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Abstract
Municipal solid waste leachate, a kind of wastewater, can severely damage the environment and contaminate the groundwater 
because of its high organic matter and toxic heavy metal concentrations. Due to its complex composition, this wastewater 
must be properly treated prior to being discharged into the environment. In recent decades, several biological approaches 
(e.g., bioremediation, phytoremediation, and bioreactors) and physicochemical processes (e.g., coagulation/flocculation, 
air stripping, and advanced oxidation processes) have proven effective at removing the organic load and the toxicity of this 
effluent. Physicochemical treatments have been applied as pretreatment or post-treatment steps for biological processes, but 
these methods do not always provide satisfactory results and can cause secondary pollution in some cases. In addition, owing 
to the high concentrations of organic matter, ammonia, and trace metals in landfill leachate, combined approaches to leachate 
treatment have been reported to be efficient. This article highlights the advantages and drawbacks of these approaches to the 
treatment of leachate by providing an updated overview of the various methods that have been successfully applied in this 
field. Further studies should focus on improving landfill leachate treatment to maximize removal performance.
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Introduction

In recent decades, large quantities of municipal waste have 
been generated, mainly due to increasing urbanization as 
well as industrial activities and agricultural practices. The 
disposal of waste without adequate treatment can cause seri-
ous pollution problems. One of the major issues associated 
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with the continuous discharge of municipal waste is the 
production of effluents known as landfill leachate (LFL) 
(Pan et al. 2017). This wastewater, which is generated by 
the decomposition of organic waste and rainfall percolation 
through this waste material (Khanzada and Övez 2017), is 
a complex liquid that contains excessive concentrations of 
biodegradable and nonbiodegradable compounds, includ-
ing dissolved organic matter, ammonium, trace metals, and 
microorganisms (Wang et al. 2018a, b). The characteristics 
of LFL depend on several factors, such as waste age and 
composition, landfill age and climatic conditions, and land-
fill design. The chemical composition of the leachate deter-
mines its relative treatability, which is evaluated as a func-
tion of landfill age and/or based on the biodegradabilityof 
the leachate (defined via its biological oxygen demand/
chemical oxygen demand ratio,  BOD5/COD) (Kamaruddin 
et al. 2015). Recently, numerous methods have been pro-
posed for LFL treatment, including biological, physical, 
chemical, and physicochemical techniques (Kamaruddin 
et al. 2015; Galvão et al. 2020). Generally, biological treat-
ments are preferred due to their reliability, simplicity, and 
high cost-effectiveness (Wang et al. 2018a, b). However, 
some compounds, such as ammonia, are difficult to biode-
grade because of their toxicity to microorganisms when they 
are present at high concentrations (Shalini and Joseph 2012; 
Wang et al. 2018a, b). Several studies have confirmed that 
physicochemical processes represent attractive pretreatment 
methods for reducing effluent toxicity. Nevertheless, most 
landfill leachate treatments have their advantages and draw-
backs (Kamaruddin et al. 2015). More recently, technology 
that permits effective LFL treatment through the combina-
tion of two or more physicochemical treatments, or with a 
combination of physicochemical and biological treatments, 
has been developed (Ai et al. 2017; Hu et al. 2016). Such 
technology seems to be a cost-effective and a promising 
approach that can be used to improve the effectiveness of 
landfill leachate treatment. For instance, different types of 
physicochemical and electrochemical methods, membrane 
filtration techniques, and advanced oxidative processes 
(AOPs) have been integrated with biological processes 
(Amor et al. 2019; Di Maria and Sisani 2017). The present 
review paper looks at the trends in LFL treatment, including 
the physicochemical, biological, and combined treatments 
that have been especially well described in the literature dur-
ing the last decade.

Physico‑chemical and biochemical 
characteristics of LFL

In light of the information gathered from the literature, 
leachates can be categorized into three types: young, inter-
mediate, and old. Generally, young leachate (< 5 years old) 

is characterized by high concentrations of BOD and COD, 
moderately high levels of ammoniacal nitrogen, a high 
 BOD5/COD ratio (> 0.6), and a pH of around 4 (Cesaro 
et al. 2015). Intermediate or medium leachate ( 5–10 years 
old) is characterized by the presence of substantial loads 
of recalcitrant COD, volatile fatty acids, and a pH of > 7 
(Djelal et al. 2015). In contrast, a low  BOD5/COD ratio 
(< 0.1) and a slightly basic pH value imply that the LFL is 
old or mature (> 10 years old). Furthermore, considerable 
amounts of humic and fulvic acids and  NH3–N are produced 
at this stage due to anaerobic decomposition (Ai et al. 2017), 
indicating low biodegradability as a result of the release of 
high concentrations of ammonia, nitrogen, and recalcitrant 
macromolecular organic molecules. Moreover, some kinds 
of organic matter interact with heavy metals, meaning that 
both of these substances are major problematic factors in 
landfill leachate treatment.

Physicochemical processes overview

Physical treatment involves the application of a physical 
phenomenon to enhance leachate quality. For instance, 
the sedimentation process involves the settling of solids 
by gravitational forces, leading to a short residence time 
in the sedimentation tank. This method is crucial for floc 
formation. In aeration, another type of physical treatment, 
oxygen is used as the oxidation agent in a leachate lagoon to 
enhance the removal of  BOD5 in the pretreatment, as proven 
by Kamaruddin et al. (2015). In contrast, chemical treatment 
is based on the application of chemical additives to improve 
the leachate quality. These processes can be categorized into 
destructive and nondestructive processes based on the sepa-
ration or degradation of organic pollutants. Nondestructive 
processes include coagulation–flocculation, adsorption, and 
membrane processes that transfer pollutants from a liquid 
to a solid phase as sludge (Taoufik et al. 2018). Destruc-
tive processes are commonly known as advanced oxida-
tion processes (AOPs) due to the production of hydroxyl 
radicals (•OH), which are nonselective and highly reactive; 
they attack most organic molecules. Generally, the phys-
icochemical process is carried out as a pretreatment or at 
the final stage of the leachate treatment process. Moreover, 
physicochemical processes can be applied along with bio-
logical treatments to improve treatment performance when 
the biological process is inhibited by the presence of biore-
fractory compounds in wastewater (Ai et al. 2017; Wang 
et al. 2018a, b).

Coagulation–flocculation

Among the various physicochemical technologies, coagu-
lation–flocculation is a relatively simple and controllable 
technique that is widely used in the pretreatment of old 
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and stabilized landfill leachates prior to either a biologi-
cal or another physicochemical process. Several reports 
on the use of coagulation–flocculation for LFL treat-
ment are available (Chaouki et al. 2017). The coagula-
tion performance mainly depends on the coagulant and/or 
flocculent rate and type and the experimental conditions 
(pH, time, and temperature). This process has been suc-
cessfully employed for the removal of nonbiodegradable 
organic compounds, suspended solids, colloidal particles, 
turbidity, color, and heavy metals with a high efficiency 
that depends on the contaminant and coagulant/flocculant 
type (Mohd-Salleh et al. 2019). Colloidal particles can be 
destabilized by the addition of a coagulant. Coagulation 
is usually followed by a flocculation treatment to increase 
the particle size and transfer unstable particles into bulky 
floccules so that they can settle more easily. Nevertheless, 
the coagulation process has mainly been investigated as 
a final polishing treatment stage for stabilized or biologi-
cally pretreated landfill leachate (Abood et al. 2014). Dur-
ing coagulation–flocculation, trace metal salts such as alu-
minum sulfate, ferrous sulfate, ferric chloride, and ferric 
chlorosulfate are added to generate high-valence cations 
within the solution, thereby reducing the zeta potential 
(Mohd-Salleh et al. 2019). In general, salts of the ferric 
ion are superior to those of aluminum, mainly because 
ferric ion salts are insoluble across a wider pH range 
(Ghafari et al. 2009). A coagulation process using  FeCl3 
was applied by Taoufik et al. (2018) as a pretreatment pro-
cess for LFL with the aim of removing COD and turbidity. 
Response surface methodology (RSM) with Box–Behnken 
design indicated that the addition of 7.2 g  L−1 of  FeCl3 
and 0.2 mL  L−1 of flocculant increased the COD removal 
rate by 45%. Additionally, Chaouki et al. (2017) com-
pared different coagulants [lime (Ca(OH)2, ferric chlo-
ride  (FeCl3), and alum  Al2(SO4)3] in terms of their effec-
tiveness at decolorizing LFL from the city of Casablanca 
(Morocco). The process efficiency was measured in terms 
of chemical oxygen demand (COD), trace metals, color, 
and turbidity. Lime treatment led to significant decreases 
in COD, discoloration, and turbidity (66.25%, 98%, and 
80%, respectively).  FeCl3 treatment led to reductions in 
COD (62.5%), color (82%), and turbidity (92.5%). On the 
other hand, the application of  Al2(SO4)3 removed only 
about 11% of the COD and 6% of the turbidity. Regarding 
the analysis of trace metals, treatment with lime induced 
a notable reduction in Cr (86%).  FeCl3 treatment showed 
high affinities for Cd, Cu, Ni, Cr, and Zn. Alum was found 
to be very effective for removing Ni, Pb, and Cr (95%, 
94%, and 93% of those metals, respectively). Recently, 
Mohd-Salleh et al. (2018) studied the effects of various 
operating conditions (such as coagulant dosage and pH) on 
the efficiency of the treatment of LFL with polyaluminum 
chloride (PAC). They found that satisfactory removal of 

suspended solids, COD, Fe, and Cr (reductions of 95%, 
53%, 97%, and 79%, respectively) was achieved at pH 7 
with PAC at 3750 mg  L−1.

