composition of landfill leachate consists of high
concentrations of refractory organic matter, ammoniacal
nitrogen (NH,4-N), heavy metals, inorganic salts, and vari-
ous suspended solids (Yuan et al., 2017).

Table 1 shows leachate characteristics and treatability
based on the landfill's age; a landfill's leachate’s certain
parameters and toxicity differ significantly depending on
its age.

Landfill leachate’s treatability highly depends on its
age, generally, landfill's age is categorized into three cat-
egories: young (<5 years), intermediate (5-10 years), Old
(>10 years). Young leachate contains high Biological Oxy-
gen Demand (BOD) levels which makes it suitable for bio-
logical treatment methods. As the landfill becomes older,
biological treatment methods become inefficient, on the
other hand, physio-chemical methods become more suit-
able for its treatment, especially in the removal of refrac-
tory pollutants (Aftab et al.,, 2019).

Table 1. Leachate characteristics and treatability based on
the landfill's age (source: Sossou et al., 2024)

Parameters Young Medium (Stagill?ze d)

Age 0.5-5 5-10 >10
pH <6.5 6.5-7.5 >7.5
BOD/COD 0.5-1.0 0.1-0.5 <0.1
Kjehdal nitrogen 0.1-2 N/A N/A
(g/L)

Phosphorus (mg/L) 17-24 - -
Suspended solids (g/L) 2.3-8.9 - ~ 58
Heavy metals (mg/L) >2 <2 <2
NH3-N (mg/L) <400 - >400

Landfill leachate contains a diverse mixture of con-
taminants. The composition and characteristics of land-
fill leachate depend heavily on the geographical region
where it was collected from (Sackey et al., 2020). The dis-
solved organic matter (DOM) in leachate tends to be more
saturated and less oxidized, resulting in higher levels of
ammonium nitrogen and sulfur-containing compounds
(Yuan et al, 2017). Landfill leachate also contains some
metal ions, metalloid ions, antibiotics, endocrine disrup-
tors, pesticides, pharmaceutical and personal care prod-
ucts, commercial organic matter, and microplastics (Chen
et al.,, 2024).

3. Overview of landfill leachate treatment
technologies

Landfill treatment technologies can be classified into
three main categories, biological, physicochemical, and
membrane-based technologies, each with distinct effec-
tiveness and limitations depending on leachate’s age and
composition. There has been long term use of biologi-
cal methods to reduce landfill leachate, especially in cases
where the leachate has a high BOD/COD ratio exceeding
0.5, achieving a COD removal of up to 85% (da Silva et al,,
2022). Aerobic treatment, including activated sludge sys-
tems (AS), and Sequencing Batch Reactors (SBRs) has been
widely applied, while anaerobic systems such as Upflow
Anaerobic Sludge Blanket (UASB) reactors offer a low-en-
ergy alternative through biogas recovery. The biological
treatment approaches are effective in the removal of am-
monia and organic compounds, however, when the BOD/
COD ratios of leachate drop below 0.1 as it stabilizes over
time, biological treatment methods be-come largely in-
effective towards refractory organic compounds and am-
moniacal nitrogen (Mojiri et al., 2021; Zgajnar Gotvajn &
Pavko, 2015). This limitation makes biological treatment
methods alone insufficient for stabilized landfill leachate
treatment, requiring alternative technologies or combined
approaches.

Several biological methods, including aerobic sys-
tems such as activated sludge (AS) and sequencing batch
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reactors (SBRs), as well as anaerobic systems such as
upflow anaerobic sludge blanket (UASB), have been em-
ployed for young landfill leachate with BOD/COD ratio
exceeding 0.5, exhibiting a COD removal efficiencies be-
tween 70 and 85% (Wang et al.,, 2018; da Silva et al., 2022).
As the leachate stabilizes and BOD/COD ratio drops below
0.1, biological treatment methods become very ineffective
for refractory organics and ammoniacal nitrogen removal,
requiring an alternative or combined treatment approach-
es (Majiri et al., 2021).

