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REVIEW PAPER

Leachate decontamination through biological processes coupled to advanced 
oxidation: A review
Salvador Villamizar , Aymer Maturana Cordoba , and Joseph Soto

Department of Civil and Environmental Engineering - Institute of Hydraulic and Environmental Studies IDEHA, Universidad del Norte, 
Barranquilla, Atlántico, Colombia

ABSTRACT
The landfill leachate is considered a toxic effluent composed of recalcitrant contaminants that requires 
innovative alternatives for its decontamination. Coupling between advanced oxidation processes 
(AOPs) and aerobic biological treatments are highlighted in this research. Therefore, a bibliographic 
review of the research made from 2010 to 2021 was developed. These combined alternatives were 
applied in leachates, and it is oriented toward the analysis of knowledge gaps, trends, and future 
proposals of the treatment combined that contribute to researchers who wish to work on the subject. 
These kinds of treatments were chosen due to a bibliometric analysis made. Also, the information was 
searched in several scientific database. This work was found to be unpublished, as no reviews were 
found so far that agglomerate studies of coupling between photocatalytic and aerobic biological 
processes to treat leachates. Besides, AOPs are ideal for treating wastewater of complex composition, 
however, when it is used as the only treatment, they are usually unprofitable, which justifies their 
coupling with biological treatments. Subsequently, it was determined that the knowledge main gap is 
the lack of documentation of treatment costs, which makes it difficult to implement on a real scale. In 
addition to this, the couplings trends are toward doping with metallic and nonmetallic ions of the 
catalyst used in the photocatalytic process to improve the efficiency of these. Finally, future research 
should work on finding alternatives that allow the optimization of the resources used in the combined 
systems and on promoting the recovery of existing products in the leachate.

Implications: Leachates generate several environmental impacts due to their toxic composition. 
Even when coupling between heterogeneous photocatalysis and biologic treatment can solve 
them, issues like cost analysis and the scaling-up factor have not been developed, and futures 
researchers should work on that. Besides, the trend founded in almost all investigations was the 
catalyst doping with metals and nonmetals ions, particularly when they use TiO2 because it gives 
the possibility of improving efficiencies just with a structural variation. Finally, these treatment 
combinations require more analyses and comparison of their remotion over emerging pollutants 
and their performance with new designs.
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Introduction

From the degradation and percolation of the waste depos
ited in the sanitary landfills and due to the effect of their 
contact with rainwater, a residual liquid called leachate is 
generated. This liquid is characterized by high levels of 
toxic and recalcitrant compounds (Mukherjee et al. 2015; 
Ruiz-Delgado et al. 2020) making it difficult to treat effi
ciently and economically (Luo et al. 2020). Its composition 
is usually determined by factors such as the geographic area 
in which the landfill is located, the type of waste disposed of 
at that site (Mavakala et al. 2016), and the age of the landfill. 
The last mentioned is a determining factor at the moment 
to evaluate the degree of contamination (Costa, Alfaia, and 
Campos 2019). According to (Caroline Baettker et al. 2020; 
Sackey, Kočí, and van Gestel 2020), it is possible to make 

predictions about the composition that leachate could have 
simply by analyzing a series of factors in which it is gener
ated. There are even studies such as the one carried out by 
(Bhatt et al. 2017), which are oriented toward making 
predictions that allow knowing BOD5 and COD values 
from mathematical models.

(Vaccari, Tudor, and Vinti 2019) found that in areas 
with high levels of rainfall there is a higher degree of 
metal concentration and solubility of leachate contami
nants. Similarly, they conclude that the degree of pollu
tion of this residual liquid shows a higher concentration 
in the dumpsites than in the landfills, caused by the lack 
of operational controls. Likewise, it was found that lea
chates contain higher concentrations of organic material 
in equatorial zones than in warm temperate zones and in 
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landfills whose operation exceeded 10 years. In addition, 
(Somani et al. 2019) and (Zegzouti et al. 2019), who 
compare different samples of young leachates and 
mature leachates, conclude that the last mentioned 
have lower concentrations of contaminants in terms of 
COD and biochemical oxygen demand (BOD5).

On the other hand, the consumption of products used 
by the population which ends their useful life in a landfill is 
the main factor that determines the composition of it. This 
is confirmed by (Moody and Townsend 2017), who noted 
that landfills that dispose of urban solid waste contain 
higher concentrations of organic material in terms of 
BOD5 and TOC, while for landfills where industrial waste 
are disposed, the composition of this leachate is based on 
metals and some anions. (Ishchenko 2019) related concen
trations of heavy metals in leachates to the type of waste 
that generates it, founding that in landfills where toxic 
wastes were disposed, higher values of metals were 
reported, which increases the toxicity of the leachate 
(Gupta and Paulraj 2017) and at the same time, it restricts 
the type of treatment to be selected for decontamination.

Another key factor when making this selection is 
biodegradability, which especially conditions the appli
cation of biological treatments. Studies have shown 
that the value of this parameter is inversely propor
tional to the age of the leachate and it is in a range 
below 0.3 (Castillo-Suárez et al. 2019; Chen et al. 2019a; 
Ghahrchi and Rezaee 2020) which is often calculated 
from the relationship between BOD5 and COD. 
However, (Corsino et al. 2020) proposed that the 
value of BOD5 in the leachate could suffer alterations 
associated with its toxicity, so it is validated the calcu
lation of Biodegradability from the TOC/COD ratio, 
where the value is directly proportional to the age of the 
leachate (Chou et al. 2015).