Recently, Djeffal et al. (2021) reported the effectiveness 
of three coagulants (ferric chloride, aluminum sulfate, and 
ordinary alum) and two types of agitation (mechanical and 
ultrasound) as coagulation treatments for landfill leachate. 
A significant reduction in turbidity (99.4%) was obtained 
with a coagulant dosage of 15%, 250 rpm as the stirring 
speed, and a reaction time of about 15 min for ferric chlo-
ride. Furthermore, bacteriological analyses proved that 
fecal coliforms, total germs, and streptococci were absent. 
Additionally, the LFL was improved by using ultrasound 
waves with a frequency of 37 kHz and a power of 30 W. 
In the experiments, maximum values of 0.19 NTU and 
100 mg  O2/L were achieved for simultaneous turbidity and 
 BOD5 removal, respectively, using ferric chloride. These 
outcomes were in agreement with the finding of Chaouki 
et al. (2021), who used ferric chloride for the removal of 
pollutants from landfill leachate. The experimental results 
demonstrated that the coagulation process reduced the color 
by 80%, the turbidity by 90%, the COD by 50%, and  BOD5 
by 99% when 12 g  Fe3+/L was applied as the optimum dose. 
However, most studies have mainly focused on the appli-
cation of aluminum sulfate, ferrous sulfate, ferric chloride, 
and polyaluminum chloride as coagulants during coagula-
tion–flocculation processes (Yao et al. 2017). Nevertheless, 
the application of these chemicals has several drawbacks, 
such as harmful effects on human health, the production 
of large sludge volumes, and relatively high costs (Patale 
and Pandya 2012). In the same vein, composites or hybrid 
materials represent another type of coagulant that has shown 
good performance in wastewater treatment. Al-Sahari et al. 
(2020) discussed the preparation and application of hybrid 
materials in a coagulation–flocculation process. They proved 
that hybrid materials could be combinations of different 
structures, such as inorganic–organic, organic–organic, inor-
ganic–inorganic, inorganic–biopolymer, and organic–natural 
polymer structures. The use of such hybrid materials can 
reduce treatment times. The wastewater treatment can be 
carried out by adding one chemical product to one tank 
instead of the two separate tanks used in the conventional 
coagulation flocculation process. PAC–FeCl3 and PAC–chi-
tosan are among the main hybrid materials applied as coagu-
lants. Therefore, there has been increasing interest in the use 
of natural coagulants as natural coagulant aids. The experi-
ments of Nithya and Abirami (2018) confirmed the positive 
coagulation properties of chitosan and pine bark in terms of 
removing trace metals and reducing the turbidity of LFL. 
They also reported that the addition of natural coagulants 
was most efficient under acidic and neutral conditions. At the 
optimum pH, 6, the highest turbidity removal rate (91.3%) 
was recorded with a chitosan dosage of 0.6 g  mL−1. At pH 
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7, the best turbidity removal rate, 85.2%, was achieved with 
a pine bark dosage of 4 g  mL−1. Furthermore, outcomes 
proved the efficiency of natural coagulants in the removal 
of toxic trace metals such as As, Cu, Cr, Pb, Hg, and Ni. In 
the same vein, Rasool et al. (2016) demonstrated the perfor-
mance of Ocimum basilicum L. as a bio-based coagulant for 
the pretreatment of LFL. According to Zainol et al. (2018), 
8000 mg of red earth effectively removed 90% of the turbid-
ity, 46.7% of the  NH3–N, and 53.9% of the COD when the 
pH was < 2. This highlights the advantage of red earth as a 
natural coagulant for the remediation of LFL. Additionally, 
Cheng et al. (2020) reported the efficiency of guar gum as a 
green coagulant when it was used to remove organic matter 
from landfill leachate (22.57%) under optimum conditions—
a guar gum dosage of 44.39 mg/L, pH 8.56 (natural pH of 
leachate), and a mixing speed of 79.27 rpm. They proved 
that guar gum coagulation has high overall potential as a 
LFL treatment. In 2021, Righetto et al. tested the efficency 
of tannin-based materials as natural coagulants for treating 
landfill leachate. The optimal dosage (11.1 mL/L) and pH 
(7.3) were determined using response surface methodology 
(RSM). About 47% of the TP, 15% of the TOC, 20% of the 
 NH3‒N, and 4% of the TN were removed. Furthermore, 
significant removal of the metals Fe, Ti, Cr, Al, Ba, and V 
was achieved, while lower percentages of other metals were 
also removed. Similar results were reported by Banch et al. 
(2019), who proved that a tannin-based natural coagulant 
could successfully remove organic matter and heavy metals 
from stabilized LFL.

On the other hand, the application of electrocoagulation 
(EC) for improving the biodegradability and treatability of 
LFL has attracted great interest (Kallel et al. 2016). One 
important factor to consider in electrocoagulation treatment 
is the type of electrode applied in the electrochemical pro-
cess. Aluminium and iron electrodes are the preferred elec-
trodes owing to their effectiveness, abundance, and low price 
(Fu et al. 2021; Guo et al. 2021). Bouhezila et al. (2011) 
showed that the removal rates of COD, TN, color, and tur-
bidity were 70%, 24%, 56%, and 60% with Al electrodes and 
68%, 15%, 28%, and 16% with Fe electrodes, respectively. 
They also calculated that the electrical energy consumption 
and operating cost were 0.022 kWh  L−1 and 0.54 USD  m−3 
(for treated leachate), respectively, with Al electrodes, and 
0.019 kWh  L−1 and 0.47 USD  m−3, respectively, with Fe 
electrodes. Zailani et al. (2018) evaluated the performance 
of an aluminum electrode in removing COD, ammonia, 
turbidity, color, and suspended solids (SS) from Simpang 
Renggan landfill leachate. Based on the experiments per-
formed, the optimum conditions were a current density of 
200 A/m2 with a reaction time of 20 min at an optimum 
pH value of 4. The overall abatement rates of COD, ammo-
nia, color, turbidity, and SS were 60%, 37%, 94%, 88%, and 
89%, respectively. Thus, research findings indicate that EC 

is an efficient treatment for landfill leachate. Recently, De 
Oliveira et al. (2021) studied the removal of heavy metals 
and coliforms from LFL by EC using electrodes made from 
steel swarf (SfE). Abatement rates of detected heavy metals 
were 51% for Cr, 59% for As, 71% for Cd, 72% for Zn, 92% 
for Ba, 95% for Ni, and > 99% for Pb. The microbial load of 
coliforms was reduced to less than 1 CFU/ml after treatment 
with SfE (i.e., a reduction of approximately 100%). EC using 
SfE can be applied as an effective alternative landfill lea-
chate treatment. Khoramipour et al. 2021 demonstrated that 
the hybrid process of sonoelectrocoagulation is an applicable 
and effective process for LFL treatment. Central composite 
design (CCD) and response surface methodology (RSM) 
were applied to optimize the important factors (pH, reac-
tion time, and direct electrical current). A COD removal rate 
of 86% was attained under optimal experimental conditions 
(pH 5.7, reaction time: 80 min, direct current: 1.9 A). Sono-
electrocoagulation was found to modify the microscopic 
structure and elemental composition of the sludge.

Chemical precipitation

Chemical precipitation has been used as a pretreatment to 
remove nonbiodegradable organic compounds,  NH3–N, and 
trace metals from LFL. During this process, dissolved ions 
in the solution are converted to the insoluble solid phase via 
chemical reactions. In general, the metal precipitate from 
the solution takes the form of the hydroxide. Considering 
the aim of removing either trace metals or  NH3–N, lime or 
struvite (magnesium ammonium phosphate, MAP) is usually 
employed as the precipitant (Reynier et al. 2015). Jaafarza-
deh Haghighifard et al. (2016) studied the removal of ammo-
nium from mature LFL using struvite and found that 87% 
of the  NH4 was removed at pH 8.5. More recently, Dogan 
et al. (2018) used struvite as a precipitant for the removal 
of  NH4

+ from LFL. Struvite precipitation was optimized 
through modeling based on response surface methodology 
and central composite design. The results revealed that the 
maximum ammonium removal efficiency was 99.8% at a 
molar rate of 1.2 for Mg/N and 1.27 for N/P at pH 9.2. Con-
sequently, the ammonium concentration in LFL can be sig-
nificantly reduced through struvite precipitation, but the high 
cost of the chemicals needed remains the main disadvantage 
of this technology.