Membrane technologies remain the most popular
landfill leachate treatment systems due to their high per-
formance in the removal of a wide range of contaminants,
generating a high-quality effluent meeting stringent dis-
charge standards (Aboudi et al., 2023; Jamrah et al., 2024).
RO and NF systems have achieved COD, heavy metals, am-
moniacal nitrogen removals exceeding 90%, placing them
amongst the most efficient standalone treatment options
(Wang et al., 2023). However, the high organic load and
complex nature of leachate is the major cause of mem-
brane fouling, increasing maintenance costs and reducing
the permeate flux and the lifespan of the membrane, and
raising the overall operating cost, which limits large-scale
applications (Aboudi et al.,, 2023).

Physicochemical methods such as air stripping, chemi-
cal oxidation, coagulation/flocculation, and adsorption are
increasingly gaining popularity in stabilized leachate treat-
ment where biological methods are ineffective (Yu et al.,
2022). Amongst these methods, coagulation and adsorp-
tion are the primary physicochemical methods reviewed
in this paper and are discussed in de-tail in the following
sections.

While each of the discussed landfill leachate technolo-
gies (biological, membrane, and physicochemical) show
effectiveness under optimal conditions, no single technol-
ogy provides a comprehensive solution for stabilized land-
fill leachate treatment. Biological treatment technologies
are limited by low biodegradability of stabilized leachate,
membrane technologies face severe fouling problems and
high operational costs, and standalone physicochemical
technologies often struggle to address the full spectrum
of pollutants including ammoniacal nitrogen and dissolved
organic matter. These limitations highlight the need for
hybrid treatment systems that combine the strengths of
multiple technologies, creating a synergistic effect, par-
ticularly the coagulation-adsorption hybrid process, which
is the focus of this review.

4. Coagulation in landfill leachate treatment

The coagulation treatment technology is based on the
addition of chemical compounds known as coagulants,
which can react with suspended particles and contami-
nants in a solution via several physicochemical mecha-
nisms. Some of the commonly used coagulants include
inorganic salts such as FeCl,, FeSO,, AICl; and FeCl;
Bio-flocculants such as PGa21Ca have shown promising

COD removal efficiencies of 80-90% at a pH value of 4,
outperforming conventional salt coagulants under opti-
mal conditions (de Melo Franco Domingos et al., 2023).
According to Li et al. (2010), coagulation/flocculation
process was investigated for the treatment of landfill lea-
chate with parameters being further optimized using re-
sponse surface methodology. The results achieved in the
best-case scenario were the removal of 70% of COD, 93%
of suspended solids, 97% of turbidity and 74% of toxicity.
These results proved that coagulation-flocculation tech-
nology is an effective technology for the pretreatment of
landfill leachate.

The coagulation process generally involves three main
steps: rapid mixing, slow mixing, and settling. Daud et al.
(2023) demonstrated that under optimal parameters in-
cluding rapid mixing at a speed of 100 rpm, slow mix-
ing at 30 rpm for 30 minutes, and settling for 24 hours,
a COD removal of 73.1% was achieved using alum as a
coagulant.

Suitable selection of coagulants and their dosage play
a crucial role in the efficiency of the coagulation process
(Ahmed et al.,, 2020). In addition, other parameters such as
pH and leachate temperature also play a significant role in
achieving a proper treatment (Bai et al., 2023).

4.1. Factors influencing the coagulation
efficiency of landfill leachate

The nature and dose of coagulants are amongst the
crucial factors affecting the coagulation process perfor-
mance. Narendra et al. (2024) demonstrated that gradually
increasing FeCl; dose enhanced COD and color removal
due to the enhanced charge neutralization and sweep floc
formation while avoiding excessive destabilization of col-
loids, although excessive doses of FeCls resulted in colloid
destabilization and reduced efficiency, and after a dose of
8g/L no significant improvement was observed. Coagula-
tion/flocculation have shown potential in landfill leachate
treatment with an average removal efficiency exceeding
75% for COD, organic matter, turbidity, TSS, and heavy
metals. Ammoniacal nitrogen in contrast remains largely
unaffected (Sossou et al., 2024). Qiao et al. (2023) showed
that the combination of inorganic coagulants with poly-
meric flocculants like polyacrylamide (PAM) enhanced the
treatment performance compared to the use of coagulants
alone by promoting larger floc formation through adsorp-
tion bridging, while finding the optimum dose prevents
destabilization.