Also, according to the report of “Global Perspective 
on Waste Management” published by the United 
Nations, between 7 and 10 billion tons of solid waste 
are generated in the world every year, if it is considered 
that the volume of leachate generated per unit of waste 
mass is around 25% (Youcai 2018) this would mean that 
each year more than 2 billion liters of leachate are 
generated in the world. Hence, this requires significant 
attention, due to if there is a failure in the control of 
them, this problem can affect water sources near to the 
waste disposal site (Yan et al. 2015; Vahabian et al. 2019) 
with substances that are toxic to health (Swati, Vijay, 
and Ghosh 2018). According to the last, (Dullius et al.  
2020; Maiti et al. 2016; Mishra et al. 2019) analyzed 
groundwater and surface water samples from around 
the landfills, and in further physicochemical analyses, 
high concentrations of heavy metals (Pb, Fe), as well as 
chlorides and dissolved solids, were found.

According to (Przydatek and Kanownik 2019; Talalaj 
and Biedka 2016), a water source contaminated with 
leachate negatively impacts organisms that come into 
contact with it such as algae, plants, invertebrates, or 
mammals. This observation is supported by (Khalil et al.  
2018), who made a crossing between human cell cultures 
and leachate-contaminated water, and demonstrate dras
tic damage to the DNA with the capacity to affect human 
morphology and be a precursor to diseases such as cancer 
(Annangi et al. 2016; Izah, Chakrabarty, and Srivastav  
2016; Yaghmaien et al. 2019), so it is of vital importance 
to radically avoid contamination of water sources and the 
food chain with the residual liquid under study.

Regarding leachate treatment and according to the 
information available on the Web of Science, approxi
mately 598 articles were published worldwide during 
2019, which represents 293 more than those published 
in 2010, and China is the country that made the greatest 
contribution to this topic during this period. In addition, 
according to information consulted in Scopus, it was 
found that the first article related to leachate treatment 
was published in 1973, (Thornton and Blanc 1973) who 
conducted leachate decontamination from a chemical 
process, reaching high removals in suspended solids 
and color but low efficiency in terms of organic and 
inorganic material, this concluded that new treatment 
alternatives should be developed that would allow 
a general removal of the contamination present in the 
residual liquid. Below, the traceability and increase in 
the number of annual publications related to leachate 
treatment are graphically represented in Figure 1.

The development of leachate treatment technologies is 
a challenge for the researchers, generated by the wide range 
of contaminants in the leachate, and whose aim is to return 
this residual liquid to the environment without affecting 
the environment, regulating the cost and efficiency of the 
treatment applied. The highlights of some biological and 
physicochemical treatments are shown in Table 1.

According to Table 1, is possible to conclude that all 
alternatives have a thing for highlighting. However, bio
logical treatments cannot be the first best solution 
because the toxic composition of leachate may inhibit 
the microorganisms. Also, physicochemical treatment 
properties can get better the biodegradability of leachate, 
allowing an effluent optimum for coupling with biolo
gical treatments. A relevant gap found was the lack of 
research that compare several treatments with the same 
experimental conditions and carry out analysis with 
different inlet compositions. Also, few papers include 
financial analysis of the treatments.

To find out which treatments are the most used for 
decontamination of landfill leachate, and trying to deter
mine which ones can be combined, and which ones have 
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achieved the greatest relevance from 2010 to the present, 
the VOSVIEWER tool is used, the goal of it is the 
creation of a correlation map shown in Figure 2 for 
oriented the manuscript toward a possible coupled able 
to remove toxic and emerging pollutants.

According to Figure 2, it is possible to determine that, 
in relation to treatment of coupled leachates, since 2010 
the key words most frequently present in scientific 
papers are “landfill leachate treatment” with an occur
rence of 403 papers and “Chemical Oxygen Demand” 
with an occurrence of 231 papers, which in turn appear 
connected with the topics “bioreactors” (162 papers) and 
the key word “oxidation” (134 papers), which are also 
connected and show a direct relationship with biodegra
dation (55 articles), hydrogen peroxide (47 articles) and 
with specific treatments both biological and membrane 
bioreactors (37 articles) and activated sludge (37 arti
cles) represented mostly by the color blue and gold, as 
well as with specific advanced oxidation processes such 
as hydrogen peroxide (47 articles), fenton reaction (31 
articles), ozone (29 articles) represented mostly by the 
color red. It follows then that these treatments are the 
ones commonly used in a coupled way for the removal 
of contaminants present in leachates.

Besides, it is possible to conclude that methodologies 
for optimization processes like exergy analysis have not 
been used for researchers because this keyword was not 
correlated in papers consulted in Figure 2. The last 
represents a gap of knowledge in leachate treatments 
and allows that futures researchers deepen in this new 
insight for getting better investigation results. Also, the 
main parameters analyzed in the bibliography consulted 
were ammonia (139 articles), toxicity (31 ones), heavy 
metals (51 ones) and organic matter (37 ones), then 
futures research should be oriented to evaluate these 
parameters of landfill leachate.

This bibliographic review wants to deep into the results 
getting in the correlation map shows in Figure 2, where 
two alternatives (AOP-Biological treatment), which have 

been trending in the last years, can be related to each 
other, analyzing the researcher’s methodologies applied, 
and trying to achieve new perspectives of them. Taking 
into account that leachate compositions are dynamically 
random, no conventional and innovative treatment tech
niques such as advanced oxidation processes are needed 
to offer alternatives to conventional systems currently in 
use (Kamaruddin et al. 2015), directed toward the elim
ination of emerging contaminants and strong chemical 
structures, which according to (Nika et al. 2020), exceed 
traditional alternatives, biological treatments and some of 
greater complexity such as reverse osmosis without being 
removed, but thanks to analyses made by (Park et al.  
2020), it is demonstrated that by applying a process of 
photocatalysis with TiO2/UV, the removal of these con
taminants is obtained by the action of the OH radicals 
which are generated. Another benefit of these combina
tions is associated with the increase of 70% in the biode
gradability of the leachates after the chemical process, 
which reduces their complexity and allows an ideal influ
ence to be treated by a process of less complexity such as 
the biological ones. (da Costa et al. 2018). As an example 
of the last, (Chen et al. 2019b; Gomes et al. 2019b) 
employing these combination achieved high removals of 
ammonia nitrogen, heavy metals, and organic matter 
represented in the COD and BOD5. Publications in 
which AOP and biological treatment are used together 
in leachate are shown in Table 2.