Activated carbon

Adsorption is the most widely applied technology for remov-
ing recalcitrant organic compounds from LFL. Activated 
carbon (AC) is known to be one of the most efficient and 
practical adsorbents for removing various types of organic 
and inorganic contaminants such as ammonium nitrogen 
and trace metals (Shehzad et al. 2015). Granular activated 
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carbon (GAC) and powdered activated carbon (PAC) are 
two types of activated carbon, which is commonly applied 
in leachate treatment because of its high area to volume 
ratio, large porous specific surface area, thermostability, 
and adsorption kinetics (Gao et al. 2015). The adsorption of 
organic compounds in leachate collected from Jeram Sani-
tary Landfill (Malaysia) onto powder AC was studied by 
Erabee et al. (2018). Those authors explored three methods 
of modifying the AC to improve its adsorption capacity: 
treating it with nitric acid  (HNO3) or potassium permanga-
nate  (KMnO4) and heating it at 600 °C. The removal rates 
of TSS,  NH3–N, Zn, Cu, and  S2− reached 91%, 99%, 86%, 
100%, and 57%, respectively, after 120 min of contact time 
when AC-KMnO4 was applied. Mohammad-pajooh (2018) 
investigated the removal using activated carbon (AC) of 
organic compounds from biologically pretreated leachate 
collected from a German landfill. Outcomes showed that 
71% COD removal was achieved after 8 h of contact time 
with an AC concentration of 20 g  L−1. Mahdavi et al. (2018) 
studied the effectiveness of synthesized activated carbon 
for organic matter and trace metal removal. Their findings 
revealed that an adsorbent dosage of 15 g  L−1 led to the 
removal of 84.7% of the COD at pH 4. Research by Rohers 
et al. (2021) showed the performance of an activated car-
bon column in the treatment of LFL. Reductions of up to 
74% of the COD, 47% of the  BOD5, 93% of the color, and 
90% of the ammonia were achieved, along with an increase 
from 0.3 to 0.9 in the  BOD5/COD ratio. Moreover, the AC 
adsorption process resulted in the removal of up to 60% of 
the heavy metal content. The production of activated carbon 
(AC) from agricultural by-products is a research field that 
has attracted great interest because of its potential in the 
disposal of agroresidues and for environmental applications 
(Reshadi et al. 2020). In this context, Chávez et al. (2019) 
evaluated the potential of AC produced from coffee waste in 
the treatment of landfill leachate. Additionally, they reported 
the efficiency of the adsorption process in reducing organic 
matter in LFL (97%) when using 3 g/L of adsorbent. Despite 
the numerous advantages offered by activated carbon, this 
adsorption method involves high activated carbon consump-
tion and regeneration costs, which in turn result in increased 
treatment costs, limiting its application (Foo and Hameed 
2009; Chys et al. 2014).

Other natural materials such as zeolite and clays are effec-
tive adsorbents—comparable to AC—for landfill leachate 
treatment (Augusto et al. 2019). The application of natural 
minerals such as zeolites as adsorbents has been proposed 
due to their high adsorption and ion exchange capacities 
and their low cost (Aziz et al. 2020). Zeolites are composed 
of crystalline hydrated aluminosilicates; their structures 
include pores filled with water. Researchers have found that 
the transferable cations  (Ca2+,  K+, and  Mg2+) in the physical 
structure of zeolite are easily replaceable. Clay minerals are 

a large family of adsorbents that have great potential because 
of their relatively low cost and environmentally friendly 
nature as well as their high specific surface area, chemi-
cal and mechanical stability, and ionic exchange capacity 
(Luo et al. 2019a, b). According to the literature, chemical 
agents have been applied to modify clays to enhance their 
capacity to adsorb pollutants. However, this may entail a 
risk to the environment because these chemical modifiers 
can eventually be released from the clay, which may then 
necessitate costly additional treatment (Costa et al. 2019). 
In 2021, Mosanefi et al. (2021) investigated the effect of 
natural zeolite on ammonium ion removal from LFL. The 
effects of different variables [pH, contact time (CT), and 
zeolite concentration (ZC)] in a batch system were studied 
to optimize ammonium removal from LFL. First, the effect 
of pH was studied in the pH range 5–9. Then, at the opti-
mal pH (7), the effect of the ZC was tested in the ZC range 
10–200 g/L. The results indicated that increasing the ZC 
from 10 to 80 g/L increased the amount of ammonium ion 
removed. Meanwhile, increasing the ZC from 80 to 200 g/L 
decreased the removal efficiency. Finally, the outcomes of 
the experiments indicated that the optimal conditions for 
ammonium ion removal from LFL (44.49%) were a pH of 7, 
a ZC of 80 g/L, and a CT of 30 min. This research indicated 
that clinoptilolite zeolite (CZ) could be used as an inexpen-
sive and efficient adsorbent for removing ammonium ions 
from LFL.

Air stripping

Air stripping or ammonia stripping has gained great atten-
tion as a viable alternative for reducing the  NH3 content 
of leachates (Degermenci and Yildiz 2012). This physical 
process is efficient at pH 11; at this pH, all  NH3 forms turn 
to gas and will then react with acid solution to give sta-
ble ammonium salts, which can be used as mineral ferti-
lizer. Yuan et al. (2016) reported that a removal efficiency 
of ammonia from LFL of 95% was successfully achieved 
at the laboratory and pilot scales at ambient temperature 
using a continuous-flow rotating packed bed (RPB) as an 
air stripper. Therefore, more intense efforts to improve the 
design of the ammonia stripping process are underway. Leite 
et al. (2018) removed around 97% of the COD after 100 days 
of treatment using an ammonia nitrogen stripping process 
in an open horizontal flow reactor. They proved that the 
ammonia removal performance was directly proportional 
to the applied superficial load, and that the carbonaceous 
material removal was proportional to the organic matter in 
the influent. Nevertheless, the main disadvantage of this 
process is the low efficiency of organic matter degrada-
tion and the release of  NH3 into the atmosphere, as this can 
be an environmental pollutant. In 2021, Khoi et al. (2021) 
designed an air stripper for the removal of ammonia from 
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LFL. The effects of different parameters on the ammonia 
stripping efficiency were tested, such as the pH, hydraulic 
loading rate (HLR), gas/liquid (G/L) ratio, and recircula-
tion of liquid. The outcomes showed that increasing the pH 
from 9 to 12 significantly increased the ammonia removal 
efficiency (which was up to 99.0% after 3 h), irrespective 
of the change in G/L or HLR. At a HLR of 57.6 or 172.8 
 m3/m2 day, increasing the G/L ratio enhanced the removal 
efficiency, with the highest value (56%) achieved at a HLR 
of 172.8  m3/m2 day, pH 12, and a G/L of 728. The study 
proved the high performance of air stripping as a pretreat-
ment process for ammonia removal from landfill leachate.

To meet stringent effluent discharge standards, advanced 
oxidation processes (AOPs), including  TiO2 photocatalysis, 
ozonation, and Fenton’s reaction, have widely been applied 
in advanced treatments of landfill leachate (Betancourt-Bui-
trago et al. 2019), as discussed in the next section (Table 1).

Advanced oxidation processes

Destructive processes are commonly known as advanced 
oxidation processes (AOPs). The main mechanism for AOPs 
is the production of hydroxyl radicals (•OH). These radi-
cals are able to oxidize numerous complex organics. They 
react with carbon–carbon double bonds efficiently and attack 
aromatic nuclei, which are prevalent features of refractory 
organic compounds (Azadi et al. 2017).

Fenton’s reaction

Among AOPs, the Fenton process is widely employed for 
the pretreatment, post-treatment, or full treatment of leachate 
because of its ability to oxidize refractory organic molecules 
and its moderate cost, and because it is simple to use (Jain 

et al. 2018). This process utilizes a mixture of ferrous ion 
 (Fe2+) and hydrogen peroxide  (H2O2). Significantly, most 
studies in the literature on the removal of contaminants 
by Fenton reaction processes have demonstrated that the 
parameters that most strongly influence the Fenton process 
are the ferrous ion and peroxide concentrations, the initial 
amount of the pollutant, its reaction time, and the pH and 
temperature. Smaoui et al. (2018) tested the use of Fenton’s 
oxidation for LFL treatment. Experiments involving  H2O2 
concentrations within the range 0–4 g/L were performed 
at pH 3 with 1 g/L of  Fe0. The overall removal efficiencies 
of COD and  BOD5 were 48% and 30%, respectively. The 
authors demonstrated that increasing the  H2O2 concentra-
tion to 3 g/L  H2O2 had a positive effect on COD removal, 
but that increasing the  H2O2 concentration further did not 
improve the COD removal efficiency. They explained this 
behavior by invoking the phenomenon of oxidation satura-
tion. Maslahati Roudi et al. (2018) proved that the maximum 
COD removal rate (100%) was achieved using the optimum 
operational conditions of 781.25 mg  L−1  Fe2+, pH 3, and 
a reaction time of 28.03 min. Recently, Makhatova et al. 
(2020) tested the applicability of the Fenton process for the 
removal of toxic compounds from LFL. They proved that 
the most favorable concentrations of  H2O2 and ferric ion for 
carbon removal were 6660 mg  L−1 and 400 ppm, respec-
tively. As a result, the removal rates of total organic carbon, 
total inorganic carbon, total nitrogen, and color were 88.7%, 
100%, 96.5%, and 98.2%, respectively. Durai et al. (2020) 
proved that the Fenton process provided good performance 
in the removal of toxic compounds from LFL. Under the 
optimum conditions for the Fenton process (pH 3, 29.12 mM 
 H2O2, 14.44 mM  FeSO4), the maximum simultaneous COD 
and TOC removal rates (97.83% and 74.24%, respectively) 
were attained. In the same vein, electro-Fenton (EF) technol-
ogy is widely applied as a LFL treatment. In the EF process, 