pH is another crucial factor affecting COD and colour
removal efficiencies, with optimal performance exhibited
at pH values of 4-6.5, this pH adjustment is re-quired prior
to coagulant addition during the rapid mixing step for an
effective charge neutralization and floc formation (Naren-
dra et al, 2024; Khoo et al.,, 2020). Figure 1 shows the
change in the removal efficiency of both COD and colour
from landfill leachate samples in this study by the change
in coagulant dosage (a) and the leachate’s pH (b).
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Figure 1. The impact of coagulant dosage (a) and leachate’s pH (b) on the removal efficiencies of COD and colour

Despite its efficiency in eliminating suspended parti-
cles, turbidity, and high molecular weight organics, co-
agulation struggles with dissolved contaminants such as
ammonia and heavy metals, achieving overall limited COD
removal (Chen et al., 2024). Therefore, coagulation is more
suitable as a pretreatment stage followed by other tech-
nologies such as adsorption and biological methods to
achieve better removal efficiencies.

4.2. Adsorption in landfill leachate treatment

Adsorption is regarded as an efficient method for the re-
moval of pollutants and contaminants from wastewater.
One of the main characteristics that makes an adsorbent
suitable for treatment process is high porosity, which
results in larger surface area and thus better and faster
removal of contaminants. In general, numerous materials
can be employed as adsorbents. The adsorption technique
works by adsorbing contaminants dissolved in water on
the surface or interior of an adsorbent, resulting in solid-
liquid separation of pollutants and water (He et al.,, 2023).
Narendra et al. (2024) used MWCNTs as an adsorbent for
the treatment of mature landfill leachate collected from a
landfill site in Karnataka, India. The study achieved 65.66%
COD removal through adsorption alone under optimal
conditions of pH 2, a temperature of 55 degrees Celsius,
and 60 minutes contact time.

The adsorption technique generally works following
a principle; the pollutants within leachate adsorb to the
surface or pores of a solid material (adsorbent) instead
of staying dissolved in the liquid. This means that con-
taminants within landfill leachate such as colour, ammonia,
nitrogen and heavy metals are retained on the surface of
activated carbon, biochar, zeolites and some innovative
adsorbents such as those based on industrial waste (Aftab
et al.,, 2024).

Adsorption can be conducted through two principal
approaches: batch adsorption for laboratory scale testing,
and column adsorption for real life applications, where
leachate is pumped through a packed column at a con-
stant flow rate until adsorbent saturation when regenera-
tion is required (Genethliou et al., 2023; Narendra et al.,
2024).

Non-conventional adsorbents derived from a wide
range of agricultural residues and industrial waste materi-
als have been investigated as lower-cost alternatives to
traditional activated carbon and can be chemically modi-
fied to enhance performance (Khoo et al., 2020). The ad-
sorption method is effective when combined with other
methods such as coagulation or biological treatment tech-
nologies.

4.3. Factors affecting adsorption efficiency

The efficiency of adsorption in the removal of contami-
nants can be affected by various factors. These factors
include the pH of the solution, the adsorbent dose, con-
tact time and agitation speed (which influence external
mass transfer and the diffusion of contaminants toward
the adsorbent surface), temperature, and the initial con-
centration of the pollutant and competing ions. The pH
of the landfill leachate is considered one of the most im-
portant parameters affecting its treatment efficiency. For
the adsorption process, optimal efficiencies are achieved
in acidic to neutral pH (3-7), as acidic pH works better for
organic pollutants and heavy metal adsorption. High pH
(>8) achieves worse efficiencies due to OH- competition.
Adjusting pH to values between 4 and 6 often doubles
the removal efficiencies of COD and colour. According to
a study published by Narendra et al. (2024), COD removal
efficiencies of 44.44% were achieved under pH values of
2 and 4, and maximum colour reduction of 95.10% and the
highest COD removal were achieved at a pH value of 2.

The dose of the absorbent is another crucial factor
that affects the efficiency of the removal of contaminants,
the higher the dose of the adsorbent, the greater the sur-
face area and thus the faster uptake of the pollutant. The
optimum range is typically 2-10 g/L, dosages exceeding
this range do not improve the efficacy of pollutants re-
moval but instead increase sludge production and require
a higher operational cost. As an example, a study con-
ducted by Narendra et al. (2024) in which an adsorbent
(multi-walled carbon nanotubes (MWCNTs)) dosage of
4g/L achieved the optimal COD removal efficiency, and
the doses of 5 and 6 g/L reported COD removal efficien-
cies with negligible differences.
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Contact time and agitation are important parameter,
contact time determines whether the adsorption has
reached equilibrium state, initial rapid uptake occurs with-
in the first 30-60 minutes (surface area), followed by slow
diffusion into the pores. Most leachate studies found that
60-120 minutes was sufficient for 80-90% of maximum
removal, together with a decrease in removal efficiency
above 180 minutes. Gentle agitation (100-150 rpm) im-
proves mass transfer, but excessive mixing may detach the
adsorbent (Genethliou et al., 2023).