Analyzing Table 2, is possible to conclude that the 
main cost of the advanced oxidation process was energy 
consumption, mainly when UV-lamps were used. The 
last is so strongly related to the photoelectron alterna
tive, which also has problems with the amount of the 
reagents used to achieve optimal conditions. For biolo
gical treatments, according to Table 2, MBR can be the 
best option in the landfill leachate decontamination 
field. However, researchers did not include an alterna
tive to treat the membrane waste generated in the pro
cess, knowing that although they remove pollutants due 
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to the microorganism action, membranes after their 
useful life will be toxic and hazardous waste. Finally, 
sludge activated can be effective in the purification of 
young leachates because these have high biodegradabil
ity. However, this one should not be used for medium- 
aged or mature leachate, because these inhibit the 
microorganisms, getting the lowest efficiencies.

Successful studies of couplings photocatalytic 
treatment – biological Process in leachate pollutant 
removal

(Klauck et al. 2017; Mohajeri et al. 2019; Mohan et al.  
2019; Tripathy et al. 2019; Zhang et al. 2018) applied 
AOPs for leachate decontamination, achieving removals 
over 70% in terms of COD, TOC, and some emerging 
contaminants. However, despite being an attractive 
alternative due to its effectiveness, AOPs are usually 
expensive when they are used as the only treatment, 
which is why it is recommended that they are imple
mented as a pre-treatment to obtain an effluent with 
biodegradable properties and notoriously less toxic, 
which can be coupled with conventional systems such 
as biological treatments (da Costa et al. 2018) or are 

implemented as polishing processes that remove con
taminating agents that have not been eliminated (Zhao 
et al. 2020)

Similarly, (Baiju et al. 2018; Cai et al. 2020; Kattel 
et al. 2016) demonstrate that the combination of physi
cochemical and biological processes offers better results 
than their independent implementation. Among these 
connections, the one carried out by (Chemlal et al. 2014) 
stands out. They combined a TiO2/UV photocatalytic 
treatment with activated sludge, obtaining removals of 
more than 86% for both BOD5 and COD and achieving 
an increase of more than 60% in the biodegradability of 
the phototreated effluent, which, considering the cost 
and efficiency of the treatment, is highly striking, espe
cially due to the use of solar radiation. However, the 
authors did not establish an escalation factor, which 
could make it difficult to implement on a real scale. 
Although there is enough literature related to combina
tions, especially between advanced oxidation processes 
followed by biological treatment, there has not been 
a deepening in the elaboration of works that agglomer
ate such information and evidence the specific benefits 
of the different couplings, especially of heterogeneous 
photocatalysis using TiO2 with biological processes such 

   Oxidation processes 

   Leachate Pollutants 

   Biological treatments 

Figure 2. Correlation map on landfill leachate treatment created in VOSVIEWER.
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as activated sludge or membrane bioreactors, which 
gives opportunity to bibliographic reviews on the subject 
as the one developed in the current document.

Regarding the order of application of combination 
treatments, according to (Oulego et al. 2016), subjecting 
a raw leachate sample to a conventional biological process 
results in an insignificant reduction in parameters such as 
toxicity and color, and it is then necessary to apply the 
photocatalytic process as a pre-treatment. However, in 
some cases the chemical treatment can be applied as 
a polishing action or a subsequent stage to highly complex 
biological processes that offer highly treated effluents as is 
the case developed by (Hassan et al. 2017), who applied 
a heterogeneous photocatalytic treatment after a waste- 
based bioreactor analog, obtaining 82% COD removal 
after the use of advanced oxidation using TiO2, proving 
that by using another catalyst (S2O8), a 62% removal is 
obtained, but that by increasing the pH of the treatment 
solution, that is to say, resembling it to a real condition, an 
efficiency in the elimination of NH4, greater than 90% is 
achieved with this last oxidant. In addition to this, it 
should be taken into account that factors such as turbidity 
could also affect the performance of the above-mentioned 
AOP, so a pre-treatment is recommended to ensure the 
reduction of solids and thus to adapt the conditions 
necessary for the photons to enter the treatment system.

Problems, trends, and challenges of photocatalysis 
treatments in presence of a biological treatment

Although photocatalysis using TiO2 is indeed considered 
a treatment capable of oxidizing pollutants with chemically 
complex structures through reactive oxygen species with
out emitting any toxic residue in the phototreated effluent 
(Athanasekou, Likodimos, and Falaras 2018), it is also true 
that the main problem related to the mentioned catalyst is 
oriented toward its efficiency, where only 7% of the band 
interval is solar powered (Sanzone et al. 2018). According to 
(Xing et al. 2018) it is possible to state that the main 
challenge faced by future research wishing to improve 
removal efficiencies using this advanced oxidation process 
in the presence of solar UV, will be based on the achieve
ment or modification of a broadband catalyst which allows 
capturing a greater amount of solar radiation. According to 
(Likodimos 2018), this kind of improvement will allow 
mixing the mass flow, the slow photon transit and the 
adhesion of porous macro structures, which will finally be 
beneficial for the electronic properties of the catalyst.