Table 1  Summary of some physicochemical and membrane-based processes for treating landfill leachate

Process Target for removal Drawbacks Reference

Coagulation-flocculation Heavy metals and suspended solids Production of large sludge volumes and rela-
tively high costs

Yao et al. (2017)

Chemical precipitation Heavy metals and  NH3-N High cost of chemicals Reynier et al. (2015)
Air stripping Ammoniacal nitrogen Low performance of organic matter deg-

radation and the release of  NH3 into the 
atmosphere

Yuan et al. (2016)

Reverse osmosis Organic and inorganic compounds Costly and of limited applicability due to 
membrane fouling

De Almeida et al. (2020)

Microfiltration Suspended solids Used after metal precipitation Pertile et al. (2018)
Ultrafiltration High molecular weight substances Costly and suffers from membrane fouling Abuayyash et al. (2018)
Nanofiltation Sulfate salts, Magnesium and Calcium Costly and requires a lower pressure than 

reverse osmosis
Silva et al. (2018)

Activated carbon adsorption Organic compounds Suffers from carbon fouling and GAC adsorp-
tion is costly

Shehzad et al. (2015)
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 H2O2 is produced in situ from the reduction of oxygen gas at 
the cathode. For instance, in the presence of  Fe2+ as a metal 
catalyst, hydroxyl radicals are generated by the decomposi-
tion of  H2O2 (Jain et al. 2018). The EF process can be used 
in two phases or configurations. In the first one, inert anodes 
with high catalytic activity are employed, and the catalyst is 
added to the electrochemical cell. In the second one, the dis-
solution of sacrificial electrodes provides the required metal 
catalyst, and only the  H2O2 is added to the cell. Mahtab et al. 
(2021) studied the efficiency of the Fenton process in the 
treatment of landfill leachate. This process was optimized 
using response surface methodology (RSM) coupled with 
central composite design (CCD). Several variables were 
optimized to study the COD removal response. The highest 
COD removal rate, 61%, was obtained at a pH of 3.1, a reac-
tion time of 36 min, an  Fe2+ dosage of 0.04 mol  L−1, and an 
 H2O2 dosage of 0.075 mol  L−1.

Various authors have argued that, compared with other 
AOPs, the Fenton process presents advantages such as high 
performance, easy implementation, and no energy require-
ment for  H2O2 activation (Singa et al. 2018; Maslahati Roudi 
et al. 2018). Major disadvantages of this method include 
the high amount of iron sludge produced at the end of the 
experiment, the risk from storing hydrogen peroxide, and 
the need to adjust the pH to the acidic range. However, no 
report has focused on the costs of this process. Cassano et al. 
(2011) reported the operating costs of the photo-Fenton pro-
cess for the treatment of municipal landfill leachate with an 
initial COD of 2.8–3.6 g  O2/L. They demonstrated that the 
operating costs were around 0.72–1.59 €/m 3 for a final COD 
of 160 mg  O2/L.

TiO2 photocatalysis

Because of their small size, high surface area, crystal form, 
and high reactivity, nanomaterials have proven to be a 
promising alternative for the purification and the treatment 
of pollutants to convert them to nonhazardous materials 
(Nasrollahzadeh et al. 2016). In fact, over the past few dec-
ades, nanotechnology has gained widespread attention, and 
various nanomaterials have been developed for treating and 
decontaminating water based on adsorption and photocata-
lytic and antibacterial activity (Pant et al. 2017).

TiO2 is used mainly due to its chemical stability, its 
nontoxicity, its insolubility in water, its hydrophobic-
ity, and its high efficiency in the removal of contaminants 
from wastewater. In an oxidation–reduction reaction,  TiO2 
produces highly active radicals (the hydroxyl radical and 
other radicals, such as OH,  HO2, and  HO3), resulting in the 
degradation of compounds adsorbed on its surface.  TiO2 
converts photon energy into chemical energy, which leads 
to activation sites on  TiO2 and the degradation of com-
pounds (Pavithra and Shanthakumar 2017). A number of 

researchers have applied  TiO2 for LFL treatment or pretreat-
ment to enhance the biodegradability of refractory organic 
compounds in landfill leachate, and for LFL post-treatment 
to ensure that effluent discharge standards are met (Betan-
court-Buitrago et al. 2019). Mokhtarani et al. (2016) inves-
tigated  TiO2 photocatalysis for LFL treatment. As a result of 
their experiments, maximum simultaneous COD and color 
removal rates of 58% and 36%, respectively, were attained 
in the presence of 48.8 g  m−2 of immobilized  TiO2 and by 
applying 21.5 h of radiation with a light intensity of 7.5 mW 
 Cm−2 at pH 5.7. Indeed, Desai et al. (2020) used composite 
central design (CCD) based on response surface methodol-
ogy (RSM) and ANN models to demonstrate the efficiency 
of  TiO2 for the removal of COD from landfill leachate using 
a photoreactor in natural sunlight. The constructed photo-
reactor was found to be efficient at capturing solar photons 
from sunlight, and the maximum removal rate of COD was 
found to be 57.97% at pH 2 and 53.16% at pH 3 with 1 g/L of 
 TiO2 and 150 min of irradiation. Carard et al. (2021) studied 
the efficiency of the  TiO2 photocatalytic process for LFL 
treatment. To define the optimum conditions, three factors 
 (TiO2 concentration, pH, and air flow) were analyzed using 
central composite rotatable design (CCRD). The significant 
conditions were a  TiO2 concentration of 0.012 g, a pH of 3.3, 
and air flow of 9.0 L/min−1. As a result, the COD removal 
rate was around 30% and the increase in biodegradability 
ratio (BOD/COD) was 0.59.

However,  TiO2 photocatalysis poses a serious disadvan-
tage. Only UVA irradiation can be used for catalyst photo-
activation. Only 3–5% of the solar radiation that reaches the 
surface of the Earth is UVA, so it would be great to extend 
the absorbance of  TiO2 into the visible region (Ahmari et al. 
2018). In the same vein, several investigations have estab-
lished that doping  TiO2 with metal ions is one of the most 
effective methods of improving the photoelectrochemical 
properties of  TiO2 irradiated with UV and sunlight (Ahmari 
et al. 2018).

Zhou et al. (2017) studied the efficiency of the photocata-
lytic treatment of LFL using Cu/N-codoped  TiO2. Under 
optimal operating conditions, they achieved removal rates 
of COD and TOC of 67% and 82.5%, respectively. Azadi 
et al. (2017) tested  TiO2 and tungsten-doped  TiO2 (W-doped 
 TiO2) NPs for the removal of toxic compounds from LFL. 
They found that the best reaction time was 34 h and that 
increasing the tungsten content to an optimal value led to an 
increase in process performance. Increasing the W content 
further caused some reactive sites on the surface to become 
blocked to photocatalytic activity and thus negatively 
affected the photocatalytic treatment. The authors pointed 
out that W-doped  TiO2 was a more effective catalyst than 
 TiO2 and that COD degradation reached 46% under opti-
mal experimental conditions (pH 6.63 and a contact time 
of 34 h).
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Recently, Azadi and coworkers (2020) investigated 
the treatment of LFL using a photocatalytic process that 
employs tungsten (W)/carbon (C)-codoped titanium diox-
ide  (TiO2) nanoparticles under visible light irradiation. The 
researchers designed a cascade photoreactor with immo-
bilized W/C-codoped  TiO2 nanoparticles. The effects of 
operating factors (for example, the leachate recirculation 
flow rate, coating surface density, and light intensity) on the 
COD removal efficiency was investigated. The experimental 
results showed that the leachate COD was reduced by 84% 
after 40 h of treatment under the optimum conditions of 
40 W light intensity, 10.59 g  m−2 coating surface density, 
and 1 L  min−1 leachate flow rate.