Temperature can also generally enhance adsorption
kinetics although it may reduce capacity for some certain
leachate contaminants. Removal rises by 10-30% between
20 °C and 50 °C due to quicker diffusion; however, be-
low 60 °C, endothermic desorption might occur, lowering
efficiency. For practical reasons, leachate investigations
frequently employ ambient temperatures (20-30 °C) (Nar-
endra et al,, 2024).

Higher initial COD or metal concentrations increase re-
moval efficiency due to the increase of driving force but
decrease adsorption capacity per gram of adsorbent.
Competing ions (high CI7, SO,%", NH,* in leachate) and
humic compounds can clog sites and reduce efficiency by
20-50% compared to synthetic solutions. Coagulation pre-
treatment is frequently utilized to reduce this effect (Luo
et al.,, 2020).

The adsorption method has many advantages includ-
ing the low cost and most importantly its effectiveness in
pollutants removal (Hidayu & Muda, 2016).

5. Hybrid coagulation-adsorption processes

As described in the section overviewing landfill leachate
treatment methods, most of these technologies have
drawbacks, some in many cases can be solved and over-
come through the combination of two or more treatment
processes into hybrid processes. Combined treatment
processes have developed as a highly efficient method of
managing the variable and complicated nature of landfill
leachate, which is often ineffectively treated with single
stage approaches. Recent studies have demonstrated that
a combination of biological, chemical and physical treat-
ment methods maximizes the complementary nature of
the methods, leading to increased removal efficiency and
effluent quality. Membrane bioreactor (MBR) combinations
with nanofiltration (NF), and adsorption-based systems,
have demonstrated COD removal efficiencies of nearly or
more than 90%, and substantial enhancements in leachate
biodegradability, as measured by higher BOD5/COD ratios
(Jamrah et al., 2024).

Moreover, combined processes, also known as hybrid
systems, effectively bypass the constraints of single pro-
cess treatments, as they cover a wider range of contami-
nants, including refractory organics, ammonia, and heavy
metals, and enable the more convenient adherence to
stringent environmental discharge standards. The emerg-
ing body of literature proves the crucial im-portance of
combined processes in the creation of sustainable landfill

leachate management and highlights the need to further
develop and streamline these integrated treatment sys-
tems (Jamrah et al.,, 2024).

Numerous studies have shown that the combination
of different processes increases the removal efficiency of
different contaminants from landfill leachate compared to
single technique operations. Different combinations work
with different landfill leachates with different character-
istics such as age and composition as discussed in detail
in the previous sections. Amongst all these combination
processes, the hybrid process of coagulation-adsorption
process as a physical + chemical combination treatment
process shows the most promising results, making a cost-
effective and efficient landfill leachate treatment method.
In a study by Jaradat et al. (2021), Fe(SO,); coagulant was
used on a landfill leachate with an initial COD of 2500 mg/L
achieved 65% COD removal. The coagulation was followed
with an adsorption using eggshell waste, which removed
an additional 25-30% of COD under optimal conditions
(coagulant dose and pH). High heavy metals removal per-
centages were also achieved during this study under co-
agulant optimal dose of 3.0 g/L and a pH of 5.8.

Recent studies indicate that adsorption and coagula-
tion in combination enhance the overall treatment effi-
ciency by enhancing the removal efficiencies of COD, am-
moniacal nitrogen, heavy metals and colour. A pilot-scale
hybrid system with adsorption as a pre-treatment step and
electrocoagulation and biological treatment showed re-
moval efficiencies of 95.5% of ammonium nitrogen, 98.8%
of colour, and 85.7% of dissolved COD, which indicated
the synergistic effect of adsorption and coagulation-based
processes (Genethliou et al., 2023). The use of zeolite as
an adsorbent in the adsorption step led to a significant in-
crease in the removal of ammonium, which proves the ef-
fectiveness of natural adsorbents in combination systems.