A recent review of the application of photocatalytic 
treatments for the decontamination of toxic wastewater, 
in which leachates are included, by (Rueda-Marquez et al.  
2020), places us in front of certain affirmations that evi
dence the state of this alternative at the present, this 

emphasizes that despite being an effective treatment, the 
intellectual and bibliographical production in the subject is 
quite limited compared to other processes of advanced 
oxidation as the Fenton. Also, the works must shorten 
the existing gap, especially in the scale of application of 
the treatments, since most of them are developed at labora
tory scale and the costs and feasibility of implementing the 
designs at real scale are not included. Also, it is necessary 
that the works shorten the existing gap, especially in the 
scale of application of the treatments, since most of them 
are developed at laboratory scale and the costs and feasi
bility of implementing the designs at real scale are not 
included. Additionally, the pH of the influent becomes 
a challenge to optimize, because it unusually presents the 
acidity conditions required by the AOPs to achieve effi
ciencies above 70% in the removal of contaminants 
(Boczkaj and Fernandes 2017; Casado 2019). Also, when 
the researchers work with natural pH, usually the treat
ments time increase considerably, as in the case of (Wang 
et al. 2021), who developed their analysis with a natural 
leachate pH of 8.8, and the optimal conditions were getting 
after 9 hours which considering topics like the energy cost, 
or the reagents cost can difficult the treatment sustainabil
ity, being remarkable the innovation in future treatments 
that are developed in a pH close to the real but without 
affecting the time and cost of the same.

On the other hand, the current research tries to 
develop an analysis of the possible gaps in knowledge, 
limitations, problems, challenges, and opportunities 
based on the results and the scientific progress found 
in numerous publications on advanced oxidation pro
cesses (AOP) couplings, especially TiO2/UV heteroge
neous photocatalysis with aerobic biological treatments, 
which have been used to remove contaminants from 
leachates coming from sanitary landfills. It also analyzes 
predictions and aspects that should be emphasized in 
future research on the subject, oriented toward the con
servation and preservation of water, looking for a way 
that once the leachate is treated, an effluent with optimal 
conditions can be generated to offer the possibility of 
reusing and minimizing the environmental impact com
monly caused. Furthermore, some opportunities offered 
by leachate treatment are discussed, such as the recovery 
of substances as metals and minerals or energy efficiency 
alternatives that have been applied and that are striking 
in meeting the challenges of sustainable development 
proposed by the current and future population.

Discussion

According to the review carried out in this article, the 
coupling of advanced oxidation processes with biolo
gical treatment for the treatment of leachates is not 
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usual; but its proper implementation would allow the 
reconversion, adaptation, or redesign of existing treat
ment systems, in some cases considered obsolete, to 
treat leachates from sanitary landfills with significantly 
improved efficiency. The methods usually studied indi
vidually for the treatment of leachate frequently 
include biological, activated carbon adsorption, chemi
cal oxidation, membranes, physicochemical, among 
others. Chemical oxidation by itself has shown good 
results in the elimination of specific pollutants that are 
difficult to treat, but the problem with its implementa
tion alone is its high cost of operation. Although bio
logical treatment can decompose several highly 
relevant pollutants, it is necessary to first convert initi
ally persistent organic compounds into biodegradable 
intermediates, because if raw leachate is exposing to 
this kind of treatment, its pollutants removal efficiency 
will be so low, as the case of (Wiszniowski et al. 2006) 
who applied sludge activated over raw leachate, getting 
a COD remotion under 20%. But after a photocatalytic 
coupled (UVc/TiO2), the COD remotion increase 
more than 70%. Hence, advanced chemical oxidation 
represents a solution. In this way, the combination of 
chemical and biological oxidation, although integrating 
several techniques, can drastically reduce the consump
tion of oxidation agents, and their combined cost 
would be significantly below that of other disposal 
options such as incineration. In addition, if the recy
cling of water and other valuable components is 
achieved, not only would the cost be reduced, but also 
the overall effect on the environment

“Catalyst doping” as the keycard for getting better 
results

Understanding that the main problem found in hetero
geneous photocatalysis is the bandgap, a lot of 
researchers have been developed their analysis in pre
sence of metal and nonmetal ions, for improving their 
pollutant removal efficiencies and for getting better 
treatment costs. A clear example of the last was the 
recent coupling done by (Yasmin et al. 2020), who 
developed a photocatalytic treatment using TiO2/Ag 
as a catalyst in the presence of UV radiation combined 
with a batch biological process worked with an inocu
lum using the “Candida Tropicalis” strain. To obtain 
better results, they used a process to optimize variables 
such as catalyst concentration, pH levels, and reaction 
time, which allowed them to conclude that at acidic pH 
and with a test time of fewer than three hours, more 
than 69% of parameters such as COD and TOC are 
removed, while the biodegradability of the leachate 
increases significantly, making it wastewater suitable 

for continuing with a biological process. Once the 
coupling is applied, the treatment efficiency improves 
significantly, reaching 90% COD removal and 84% 
TOC. They also proved that by using recycled TiO2/ 
Ag, removal percentages higher than 60% are achieved. 
What is striking about the mentioned alternative, in 
addition to the evidenced results that validate its use
fulness, is that the necessary irradiation to reach such 
percentages is much lower compared to another 
advanced oxidation alternative such as photo- 
electrooxidation, which requires approximately ranges 
close to 380 W*cm2 evidenced in the studies made by 
(Müller et al. 2015) (Klauck et al. 2017).