Ozonation

Ozonation is another advanced oxidation process based on 
the infusion of ozone into water. Ozone  (O3) is one of the 
most powerful oxidants (Rathnayake and Herath 2018). Ozo-
nation is an appropriate LFL treatment as it involves the 
formation of very reactive oxygen species that can degrade 
a wide range of organic and inorganic pollutants and all 
microorganisms (Ramdhani et al. 2018). Ozone is produced 
by subjecting oxygen  (O2) to energy (a high electric volt-
age or UV radiation). Depending on the types of pollutants 
present and the experimental conditions, ozone oxidation 
is most efficient at higher pH values, as a high pH leads to 
increased production of hydroxyl radicals. Furthermore, to 
enhance treatment performance, the ozone is combined with 
light irradiation, hydrogen peroxide, or iron complexes that 
act as catalysts (Yao et al. 2017). The principal limitation 
of this process is its relatively high cost, the large amount 
of energy it requires, and the potential fire hazard from and 
toxicity associated with ozone generation (Betancourt-Bui-
trago et al. 2019). Leszczyński and Jolanta Walery (2018) 
used ozone for the removal of organic compounds from LFL. 

COD was reduced by 46%. The best conditions for the  H2O2/
O3 process were an  H2O2/O3 ratio of 0.8 and an ozone dose 
of 0.6 g  O3  dm−3. Kwarciak-Kozłowska (2018) showed that 
the application of ozone as a pretreatment of LFL was more 
effective at alkaline pH (8.5). It was found that the TOC 
removal efficiency was 37% (346 mg  dm−3) after 60 min of 
ozonation. More recently, Hoffmann et al. (2020) assessed 
the efficiency of ozonation in the treatment of raw LFL. 
Runs were carried out using a batch system. The initial pH 
was adjusted to 7 and 10, and the contact times between the 
gas and the leachate were 20, 40, 60, 80, and 100 min. The 
outcomes showed that ozonation presented high removal 
efficiencies of COD, color, and UV abs when the pH was 
7. However, the turbidity degradation was higher when the 
pH was 10. The greatest removal of color (~ 90%) and UV 
abs (~ 70%) occurred with 40 min of reaction time. There-
fore, ozonation can be considered a pretreatment method for 
leachate because of its great capacity for organic compound 
removal (Table 2).

Supercritical water oxidation (ScWO)

Another method that can be used in landfill leachate treat-
ment is supercritical water oxidation. This advanced oxida-
tion process takes advantage of the fascinating properties 
of supercritical water as a reaction medium at temperatures 
and pressures higher than those corresponding to the critical 
point of water (374 °C and 22.1 MPa). Water is totally misci-
ble with oxygen and organic compounds, so it is possible to 
achieve rapid oxidation reactions in a single-phase medium 
at high temperature without mass transfer limitations. The 
main oxidants used in ScWO are pure oxygen and hydrogen 
peroxide. ScWO has been considered as a clean energy pro-
cess. The heat released by the oxidation reaction could be 
converted to heat and shaft work, assuring a self-sustaining 
reaction and generating excess shaft power to drive both 

Table 2  Treatment of LFL with 
various advanced oxidation 
processes

AOP Efficiency Reference

Ozone  (O3) 65% COD removal
62% TOC removal
36% BOD removal

Kwarciak-Kozłowska et al. (2018)

Photo-Fenton  (H2O2/Fe2+/UV) 70.7% COD removal Leszczyński et al. (2018)
Fenton 97.83% COD removal Maslahati Roudi et al. (2018)
W-doped  TiO2 46% COD removal Azadi et al. (2017)
Heterogeneous catalytic ozonation  (O3/TiO2) 24% COD removal

94% NTU removal
98% BOD removal

Scandelai et al. (2018)

Heterogeneous catalytic ozonation  (O3/ZnO) 33% COD removal
95% NTU removal
98% BOD removal

Scandelai et al. (2018)

 Ferrosonication (FS) 46% COD removal
33% BOD removal

Karami et al. (2018)



Euro-Mediterranean Journal for Environmental Integration (2021) 6:79 

1 3

Page 9 of 20 79

the high-pressure pump and the air compressor (Scandelai 
et al. 2020). ScWO has been successfully used to treat dif-
ferent wastewaters characterized by a high COD and a high 
heavy metal concentration. Marulanda Cardona et al. (2017) 
performed an experimental study of the supercritical water 
oxidation of landfill leachate in a batch reactor in the temper-
ature range 400–500 °C for reaction times of 15–30 min and 
with the oxygen excess (OE) ranging from 100% to 300%. 
Total organic carbon (TOC) and total nitrogen (TN) were 
the main responses considered, and the effects of the stud-
ied variables were analyzed using an analysis of variance 
(ANOVA). The results proved that it is possible to achieve 
simultaneous TOC and TN removal from leachate wastewa-
ter by ScWO treatment at 400 °C with 100% OE, with resi-
dence times longer than 30 min, and without using a catalyst, 
whether using a batch or a continuous process. Weijin et al. 
(2018) tested the application of ScWO using a batch-type 
reactor in the treatment of landfill leachate. Different cata-
lysts such as NaOH, KOH,  K2CO3, and  Na2CO3 were used. 
The effects of temperature (380–500 °C) and retention time 
(5–25 min) on the hydrogen mole fraction, hydrogen yield, 
carbon gasification rate, COD, TOC, and TN removal effi-
ciency were studied. The outcomes showed that the gaseous 
products mostly contained hydrogen, methane, carbon diox-
ide, and carbon monoxide when there was no catalyst. How-
ever, hydrogen and methane were the main gaseous products 
when NaOH, KOH,  K2CO3, or  Na2CO3 was added. The tem-
perature had a positive effect on landfill leachate gasification 
in the absence of a catalyst. At 500 °C, the hydrogen mole 
fraction, hydrogen yield, and carbon gasification ratio were 
55.6%, 107.15 mol  kg−1, and 71.96%, respectively. Further-
more, the TOC, COD, and TN abatement rates increased 
with increasing temperature. In the presence of a catalyst, 
the maximum hydrogen mole fraction of 74.40% and the 
maximum hydrogen yield of 70.05 mol  kg−1 were obtained 
using 5 wt% NaOH at 450 °C and 28 MPa for 15 min. 
Recently, CC Martins and coworkers (2020) demonstrated 
that temperature was the most influential factor in the ScWO 
of landfill leachate. As a result, significant removal rates of 
true color (87%), total dissolved solids (94%), nitrate (70%), 
total phosphorus (96%), and COD (57%) were achieved.

In other studies, researchers found that the addition of 
other materials to the ScWO enhanced LFL treatment effi-
ciency (Gong et al. 2018). In 2018, Scandelai et al. (2018) 
tested combined ozonation and ScWO processes for land-
fill leachate degradation. The combination of ozonation for 
30 min and supercritical water oxidation  (O3-30′/ScWO) 
was found to produce the most efficient degradation of the 
leachate. Under these conditions, high removal efficiencies 
of color 97%, COD (92%), TOC (79%), nitrite (78%), nitrate 
(84%), and dissolved (96%) and suspended (94%) solids 
were reached. Moreover, the proposed technology produced 
a significant decrease (68%) in electrical conductivity (EC). 

Thus,  O3/ScWO may have high potential as a LFL treatment. 
More recently, Scandelai et al. (2020) demonstrated the great 
potential of the application of ScWO in combination with 
zeolite to landfill leachate. Thus, ScWO was performed at 
a pressure of 23 MPa and at 600 or 700 °C. As a result, 
ScWO (600 °C) reduced 100% of the nitrite  (NO2–N), 98% 
of the nitrate  (NO3–N), 90% of the ammoniacal nitrogen 
 (NH3–N), 81% of the TOC, and 74% of the COD, proving 
that this technology is a promising alternative for leachate 
treatment. However, the final concentrations of  NH3–N 
and COD slightly exceeded the limits (20 and 200 mg  L−1, 
respectively) defined by Brazilian discharge standards. Thus, 
these findings suggest that ScWO requires further develop-
ment for its application to be feasible.

Electro‑oxidation

According to the literature, electro-oxidation (EO) has been 
proven highly capable and efficient when applied to reduce 
several pollutants in landfill leachate. However, the perfor-
mance of electro-oxidation depends on the experimental 
conditions used and the nature of the electrode materials 
employed. Various electrode materials have been applied 
in the electro-oxidation of different kinds of wastewaters. 
Recently, graphite carbon electrodes, Ti/PbO2 anode/stain-
less steel cathode, boron-doped diamond (BDD) electrodes, 
carbon anode/stainless steel cathode, and Ti/RuO2–IrO2 
anode/stainless steel cathode have been employed in the 
treatment of landfill leachate using EO (Pierpaoli et al. 2021; 
Du et al. 2021). Yan et al. (2021) studied the electro-oxida-
tion process for LFL treatment. Under the optimal conditions 
(a reaction time of 3 h, a current density of 32.89 mA  cm−2, 
a liquid circulation velocity of 0.46 cm  s−1, and a specific 
electrode area of 65.1  m2  m−3), COD and TOC removal 
efficiencies of 68% and 40.6%, respectively, were achieved. 
According to research by Pasalari and coworkers (2021), 
electro-oxidation produced interesting results under the opti-
mum conditions of a current density of 10–40 mA/cm2, an 
electrode gap of 0.5–2 cm, and a contact time of 15–60 min.