This combination processes methodology has been
further advanced by innovative modified coagulants and
adsorbents. A modified coagulant, polyaluminum chlo-
ride sulfate (PACS), was also shown to be highly effective
in removing suspended solids and colour in membrane
bioreactor effluent of landfill leachate, with 79.3% COD
and 91.3% colour removal during coagulation, which was
further enhanced to 98.9% COD removal after sequential
electrooxidation (Bayat et al., 2023). This underscores the
benefits of using tailored coagulants in combination with
adsorption and oxidation processes to achieve stringent
discharge standards.

Natural polymers like chitosan and bio-flocculants as
well as modified bio-adsorbents have been explored to
enhance the coagulation and adsorption performance and
reduce chemical sludge production and environmental im-
pact (Chen et al,, 2024; Maharjan & Ghimire, 2023). These
new materials enhance floc formation and adsorption ca-
pacity particularly of refractory organics and heavy metals.

The combination of coagulation-adsorption process is
therefore a flexible and cost-effective method of treating
landfill leachate especially when combined with advanced
oxidation or biological stages. It effectively over-comes
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the limitations of standalone coagulation or adsorption,
including inadequate removal of dissolved low-molecular-
weight organics and ammonia nitrogen, without raising
secondary pollution issues (Chen et al., 2024; Cherni et al.,
2022).

Narendra et al. (2024) demonstrated that using FeCl; as
a coagulant followed by MWCNT as an adsorbent achieved
a COD removal of 77.78% and colour removal of 99.65%
through coagulation alone, which was further enhanced to
a COD removal of 88.89% and 100% colour removal after
the adsorption process, demonstrating a synergistic effect
of the hybrid process. Similar study by Xiong et al. (2021)
reported removal efficiencies up to 99% and 95% for hu-
mic and protein-like substances respectively, resulting in
high colour removal performance through combined co-
agulation-adsorption approach.

The Coagulation-adsorption hybrid process offers sig-
nificant cost advantages over membrane technologies,
avoiding the high maintenance cost while keeping compa-
rable leachate treatment performance. The use of natural
or waste-derived adsorbents such as eggshell waste, fly
ash, and zeolites further reduces operational costs, sup-
porting circular economy principles (Gandhimathi et al.,
2013; Jaradat et al,, 2021).

One of the main challenges facing coagulation-adsorp-
tion systems is generated sludge management during the
coagulation process. This chemical sludge contains con-
centrated pollutants, which requires proper disposal or
treatment. The use of natural coagulants such as chitosan
and PGa21Ca has been proven to generate less sludge
with reduced volume and toxicity, making sludge man-
agement more sustainable (Chen et al., 2024; Maharjan &
Ghimire, 2023).

The reviewed literature demonstrated that FeCls
coupled with activated carbon or MWCNTs consistently
achieved the highest overall COD and colour removal ef-
ficiencies, while natural adsorbents such as zeolites and
natural clays proved most effective for ammoniacal nitro-
gen removal. The pH range achieving the optimal results
for coagulation was 4-6.5 and 2-7 for adsorption process,
these pH ranges should be carefully controlled to maxi-
mize the synergistic effect of the hybrid system. Future
research should focus on long-term performance evalua-
tion, sludge minimization strategies, as well as large-scale
implementation of these systems.

6. Conclusions

This paper overviewed different landfill leachate treatment
methods, with a focus on coagulation and adsorption
processes, as well as the hybrid coagulation-adsorption
treatment process. This review highlights the fact that
standalone biological, membrane, or even physicochemi-
cal treatment methods each suffer from their own spe-
cific limitations and weaknesses when applied individually,
especially with old (stabilized) landfill leachate. Biological
treatment methods are restricted by the leachate’s low bio-

degradability, while membrane systems suffer from severe
fouling and clogging resulting in high operational costs.

Coagulation/flocculation removes up to 70% COD,
93% suspended particles, 97% turbidity, and 74% toxicity,
making it an excellent pretreatment approach; however,
it struggles with dissolved pollutants such as ammoniacal
nitrogen. Adsorption efficiently complements coagulation
by targeting dissolved organic matter, ammoniacal nitro-
gen, and heavy metals, with effectiveness highly influenced
by operational factors such as pH, adsorbent dose, and
contact time.