Similarly, this treatment highlights the application 
of metal ions combined with TiO2, since higher 
removals are achieved from a chemical modification 
of the catalyst, which in turn reduces the reaction 
times of the treatments, reducing operating costs and 
making it feasible to implement the photocatalytic pro
cess on a real scale. Despite all the benefits mentioned, 
it is possible to detail that in order to achieve large 
removals in the photocatalytic process, it is necessary 
to reduce the pH being validated by (Arshad et al. 2020; 
Kaabeche et al. 2019) which at a real scale could mean 
a problem related to the increase in the operating cost 
of the combined system, but at the same time it 
becomes an opportunity to develop knowledge based 
on the design of new alternatives that allow the omis
sion of this process of acidification of the phototreat
ment solution.

Another combination of treatment applied to lea
chates was done by (Elleuch et al. 2020), who coupled 
a biological treatment using kefir grains with an 
advanced photocatalytic oxidation process employing 
nanoparticles of the TiO2 catalyst, which is doped with 
ions of a metal (Ag) achieving post-docking removals 
of 96% and 98% in terms of COD and TOC. The 
notable aspect of the research is that by obtaining an 
effluent with much reduced polluting characteristics, 
there is an opportunity to reuse the treated water, 
which is then a valid option oriented toward the sus
tainability of the water resource. However, it would 
have been interesting to know the effect of treatment 
when subjected to different concentrations of leachate, 
since as is well known the composition of this waste 
liquid is highly variable concerning the type of waste 
deposited in the landfill.

About the doping of the catalyst with metallic ions 
used in the works mentioned above (in both cases 
with Ag), it is possible to conclude that making this 
chemical modification increases the antibacterial and 
photocatalytic activity, data experimentally verified by 
(Ali et al. 2018). Also (Mohan Reddy and Devaraju  
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2019) determined that it is possible to increase the 
reaction kinetics with a simple addition of silver (Ag) 
to the structure of the catalyst. A similar case was 
made by (de Matos Rodrigues et al. 2019), who by 
combining cerium oxide with TiO2 managed to gen
erate a heterostructure that facilitates the removal of 
emerging contaminants in a photocatalysis process. 
Another analysis in which they apply this variation 
was done by (Rivero et al. 2020) who by structurally 
combining TiO2-rGO obtained photocatalytic degra
dations of different emerging contaminants much 
higher than when using unmodified TiO2. 
According to (Barkul et al. 2017), doping with metals 
to the catalyst generates thermal instability and these 
materials can reduce photocatalytic activity since it 
could simulate hole traps.

Subsequently, there are also numerous investigations 
in which work has been done with nonmetallic dopants 
such as iodine (Zhang et al. 2014b), nitrogen (Barkul 
et al. 2016; Mohamed et al. 2015), boron (Dozzi et al.  
2014), fluorine (Dozzi and Selli 2016) and some combi
nations between these elements (Hamilton et al. 2014), 
which demonstrates the versatility of the TiO2 catalyst 
and provides insight into the direction of researchers 
implementing these treatment alternatives (Fagan et al.  
2016; Parangi and Mishra 2019). However, it is possible 
to conclude that an in-depth comparison is needed to 
clarify which would be the ideal doping for the catalyst 
applied specifically to the treatment of leachates, since 
until now there has been frequent work on decontami
nation of industrial and textiles effluents (Al-Mamun 
et al. 2019; Janitabar-Darzi 2014; Kanan et al. 2020; 
Sahoo, Gupta, and Pillai 2012) while in the few studies 
on leachates doping has been applied with metal ions.

Similarly, future research should determine the 
ranges of contamination that the residual liquid entering 
the photocatalytic system could have, which allows the 
simulation of real conditions and thus facilitate the real 
scale of the treatments. (Azadi, Karimi-Jashni, and 
Javadpour 2018) use a simulation based on genetic algo
rithms and artificial intelligence to find out the removal 
efficiencies when leachates are subjected to treatment 
with metal-ion doped TiO2, which offers an additional 
alternative that would optimize the resources spent in 
the experimental phases and which in turn would allow 
the incidence of the variables in the treatment to be 
calculated as a percentage. However, the most important 
challenge for futures researchers should be to work with 
catalysts and metallic or nonmetallic ions that are not 
toxic to the microorganisms that carry out the coupled 
biological processes but rather contribute to their devel
opment. Table 3 shows a brief analysis of TiO2 doping 
that has been making in recent years.

Critical analysis of coupled alternatives for treating 
toxic wastewater like leachates and some views 
toward the future of them

Besides of the solution developed in the last section, 
which is the way that relevant amount of researches are 
following and in the futures investigation they will opti
mize, the study developed for (Sinha et al. 2018) mention 
that the separation and recovery of the catalyst is currently 
a problem of photocatalytic process couplings. This 
becomes a beneficial opportunity for this type of alterna
tives, since if it is solved, the cost of the treatment will 
decrease. It is recommended for future research to 
develop couplings capable of retaining and giving oppor
tunity for reuse of the catalyst without affecting its effi
ciency. Recently, several researchers have worked on 
alternatives that allow the separation of the catalyst and 
extend its useful life in the treatment system, within which 
it has been discovered that the use of the photocatalytic 
process combined with membrane systems could provide 
beneficial results to the mentioned problems.