Membrane filtration technology

Over the past two decades, membranes have become increas-
ingly popular in industrial technologies where reliable and 
repeatable purification or concentration is required (Dolar 
et al. 2016). Membrane filtration is a very suitable process 
for removing and reducing different pollutants such as 
organic and inorganic matter, microorganisms, and trace 
metals (Ramaswami et al. 2018). According to the literature, 
there are four types of membrane methods: nanofiltration, 
ultrafiltration, microfiltration, and reverse osmosis (Anand 
and Singh 2014; Rathnayake and Herath 2018).
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Reverse osmosis

RO is generally implemented as a complement to other treat-
ments, but in some cases it is the only treatment applied 
to mature leachate. In RO, any solvent that contains metal 
cations is passed through a membrane in such a way that 
the metal concentrations are removed. RO can be used for 
the removal of trace metals, suspended/colloidal materials, 
and dissolved solids from landfill leachate (Ramaswami 
et al. 2018). Talalaj (2015) pointed out the high removal 
rates of different pollutants from intermediate leachate with 
the use of reverse osmosis. The average reductions in COD, 
 NH4

+–N, total inorganic nitrogen,  CN−, Fe, and  Cl− were 
97%, 98.7%, 99%, 93%, 97.6%, and 98%, respectively. 
Fatima et al. (2017) tested the performance of a treatment 
that applied a membrane process based on reverse osmosis 
to Indian LFL. The outcomes showed that RO is a promis-
ing method of removing BOD, COD, and TDS, as it yielded 
removal rates of 99.7%, 98%, and 94%, respectively. Addi-
tionally, the reduction rates of various trace metals ranged 
between 76% and 99.99%. However, information about the 
cost of this treatment is scarce. To fill this gap, Almeida et al. 
(2020) proposed a study to estimate the capital expenses 
(CAPEX), the operational expenses (OPEX), the specific 
total treatment cost, and the total costs per  m3 of the treated 
leachate and the RO treatment of leachate. The CAPEX for 
this full-scale RO was estimated at MUS$ 1.413, and the 
OPEX ranged between US$ 0.132 and US$ 0.265  m3 per 
year. The cost of this leachate treatment has been estimated 
at US$ 8.58  m3.

In general, the RO process has demonstrated high rejec-
tion rates of both the organic and inorganic contaminants 
dissolved in the leachate. The major disadvantage of this 
technology is membrane fouling, which influences treatment 
effectiveness and concentrates production, which is difficult 
to manage.

Nanofiltration

Compared to RO, nanofiltration (NF) produces high-qual-
ity permeates and is performed at low pressure, resulting in 
lower operating costs (Mohammad et al. 2015). NF is effec-
tive in the treatment of leachate with high salt concentrations 
(Madsen and Søgaard 2014). In this treatment, the mem-
brane rejects most of the trace metals because they are mul-
tivalent cations, but allows monovalent cations, which are 
considered relatively harmless (Silva 2018). In general, NF 
has led to greater COD and trace metal removal and ion sep-
aration than OR and UF. Due to negatively charged groups 
on the membrane, NF allows the separation of organic 
substances from different kinds of salts. A study done by 
Istirokhatuna et al. (2018) reported that the COD, TSS, and 
TDS were reduced by 96%, 100%, and 62%, respectively, 

using a NF process. In the same vein, Silva et al. (2018) 
demonstrated that NF technology can be considered as an 
efficient polishing step when applying the membrane bio-
reactor (MBR) process in LFL treatment. Nevertheless, NF 
cannot operate under higher fluxes.

Ultrafiltration

Ultrafiltration (UF) is widely used as pretreatment before 
a final stage involving RO in membrane bioreactors or as 
a pretreatment at a final stage of RO (Rathnayake and Her-
ath 2018). In addition, UF is applied to remove particles, 
microorganisms, and a certain amount of dissolved organic 
matter. As it is a simple and easy-to-operate process, UF has 
been increasingly used in water treatment and the separa-
tion and purification of different proteins. Abuayyash et al. 
(2018) investigated the feasibility of using UF as an extra 
enhanced treatment stage during biological treatment. They 
showed that UF is highly efficient at removing TSS, nitrate 
and phosphate, Al, and Zn (for which the removal rates were 
100%, 98%, 95%, 100%, and 82%), respectively. However, 
the ultrafiltration porosity limits the passage of suspended 
and large dissolved compounds through the membrane.

Microfiltration

A microfiltration (MF) membrane is used to remove 
high molecular mass compounds (particle size range: 
0.02–10 µm) from old landfill leachates (Ameen et al. 2011). 
The major advantages of the MF process are its low opera-
tional costs, a decreased number of operations, high sepa-
ration efficiency and enhancement effluent quality. On the 
other hand, the major problem associated with the MF 
process is membrane fouling, which is generally caused by 
specific physical and chemical interactions between the con-
taminants in the wastewater and the membrane (Nakamura 
et al. 2012; Xiong et al. 2016).

Pertile et al. (2018) evaluated the application of MF to 
a tertiary treatment system for landfill leachate from the 
Rincão das Flores landfill (Brazil) and reported that this 
process removed 43% of the organic matter and 63% of the 
 BOD5.

Biological treatment

Biological processes are mainly based on the use of micro-
organisms to break down the organic matter present in LFL. 
Such processes can be categorized according to the type of 
microorganisms applied in the treatment into aerobic and 
anaerobic processes.

These methods have drawn increasing attention due to 
their good performance, reliability, simplicity, and high 
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cost-effectiveness. In addition, these processes provide many 
advantages in terms of biodegradable matter and nitrogen 
compound removal (Wang et al. 2018a, b). Biological treat-
ments make use of microorganisms; the capabilities of vari-
ous bacteria, fungi, and algae in the treatment of LFL have 
been reported. However, there are some drawbacks of using 
these methods. For example, some contaminants such as 
 NH4

+–N are difficult to biodegrade because of their toxicity.

Aerobic treatment

Different factors such as the types of microorganisms and 
organic compounds present in LFL affect the performance 
of aerobic treatments. The removal of organic and other 
compounds from LFL is achieved by applying a variety of 
microorganisms (Wang et al. 2018a, b). They degrade the 
complex compounds into simple products and extra bio-
mass. Studies in this field have focused on the degradation 
of organic compounds and toxic heavy metals (Hashemi 
et al. 2017; Mohd et al. 2015). Aerobic biodegradation has 
been tested as an approach for the removal of organic com-
pounds and different toxic pollutants from LFL. Sequenc-
ing batch reactor (SBR) technology is the predominant 
process applied to landfill leachate. This configuration 
has a simple structure, flexibility, and a high capacity for 
removing nutrients from wastewater. Chakraborty et al. 
(2015) used a SBR to process leachate with an  hydraulic 
retention time (HRT) of 2.5 days and an organic load-
ing rate (OLR) of 1.7 kg COD  m−3  day−1. Phosphate was 
reduced by 29–67% and 54–85% of the COD was removed. 
Furthermore, the ammonia removal rate varied in the 
range 13–35%, whereas the sulfate removal rate was in 
the range 7–66%. Hashemi et al. (2017) tested the perfor-
mance of a SBR in the treatment of leachate. The average 
removal efficiencies for COD, total nitrogen, phosphorus, 
and  BOD5 were 92.45%, 73.6%, 66.5%, and 96%, respec-
tively. In general, numerous studies have proved that algae 
and fungi are more effective than bacteria in degrading 
organic matter and different pollutants in landfill leachate 
(Reis et al. 2017). Spina et al. (2018) compared different 
autochthonous fungi in terms of their ability to decolorize 
the landfill leachate. Five autochthonous fungi—Penicil-
lium brevicompactum, Pseudallescheria boydii, P. boydii, 
Phanerochaete sanguinea, and Flammulina velutipes—
were selected for landfill leachate treatment. Regarding 
color degradation, they established that the most efficient 
species were P. spadiceum and P. boydii, which removed 
60% of the color. Razarinah et al. (2015) immobilized the 
fungus Trametes menziesii on Ecomat for leachate treat-
ment. Their findings suggested that this fungus removed 
89.14% of the  BOD5 and 2.11% of the COD. Furthermore, 
the biotreatability of organic compounds using microor-
ganisms, namely algae, has received great attention due 

to their efficiency when applied in wastewater treatment 
(Gonçalves et al. 2017). Paskuliakova et al. (2018) demon-
strated the possible application of microalgae in LFL treat-
ment. Their work indicated that Chlamydomonas sp. was 
able to grow on 10% permeate leachate. They reported that 
93% of the ammonia nitrogen and 54% of the nitrate were 
removed after 70 days of treatment. Recently, El Ouaer 
et al. (2020) noted that a pure culture of Chlorella sp. was 
able to remove notable percentages of the COD (60%), 
 NH4

+–N (100%), and salinity (10%) from leachate.
Likewise, Cherni et al. (2020) highlighted the perfor-

mance of a Lactococcus lactis and Kluyveromyces marxi-
anus coculture isolated from kefir grains in the bioremedia-
tion of LFL. This research indicated that coculture with 1% 
inoculum led to the most efficient degradation of different 
pollutants. The overall removal rates of COD,  NH4

+–N, and 
salinity were 75.8%, 85.9%, and 75.13%, respectively. Fur-
thermore, the bioremediation process removed up to 75% of 
the Ni and Cd and 73.45%, 68.53%, and 58.17% of the Cu, 
Pb, and Fe, respectively. However, the main disadvantages 
of this process are the production of a large volume of sludge 
and the high capital costs of aeration equipment. Moreover, 
it is very difficult to achieve the required removal efficiencies 
of the different compounds using aerobic processes since 
these processes can be used as pretreatment or post-treat-
ment steps to enhance the efficiency of the main treatment 
process used.