The combination of coagulation as a leachate treat-
ment stage followed by subsequent adsorption processes
consistently shows a synergistic effect, resulting in much
higher overall removal efficiencies for organic matter, ni-
trogen species, color, and heavy metals compared to ei-
ther of the processes when used on their own. Among the
examined combinations, FeCl; combined with activated
carbon or MWCNTs exhibited the best results for COD
and color removal. Zeolite-based adsorbents proved most
efficient for ammoniacal nitrogen removal. The combina-
tion of two methods, coagulation and adsorption, allows
achieving COD removal efficiencies of more than 80% and
ammonium nitrogen removal efficiencies of more than
90% from landfill leachate.

The reviewed research shows that hybrid coagulation-
adsorption systems offer a versatile, cost-effective, and
long-term treatment solution for landfill leachate, espe-
cially when natural or waste-derived materials are used.
These systems have a high potential for meeting the envi-
ronmental standards for wastewater discharge. However,
sludge management remains a significant issue requiring
further attention for large-scale implementation. Future
research should concentrate on improving operating con-
ditions such as pH control, coagulant and adsorbent dos-
age, and process sequencing, as well as long-term perfor-
mance, sludge management, and life-cycle evaluations to
enable large-scale implementation.
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SAVARTYNUY FILTRATO VALYMAS TAIKANT HIBRIDIN]
KOAGULIACIJOS IR ADSORBCIJOS PROCESA: APZVALGA

Santrauka. Savartyny filtrato valymas yra reikSminga ir sudétinga
aplinkosaugos problema. Sgvartyny filtratui badinga kompleksiné
ir kintanti cheminé sudétis; jame gali bati sunkiyjy metaly, sunkiai
biologiskai skaidomy organiniy tersaly, amonio azoto, ksenobio-
tiniy bei kity aplinkai pavojingy junginiy. Dél mazo biologinio
skaidumo ir didelés atspariy organiniy junginiy koncentracijos
jprastiniai valymo metodai, jskaitant biologinius ir membraninius
procesus, daznai neuztikrina pakankamo stabilizuoto, ypac seno,
sgvartyny filtrato iSvalymo efektyvumo. Vienas perspektyviy spren-
dimy yra keliy technologiniy procesy derinimas, kai koaguliacija ir
flokuliacija taikomos kaip pirminio valymo etapas, o po jy vykdoma
adsorbcija. Toks procesy derinys gali sudaryti salygas efektyviai
Salinti skirtingy savybiy tersalus, kartu mazinant bendrasias va-
lymo sanaudas, ypac tais atvejais, kai adsorbcijai naudojamos
nataralios, nebrangios arba $alutines kilmés medziagos. Siame
straipsnyje sistemiskai analizuojamos savartyny filtrato fizikinés ir
cheminés savybés, tradiciniai bei pazangus jo valymo metodai ir
pagrindiniai technologiniai parametrai, lemiantys procesy efekty-
vuma. Pagrindinis démesys skiriamas hibridiniam koaguliacijos ir
adsorbcijos procesui, kurio veiksmingumas pastaraisiais metais vis
dazniau nagrinéjamas moksliniuose tyrimuose. Literattros duome-
nys rodo, kad dél koaguliacijos ir adsorbcijos procesy sinerginio
poveikio galima pasiekti didesnj kaip 80 % cheminio deguonies
suvartojimo (ChDS) sumazéjima ir daugiau kaip 90 % amonio
azoto pasalinimo efektyvuma. Tokie rezultatai daugeliu atvejy
reikSmingai virsija atskirai taikomy koaguliacijos arba adsorbcijos
procesy efektyvuma. Straipsnyje kritiskai vertinamos daZzniausiai
naudojamy koagulianty ir adsorbenty savybés bei jy taikymo
efektyvumas, analizuojama svarbiausiy eksploataciniy parametry
jtaka hibridinio proceso veiksmingumui, taip pat identifikuojami
esminiai technologiniai ribotumai ir perspektyviausios tolesniy
tyrimy kryptys.

ReikSminiai ZodzZiai: sgvartyny filtratas, filtrato valymas, koagu-
liacija, adsorbcija, koaguliantai, organiniai tersalai, amonio azotas.
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