The above is justified in the work conducted by 
(Doruk, Yatmaz, and Dizge 2016), who based on 
a hybrid design of TiO2 membrane immersed in the 
photoreactor proved to be useful concerning the recovery 
and reuse of the catalyst, however, it does not exceed 55% 
of removal in terms of COD. Another research in which 
the use of membranes with photocatalytic reactors is 
integrated is carried out by (Deveci et al. 2016), who 
coupled a TiO2/UV photocatalytic reactor with 
a membrane biological system obtaining COD efficiencies 
of 93%, which emits an effluent with characteristics sui
table for their re-use. The latest proves that comparing 
AOP coupled to MBR with other couplings treatments 
like electrocoagulation with biofiltration (Le, Dang, and 
Tran 2021) the efficiency for removing pollutants mea
sured in COD is around 20% higher. Nevertheless, the 
main difficulty of this alternative is associated with the 
high costs of implementing this coupling, but if the 
removal time, the source of UV radiation and the com
plexity of the reactors used are adjusted (Pan et al. 2019), 
it could become the system that would offer the greatest 
benefits in the treatment of leachate in the future.

Subsequently, some researchers in their studies apply 
a coupling between biological processes in batch with 
a TiO2-based photocatalytic ozonation treatment for the 
removal of contaminants in chemically complex indus
trial wastewater with the presence of metals and recalci
trant contaminants similar to the composition of the 
leachates (Chávez et al. 2019). The authors demonstrate 
that making a dilution with domestic wastewater 
increases the biodegradability and reduces the concen
trations of contaminants, in turn, it could provide an 
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environmentally friendly solution for untreated domes
tic effluents. It is also proven that developing an 
advanced oxidation process in the presence of TiO2 

and solar radiation approximately doubles the effective
ness of doing so without these conditions. Another 
important event that the authors determined is that 
after the reuse of the catalyst used, removal efficiencies 
of approximately 67–74% are obtained, validating the 
importance of the coupling used. Despite the findings, 
there is no evaluation of the operational costs that such 
couplings would require on a full scale, making it diffi
cult for this alternative to be implemented by other 
authors.

Concerning the costs involved in the couplings, 
(Paździor, Bilińska, and Ledakowicz 2019) analyzed var
ious combinations between biological processes and 
advanced oxidation processes applied to industrial efflu
ents of a textile nature and, although it is true that they 
are not leached, could be similar due to their toxic 
characteristics. The authors conclude that electrical 
energy consumption represents the main demand for 
resources, especially in relation to the consumption of 
lamps used in advanced oxidation processes. (Koh et al.  
2004), developed an analysis with 4 kinds of lamps with 
different sets up and electricity amount consumption, 
where the best remotion result was getting with the low- 
pressure mercury lamps with a wavelength of 254 nm 
but a consumption of more than 80 kW per m3, and 
making complex its use on a real scale, because it will not 
be suitable for treating total leachate volume produced 
in landfills. Therefore, it is necessary to implement 
environmentally friendly alternatives and different 
methodologies to optimize treatment costs. According 
to (Marcelino et al. 2015), the use of solar radiation in 
advanced oxidation processes promotes sustainable 
development and in turn reduces the pollutant load of 
effluents with low biodegradability. This is validated by 
(Spasiano et al. 2015), who evaluate the performance of 
different reactors that operate with solar radiation high
lighting that the Composite Parabolic Collectors (CPC) 
present advantages over other designs such as non- 
concentrating collectors or cylindrical parabolic collec
tors since their geometry allows the capture of direct and 
diffuse sunlight entering the reactor serving as an alter
native for the treatment of toxic effluents such as lea
chates (Silva et al. 2013) and concluding that the use of 
heterogeneous solar photocatalysis with TiO2 could be 
considered as an innovative system capable of generat
ing a positive impact on the environment. Despite its 
usefulness, there are several challenges for future 
research, such as detailed economic analysis of the sys
tem, including the cost of maintenance and reactor 
construction (Díez, Sanromán, and Pazos 2019), 

increasing quantum efficiency, and guaranteeing the 
reliability of the system in the medium and long term 
(Malato et al. 2016). Other materials that are more 
economical but do not affect the uniform distribution 
of sunlight in the reactor or the efficiency of treatment 
should also be tested.

Another alternative that has been developed in recent 
years to promote energy efficiency in wastewater treat
ment is exergetic analyses, which, based on thermody
namic balances, identify the factors and components of 
the processes involved that consume the most energy, 
facilitating the development of corrective actions that 
favor treatment. (Fitzsimons et al. 2016; Różycki and 
Banaś 2018; Tumen Ozdil and Tantekin 2016; Vakalis 
et al. 2017), have applied these exergetic analyses in 
wastewater treatment, however these analyses are not 
very frequent, then it is an innovative proposal for future 
authors to include in their experimental designs due to 
with this alternative researchers can know the real work 
and performance of the treatments.

Also according to (Rodrigues, Madeira, and Boaventura  
2014), the consumption of reagents is considered of high 
economic impact to the systems, related to the nutrients 
necessary to execute the biological process adequately and 
to the solutions used in the modification of the pH espe
cially in the chemical process. Similarly, the economic 
analysis of combined treatments made by other authors is 
not very frequent because most of them are executed on 
a laboratory scale and do not include it within their objec
tives. However, when comparing some advanced oxidation 
processes, it is possible to conclude that catalytic solar 
oxidation (2 USD per m3) (Costa et al. 2013) is cheaper 
than other alternatives such as Fenton (9.6 USD per m3) 
(Cortez et al. 2011) and O3/UV (11.7 USD per m3) 
(Venkatesh et al. 2015). These values are mostly calculated 
by applying the equation proposed by (Bolton et al. 2001) 
which multiplies the kW consumed during the AOP by the 
time of treatment in relation to the volume of wastewater 
treated and the variation in the concentration of the pollu
tant, so it is possible to deduce that by not using energy in 
the generation of UV radiation the monetary cost decreases 
significantly (Cardoso, Bessegato, and Boldrin Zanoni  
2016). Factors such as maintenance, human resources, 
reaction rate, the nature of the wastewater, the flow to be 
treated, the process residues and the configuration of the 
reactors complement the economic analysis of combined 
treatment (Bilińska, Gmurek, and Ledakowicz 2016; 
Buthiyappan, Abdul Aziz, and Wan Daud 2015; 
Jaafarzadeh et al. 2018), which means that the chosen 
systems must be easy to operate, If, instead of a user- 
friendly biological system, a highly trained personnel is 
selected, this could affect the operational cost of the system, 
making it difficult to implement on a full scale. Despite this, 
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according to (Starling et al. 2017), if a treated effluent has 
the properties to be reused in a company, the economic 
benefit would be outstanding, creating the need for the 
coupled system to offer such guarantees, which after 
a detailed cost-benefit analysis could mean the recovery of 
the investment made in the treatment and in turn reduce 
the environmental impact generated, in this case of study by 
the landfill.