To alleviate this problem, biogranulation is used as inno-
vative treatment of landfill leachate. The granular sludge 
observed in biological reactors is a microbial consortium 
with a regular outer shape and a high density. The gran-
ules are dense and have a strong microbial structure com-
pared to flocs. Granular biomass has a relatively high set-
tling velocity, which allows for the application of a high 
hydraulic load to a reactor without incurring biomass wash-
out. The granules are microecosystems consisting of differ-
ent layers with diverse microorganisms (Gomez-Gallegos 
et al. 2021). Wang et al. (2018a, b) used a full-scale inter-
nal circulation (IC) reactor to treat landfill leachate from 
an incineration plant. Findings showed that the IC reactor 
achieved excellent treatment performance under high OLRs 
of 21.06–25.16 kg COD/(m3 day). The COD removal effi-
ciency and biogas yield were, respectively, 89.4–93.4% 
and 0.42–0.50  m3/kg COD. The formation of extracellular 
polymeric substances (EPS) was related to sludge granula-
tion. Furthermore, protein was the dominant component of 
the sludge EPS, and its content increased remarkably from 
21.6 to 99.7 mg/g volatile suspended solids (VSS). The 
sludge zeta potential and hydrophobicity were positively 
correlated with the protein/polysaccharide ratio in the EPS, 
and they increased from − 26.2 mV to − 10.6 mV and from 
30.35% to 78.67%, respectively. These conditions were ben-
eficial to microbial aggregation.



 Euro-Mediterranean Journal for Environmental Integration (2021) 6:79

1 3

79 Page 12 of 20

Anaerobic treatment

Anaerobic digestion, which is carried out by anaerobic bac-
teria, has been proven to be an effective LFL treatment and 
to remove organic compounds because of the low energy 
requirements of these bacteria, their low sludge production, 
and their generation of methane with a high energy content. 
However, these bacteria can be inhibited by toxic pollut-
ants such as total ammoniacal nitrogen (TAN), sulfides, and 
heavy metals (Pirsaheb et al. 2017; Begum et al. 2018). The 
main advantages of anaerobic processes are minimal sludge 
formation, the production of biogas, low nutrient demands, 
and a low energy input.

Begum et al. (2018) examined the initial organic load 
(IOL) and pH in terms of the COD for the production of 
added-value products during single-stage and two-stage 
anaerobic digestion. Results showed that at an optimal IOL 
of 48 g  L−1, butyric acid was dominant at pH 5.5–6.0 and 
10–11, whereas acetic acid dominated at pH 5.5. The level of 
volatile fatty acids (VFA) depended on the IOL and ranged 
between 0.26 and 0.36 g VFA  g−1 of COD. Moreover, meth-
ane was produced during single-stage and two-stage AD, 
varying from 0.21 to 0.34 L of  CH4 per g of COD removed 
and from 0.2 to 0.32 L  CH4 per g of COD removed, respec-
tively. In addition, those authors reported that the decrease 
in COD was 21% greater following two-stage AD than with 
single-stage AD. The anaerobic baffled reactor (ABR) is one 
of the most favorable anaerobic treatment reactors, and is 
used to treat, for example, palm oil mill effluent, textile dye 
wastewater, and landfill leachate. Moreover, the ABR pre-
sents many advantages, such as high strength under organic 
and hydraulic shock loading, significant removal of micro-
bial products, low sludge production, and low energy con-
sumption (Aris et al. 2017; Aqaneghad et al. 2018). In 2021, 
Cirik and coworkers (2021) demonstrated the performance 
of an ABR in LFL treatment. In their research, the effect 
of the level of dilution (5%, 10%, 20%, or 50%) on LFL 
pollutant removal was investigated. The maximum removal 
was noted when the dilution was 20%. The outcomes indi-
cated that the dissolved organic carbon (DOC), color, COD, 
total nitrogen (TN), nitrate  (NO3

−), and ammonium  (NH4
+) 

removal efficiencies were approximately 61%, 17%, 81%, 
15%, 1%, and 5%, respectively. Based on information gath-
ered from the literature, ammonia is the main pollutant in 
landfill leachate. Anaerobic ammonium oxidation (anam-
mox) is a new biological denitrification process that exhibits 
a high denitrification capacity and low energy consumption 
(Zhang et al. 2021). Zhang et al. 2021 tested the efficiency 
of the anammox process in the treatment of LFL. Satisfac-
tory effluent quality was obtained, 10.3 mg/L TN, which 
was indicative of a nitrogen removal efficiency of 86.2%. 
Furthermore, the mass balance showed that 67.2% of the 
nitrate generated by the anammox process could be reduced 

to nitrite and reused in situ. The results from microbiological 
analyses showed that anammox bacteria genes and the nitrate 
reductase/nitrite reductase ratio of anammox bacteria were 
highly detected. Moreover, Ca. Brocadia triumphed among 
several groups of anammox bacteria, increasing from 1.2% 
to 3.6% at the end of the experiment. Numerous studies 
performed over the past few years have demonstrated that 
biological processes are highly effective in the treatment of 
young LFL (< 5 years old) and are widely used for the reduc-
tion of biodegradable compounds. On the other hand, older 
LFL (> 10 years old) presents many technical problems and 
challenges that can be attributed mainly to the characteristics 
of this leachate, such as its low biodegradability, high con-
centrations of  NH3–N and COD, and the existence of toxic 
organic and inorganic compounds (Ding et al. 2018; Smaoui 
et al. 2019). To overcome these difficulties, more reliable 
and suitable technology should be investigated. As reported 
in the literature, no single method seems to provide efficient 
landfill leachate treatment. Hence, combined processes have 
emerged as a promising approach to removing different con-
taminants from LFL (Grosser et al. 2019).

Combined treatments

The treatment of leachate is very complicated due to its 
complex composition, with significant variations in both 
volumetric flow and also chemical composition. (Ding et al. 
2018; Donneys-Victoria et al. 2018; Smaoui et al. 2019). 
However, combining individual treatment processes has 
been shown to be more effective, and this approach has 
emerged as a favorable choice for treating landfill leachate 
(De Almeida et al. 2017). Combined treatments have the 
ability to synergize the advantages of each of the processes 
included in the treatment, and they have proven to be more 
effective and economical for mature landfill leachate treat-
ment (Ai et al. 2017). The combination of an adsorption 
pretreatment with a biological treatment has already been 
implemented at many landfill leachate sites (Septiariva et al. 
2019).

In most cases, activated carbon adsorption have been 
found to be more suitable not only for the removal of organic 
compounds and color from LFL but also as a refining step 
prior to biological treatment. Research by Septiariva et al. 
(2019) investigated the effectiveness of ozonation and a 
biological process as pretreatment methods for stabilized 
landfill leachate. Ozonation had a significant effect on the 
leachate treatment, with the COD removal rate rising from 
50.8% to 75%. Thus, ozonation can be applied as a post-
treatment with biological processes in order to enhance the 
organic matter degradation. In a study by Er et al. (2018), 
lightweight aggregates were applied at a level of 24% w/v 
as an adsorbent for contaminant removal, and biological 
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treatment with B. panacihumi strain ZB1 was tested as a 
means of improving the final effluent quality. The results 
showed that more than 70% of the ammonia–nitrogen was 
removed from the leachate wastewater. Several authors have 
reported that electrocoagulation (EC) is a promising alter-
native that can be coupled with other processes to improve 
the effectiveness of landfill leachate treatment. The princi-
ple of EC is to generate coagulants in situ using an electric 
potential difference. These coagulants can then agglomer-
ate colloidal suspensions and form insoluble metal hydrox-
ides onto which organic matter can be adsorbed (Dia et al. 
2016). In fact, Donneys-Victoria et al. (2018) studied the 
color, turbidity, chloride, and COD removal efficiencies 
achieved when iron electrodissolution and flocculation pro-
cesses were applied to LFL. The findings showed that 85%, 
96%, and 76% of the COD, color, and turbidity, respectively, 
were removed after 150 min at pH 8.5 using 0.225 g  L−1 of 
hydrogen peroxide. Luo et al. (2019) proved the feasibility 
of combining chemical flocculation and microelectrolysis-
Fenton (MEF) processes using RSM for the effective treat-
ment of mature sanitary landfill leachate. Under optimum 
conditions (pH 3.2;  H2O2 concentration: 3.57 g  L−1; Fe–C 
dosage: 104.52 g  L−1), the combined process provided sat-
isfactory results in terms of COD and humic acids (HA), 
with removal rates of 90.27% and 93.79%, respectively. 
PAC coagulation removed protein, while the MEF process 
effectively destroyed organic recalcitrant pollutants, espe-
cially humic and fulvic substances. De Oliveira et al. (2019) 
tested the treatment of landfill leachate through coagula-
tion/flocculation (alum) combined with electrochemical 
techniques. The optimum conditions for coagulation/floc-
culation were 20 mL  L−1  Al2  (SO4)3 (50 g  L−1) at pH 6. 
Color, turbidity, and ammoniacal nitrogen were completely 
eliminated from the treated leachate by the end of the treat-
ment. Moreover, Ding et al. (2018) investigated the feasibil-
ity and practicability of anodic oxidation integrated with an 
electrocoagulation process using a dual-anode system for 
the disposal of biologically pretreated landfill leachate. The 
obtained results revealed that 78% of the COD and 99.7% 
of the ammonia were removed with an energy consump-
tion of 25.6 kW h  m−3 after 5 days, which implies that this 
process could be effective in large-scale industrial applica-
tions. Recently, Elleuch and coworkers (2020) investigated 
a practical, low-cost approach for the removal of toxic com-
pounds from LFL using a combination of biological pretreat-
ment with kefir grains and a Ag-doped  TiO2 photocatalytic 
process for the simultaneous removal of different pollut-
ants from LFL. The overall removal efficiencies of TOC, 
COD,  NH4