Knowing the different problems that society faces in 
relation to the depletion of resources especially asso
ciated with the consumption of fossil fuels and starting 
from the fact that the coupling for leachate treatment 
worked out in the current research is developed from 
solar radiation, an interesting proposal would be the 
production of renewable photovoltaic energy while the 
residual liquid is decontaminated. This topic was also 
mentioned by (Dewil et al. 2017; Izumi 2015), conclud
ing that more studies are needed to work on the subject, 
especially on the separation of semiconductor loads and 
the calculation of the reaction kinetics, costs and power 
generation capacity that the system could offer. 
Alternatives like exergy analysis would contribute to 
the solution of this problematic.

Another problem that researchers have not developed 
into their studies is the remotion of emerging pollutants 
which are in Landfills leachates like antibiotics, Per- and 
Polyfluoroalkyl Substances- PFASs (Tian et al. 2018), 
bisphenol S -BPS (Fang et al. 2020), N-butyl benzensul
fonamide (Eggen, Moeder, and Arukwe 2010) and 
according to (Xie et al. 2020), these pollutants can 
degrade the health of people, especially the endocrine 
system. Hence, keeping in mind these kind of pollutants 
cannot be removed with conventional treatments like 
adsorption or some biological process (Zhang et al.  
2020), It is necessary the use of alternatives like the 
coupled of heterogeneous photocatalysis and non- 
conventional biological processes like membrane bior
eactors, which according to (Tolosana-Moranchel et al.  
2019) and (Sui et al. 2017), It is possible to get the 
highest remotion level with each one of them mainly 
for the intervention of the hydroxyl radical (Wang and 
Xu 2012) and the decontamination action of the mem
branes. The chief gap of knowledge is that there is much 
information that proves the usefulness of these treat
ments, but there are not enough papers that evaluate 
the performance of both alternatives over emerging pol
lutants when they are coupled, and also almost all 
research calculated the treatment efficiency in terms of 
COD and BOD5, but they did not analyze these kinds of 
pollutants. Then, this is an opportunity for futures 
researchers who want to carry out works that include 
emerging pollutants and the combination between an 
Advanced Oxidation Process and a Biological Process.

To the end of this section, it is so important that 
futures research include in their analysis the topic men
tioned in section 2.1., through the “doping catalyst” the 
cost, sustainability, and energy demand of treatments 
can be reduced. If the efficiency of AOP is improved, the 
energy demand used in the aeration process will be less 
than develop without doping because the process 
requires more reaction time. Also, this is strongly related 
to sustainability, according to Table 3, removal efficiency 
was more than 95%, eliminating recalcitrant and emer
ging pollutants, things that conventional treatment can
not get. In addition, it contributes to the sustainable 
development goals, especially goal number 11. 
Sustainable cities and communities, improving common 
processes of a city as a leachate treatment generated by 
municipal waste disposal.

Recovery of valuable products from leachate 
treatment for improving sustainability

Finally, getting to know the leachates in addition to the 
pollutant load, have a rich composition in nutrients, 
which if applied treatments correctly could be recovered. 
Considering the above (Podder, Reinhart, and Goel  
2020) show that by combining a physical treatment 
and an aerobic biological process, it is possible to 
recover 77% of phosphorus while eliminating 80% of 
BOD5, however parameters such as COD obtain degra
dations between 27 and 58%, and if it is taken to a real 
scale would require a subsequent treatment that reduces 
environmental impacts and allows to comply the dump
ing regulations. It would also be interesting to perform 
these tests on leachates with higher physicochemical 
parameters and thus facilitate the use of these full-scale 
studies. Similarly, (Chang et al. 2019) achieved 
a recovery of more than 73% of nitrogen in landfill 
leachate using a membrane photo-bioreactor while 
reducing the toxicity of the residual liquid, a value simi
lar to that calculated by (Liu, Novak, and He 2020), who 
by coupling a biological treatment and an advanced 
oxidation process achieve a recovery rate between 30 
and 50 kg of nitrogen per m3. The recovered nutrients 
have the potential to be used in microbial resynthesis 
and targeted to economic sectors such as agriculture or 
animal feed production (Matassa et al. 2015; Xu et al.  
2017).

Also, landfill leachates contain different metals such as 
iron, copper, zinc, and lead, which can also be recovered 
and used if certain treatment techniques are applied (Wu 
et al. 2015). The researchers (Zhao, Guo, and Qu 2014) 
worked a photoelectrocatalytic oxidation from TiO2 in 
leachates, reaching a recovery of more than 84% of copper 
ions but the high energy consumption becomes the main 
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disadvantage found. According to (Iskander et al. 2016), the 
main problem in metal recovery lies in the low concentra
tions of metals in some leachates, which in turn are influ
enced by factors such as the age of the landfill and the 
characterization of the waste that is disposed there. 
Additionally, some researchers have been developing alter
natives that offer the possibility of recovering energy from 
treated leachate like the case of (Damiano, Jambeck, and 
Ringelberg 2014) who use a biological fuel cell for leachate 
treatment with 74% BOD5 removal and small energy 
generation.