+–N, and  PO4
3− were 98%, 96%, 85%, and 93%, 

respectively. In this context, Cherni et al. (2020) proved the 
efficiency of a combined LFL treatment process consisting 
of a  TiO2/Ag photocatalytic pretreatment and a biological 
process that used Candida tropicalis. The abatement rates 

of COD,  NH4 +–N, TOC, Fe, Zn, and Cu were 90%, 75%, 
84.61%, 50%, 63.8%, and 83%, respectively, while 95% of 
the Pb and Cd was removed. More recently, El Mrabet et al. 
(2021) studied a landfill leachate treatment that used a com-
bination of the Fenton process and adsorption onto natural 
local bentonite clay. First, the conditions used in the Fenton 
process were optimized. The optimal conditions were found 
to be 2000 mg  L–1 of  Fe2+ and 2500 mg  L–1 of  H2O2 at pH 3, 
which removed 92% of the color and 73% of the COD from 
the leachate. After that, the natural bentonite clay was used 
as an adsorbent for the pretreated leachate. The effects of 
several factors (effluent pH, contact time, adsorbent concen-
tration, and temperature) on the adsorption efficiency were 
investigated. Pseudo-second-order and Freundlich models 
were the most important models applied to the adsorption. 
The combination of the Fenton process with adsorption 
(bentonite concentration: 3 g  L–1; pH 5; reaction time: 5 h; 
T = 35 °C) removed 84% of the total COD and 98% of the 
color. Thus, the combination process is an ideal alternative 
method for leachate treatment. Talalaj et al. (2021) tested 
the effectiveness of the combination of a sequencing batch 
reactor (SBR) and reverse osmosis (RO) when it was used 
to treat young and stabilized landfill leachate. The biologi-
cal pretreatment showed good removal efficiency (> 98% for 
both leachates) for ammoniacal nitrogen. The removal effi-
ciencies of the SBR for Fe (29%),  Cl− (0.2%), TOC (− 5.3%), 
and BOD (64%) in young leachate were lower than those in 
stabilized leachate. The pretreated leachate was directed to 
a RO system that presented better operational parameters 
during the filtration of the stabilized leachate: the average 
permeate flux was higher by 3.3 L  m−2 s  10−6 and the filtra-
tion time was shorter by 110 min compared to those obtained 
during the filtration of the young leachate. These differences 
could be due to the formation of complexes between the 
iron and natural organic matter that may precipitate on the 
membrane surface or inside the pores. Consequently, the 
combined process presented high removal efficiencies (up to 
80%) for all analyzed parameters. Table 3 summarizes some 
selected combined treatment processes with high removal 
rates of leachate pollutants. 

Landfill leachate and soil properties

In the absence of LFL contaminants, leachate migration is 
highly dependent on the physical and chemical properties 
of the soil, which control the movement and the storage of 
water and solutes. Soil chemical properties (pH, adsorption, 
and ionic exchange) influence solute transport, the soil-lea-
chate interaction mechanism of which are controlled by the 
quantity and type of colloids (clay and humus) present (Rod-
ríguez-Eugenio et al. 2018). Soil physical properties (hori-
zon sequence, texture, and structure) affect the hydraulic and 
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hydrologic characteristics of the soil profile, such as the per-
meability, volumetric water content, and field capacity (also 
referred to as the drained upper limit, DUL) (Mavimbela 
and van Rensburg 2015; Mengistu et al. 2018). Therefore, 
leaching could modify the soil properties, so it is necessary 
to study the mechanism soil-leachate (Nayak et al. 2007). 
Accordingly, several studies around the world have focused 
on the physical and chemical characteristics of leachate-
soil mixture (Ozcoban et al. 2006; Narayana 2009). In 2013, 
Harun and coworkers (2013) studied the effect of leachate on 
sandy clay soil properties. They found that the soil cohesion 
was reduced from 156 to 55.44 kN/m2 when the fraction of 
landfill leachate in the soil was increased from 0 to 20%. 
According to the literature, the optimum moisture content 
(OMC) and the maximum dry density (MDD) are the princi-
pal indicators of soil compaction. Nayak et al. (2007) tested 
the effect of leachate on the MDD and OMC of lateritic soil. 

The obtained results revealed that the OMC was 26% and the 
MDD was reduced to 14.3 kN/m2. Table 4 presents a sum-
mary of the effect of leachate on soil properties.

Conclusion

In recent decades, increasing industrial activity and popula-
tion growth have contributed to an increase in municipal 
solid waste. Landfill leachate generated by the decomposi-
tion of organic wastes and rainfall percolation through those 
wastes is currently one of the main challenges in landfill 
management. Thus, there has been increasing interest world-
wide in realizing suitable treatments for landfill leachate. 
Over the years, various landfill leachate treatment tech-
nologies have been developed, including physicochemical 
methods, membrane technologies, and biological processes. 

Table 3  Effectiveness of combined processes for LFL treatment

Process Parameter of interest Removal 
rate (%)

Reference

Coagulation-flocculation, nanofiltration NH3–N 71 De Almeida et al. (2017)
COD 94
Humic substances 80
TOC 89

Coagulation/solar photo-Fenton COD 80 Rebolledo et al. (2019)
Coagulation–flocculation, hydrolysis acidification, SBR, and electro-Fenton oxida-

tion
COD 97.8 Zhang et al. (2017)

Coagulation, biological process using Chlorella vulgaris sp. Turbidity 93 Kamala et al. (2018)
Heavy metals 93
COD 92
BOD 91
TOC 90
Total solids 70

Electro-Fenton COD 92 Mohajeri et al. (2019)
Color 93

Acidification, coagulation, the  Fe0/H2O2 process TOC 75 Bogacki et al. (2019)
Coagulation-Fenton process, adsorption using powdered activated carbon (PAC) COD 80 Bourechech et al. (2018)
Stripping, adsorption, biological treatment, photochemical oxidation TOC 85 Inglezakis et al. (2018)

N 100

Table 4  Effect of leachate on 
soil properties

Soil type Leachate type Results References

Lithomargic clay MSW leachate Increase in hydraulic conductivity to 43.75%
Increase in optimum moisture content to 24.8%

Sunil et al. (2008)

Lateritic soil Synthetic leachate Increase in OMC to 26%
MDD reduced to 14.3 kN/m2

Nayak et al. (2007)

Sandy soil MSW leachate Cohesion reduced from 156 to 55.44 kN/m2 Harun et al. (2013)
Lateritic soil Synthetic leachate Liquid limit (WL) increased to 58%

Plastic limit (WP) increased to 26%
Goswami and 

Choudhury 
(2013)
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As summarized in this paper, conventional treatment is not 
sufficient to reduce the high concentrations of pollutants in 
leachate. Hence, a biological process using a consortium of 
microorganisms, resulting in a novel short treatment path-
way, was reviewed. Furthermore, combined processes such 
as a physical/chemical process with a biological process 
have proven to be more effective, and these combined pro-
cesses have emerged as the favored choice of landfill opera-
tors. The principal objective of waste management is to 
generate a universal treatment approach that is inexpensive, 
effective, and sustainable in the community. Solid waste 
management and treatment technologies should be based on 
the waste management strategy of reduce, reuse, and recycle. 
Adopting of this hierarchy will preserve the environment by 
channeling energy and resources to the most efficient and 
environmentally freindly treatment processes.
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