Through some studies, the authors (Gu et al. 2019), 
indicate that three paths allow the generation of bioenergy 
derived from leachate treatment. Firstly, there is the pro
duction of bioenergy from methane produced by anaerobic 
treatment systems such as UASB reactors and anaerobic 
membrane bioreactors (Luo et al. 2015; Xie et al. 2014). 
The second alternative is related to the production of bio
hydrogen, which is considered a clean energy source 
(Anwar et al. 2019), however the most notorious limitation 
is associated with the amount of phosphorus in the leachate 
which conditions the generation of hydrogen and therefore 
the efficiency of the process. A third alternative is the use of 
microbial fuel cells, which have the capacity to convert 
chemical energy into electrical energy from the metabolism 
of microorganisms (Hassan et al. 2018), this alternative has 
been replicated by other authors like (Elmaadawy et al.  
2020; Tao et al. 2014; Zhang et al. 2014a), nonetheless its 
main challenge is to achieve the scaling up of this treatment 
to real life. In general, it is possible to determine that the 
main problem associated with energy recovery from lea
chate treatment is that bibliographic production is very 
limited and so far no studies have been carried out to 
demonstrate the real application of this recovered energy, 
making it an attractive option for the future, since as with 
nutrients and everything that can be recovered from this 
residual liquid, it could be considered as an added value 
since it would not only allow the decontamination of the 
leachate but would also contribute to the environmental 
and economic sustainability of the treatments applied.

Conclusion

From the information gathered, it is concluded that 
there are no published review articles that bring together 
research on combined treatments of heterogeneous 
photocatalysis and aerobic biological reactors, applied 
to the decontamination of landfill leachate. Therefore, 
the work carried out is pioneering and can guide future 
research on the subject, since it brings together several 
studies worldwide, analyzing the knowledge gaps, pro
blems, trends, and projections that impact the develop
ment of these alternatives. Likewise, the coupling 

between AOP and biological treatment can contribute 
to the achievement of sustainable development goal 
number 11 “Sustainable cities and communities,” since 
they allow reducing the environmental impact generated 
in the disposal of municipal waste.

Besides, it has been proven that TiO2 is the most widely 
used catalyst in photocatalysis processes, especially due to 
its nontoxic characteristics, cost, and capacity to generate 
OH radicals. However, the main problem found is asso
ciated with its band interval, since only 7% of it is solar 
powered. Therefore, the trend in most recent research to 
understand this issue is to make chemical modifications on 
the catalyst with the addition of metallic and nonmetallic 
ions trying to improve the treatment efficiency, but there is 
a relevant lack of information associated with the behavior 
of this wastewater during the biological treatment since not 
all the doping would be beneficial because they could gen
erate the inhibition or death of the microorganisms inter
vening in the process.

Finally, the goal of all treatments is sustainability and 
environmental benefit. According to the last, couplings 
between AOP and membrane bioreactors allow removing 
more than 90% of pollutant’s leachate such as Heavy 
metals, COD, TOC, and refractory pollutants. This is 
amazing, considering the complex level of this kind of 
wastewater. However, it was found that most research 
omits the scaling up the factor of combination treatments, 
evidencing a knowledge gap, making it difficult to apply 
the treatments. Also, it was found that energy consump
tion is the main cost of the combination between hetero
geneous photocatalysis and aerobic biological reactors, so 
the development of these in the presence of solar radiation 
would solve the problem significantly. Also, it was high
lighted the importance of apply exergetic analysis, when 
researchers used it, they could optimize their treatments 
related to the reduction of resources and reagents.

Future perspectives

Future works that apply the mentioned coupling should 
emphasize the recovery of minerals like phosphorus or 
nitrogen, which would contribute to the sustainability of 
the environment, since from a residual liquid as pollut
ing as the leachates raw materials could be generated to 
be used in the manufacture of fertilizers or other pro
ducts of diverse sectors of the economy. The researchers 
can try couplings of AOP with MBR, and due to the 
knowledge gap analyzed in the review, it is recom
mended that for future research the operational costs 
and projections are published.

Besides, almost all research was done by acidic pH 
conditions, which is far from the reality since the lea
chate presents values close to neutrality, thus requiring 
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pH regulating substances, which in turn increase costs. 
However, this allows for future projects to work on 
achieving the structural modification of TiO2 in such 
a way that it maintains its capacity to generate hydroxyl 
radicals during the treatment process but developed at 
near-real pH. Other catalysts that offer removal efficien
cies greater than 70%, among which Sulfur derivatives 
could be found, and it should be tested and compared 
with TiO2 to get the optimum catalyst.

As demonstrated by several researchers, leachates con
tain a great variety of heavy metals, so the future of the 
treatment of these should not only focus on removing 
them, but on the contrary should be oriented toward the 
maximum possibility of recovery of the existing metals, 
which would generate an important valorization of the 
alternatives proposed.

Futures researchers should develop analysis about the 
removal of emerging pollutants that are in landfill lea
chate through Heterogeneous Photocatalysis coupled to 
Biological Treatments due to this topic has not been 
deepened, and these agents can affect the health of 
people.

Finally, futures research on the subject should apply 
methodologies that allow the optimization of resources, 
in which the implementation of exergetic analyses would 
stand out, and it would be possible to identify the ineffi
ciencies and losses of exergy existing in the treatment 
system, it leads to making decisions concerning the 
reduction in the consumption of resources, favoring 
the rates of sustainability and costs of the treatments.
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