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Abstract
Municipal solid waste (MSW) has ranked among the most detrimental global issues of the decade, where it has been induced by
the population trends, urbanization, and economic growth. The majority of conventional pollution treatment methods involve
high capital and maintenance costs with sophisticated instruments and technology. Biomass valorization and phytoremediation
has been described to be an effective and practicable alternative for expensive, conventional engineering techniques in managing
MSW and remediating contamination. Modern biomass valorization methods are promising technologies that provide effective
MSW reduction, at the same time providing measures for removing pollutants from leachate with its particular focus on biochar,
which is resulted by torrefaction of the perishable waste. The simultaneous ability of phytoremediation to remove many types of
contaminants in leachate by significant amounts is emphasized in the context with considerations to the challenges in the sector.
Phytoremediation is limited by several factors such as contaminant specificity, time consumption, and some external factors,
while biochar applications are limited due to substrate specificity. The study aimed to review scientific literature to provide a
platform for biomass valorization and phytoremediation integration for developing economy context.
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1 Introduction

Waste is considered as a by-product of most human activities
where it has become inevitable with the modern consumerism
based economic lifestyle. Municipal solid waste (MSW) is
defined as domestic refuse from everyday items, including
commercial and institutional wastes, street sweepings, and

construction debris [1, 2]. According to the projections, by
2025, per capita MSW generation will reach approximately
1.42 kg with a cumulative global waste generation amount of
6.1 million metric tons for 4.3 billion urban residents [3].
Potential environmental and health consequences are reported
to be varied with the diversified nature of the waste composi-
tion and generation rate as driven by economic development
and rising living standards [4]. The waste composition of a
particular community varies with the socio-economic status
and lifestyle of the specific residents as they influenced by
all of the above factors [5]. The waste composition may fur-
ther be influenced by the frequency of waste collection, to-
gether with its local waste management and disposal measures
[6]. MSW composition in a waste stream can be broadly clas-
sified into biodegradable and non-biodegradable waste, where
biodegradable fraction can be broken down into simple ele-
ments through microbial activity [7].

In the global context, a prevalent portion of waste com-
prises of food and green waste, making up 44% of global
waste followed by 17% of paper waste and 12% of discarded
plastics [8]. It is demonstrated that typical waste streams of
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low-income countries contain a significant percentage of or-
ganic matter, making up around 56% [8, 9]. Throughout the
world, almost 36% of the generated waste is disposed in land-
fills, while 33% of waste ending up in open dumps remaining
devastating environmental and health issues. Only about 19%
of waste turn recovered through recycling and composting,
while 11% undergo incineration treatments [3]. Apparently,
by 2016, 28 European Union member countries have reported
to send 38.8% of waste into landfills while 53.2% was recov-
ered by treatment options [10]. Some EU member countries,
including Italy and Belgium have observed to recycle more
than 70% of their generated waste while some other countries
(Romania, Bulgaria, Finland, Sweden and Greece) preferably
move towards landfilling option [10]. However, in the major-
ity of developing countries accentuated to South Asia, open
dumping is the most widespread method in which uncon-
trolled disposal of waste is typically undertaken [7, 11].

MSW can lead to critical environmental and health issues
when they are improperly managed and handled. Landfills
and open waste dumps remain not only the most common
measure of waste disposal due to its viability in terms of econ-
omy however, also one of the most prominent pollution
sources mainly due to leachate generation [12, 13]. Leachate
is a toxic liquid generated in landfills and open dumpsites as
the rainwater and moisture present in waste infiltrate through
various layers of MSW, carrying loads of pollutants with it.
Leachate comprises a wide range of organic and inorganic
material, contributing to its complex nature [13–15].
Improper landfill leachate disposal accounts for surface and
groundwater contamination to a substantial extent, even at
trace concentrations [16].

Since typical landfills and open waste dumps are major
sources of all three phases of waste products, solid (wastes),
liquid (leachate), and gaseous (landfill gas), adequate pollu-
tion control measures should be engaged with the waste man-
agement systems [17, 18]. In order to remediate the waste,
various techniques have been developed depending on either
mobilization or immobilization processes [19]. The conven-
tional treatment methods may be restricted due to the high
operational costs while they are disclosed to be insufficient
to fulfill the level of discharge requirement. The conventional
treatment methods involve high capital and maintenance costs
with sophisticated instruments and technology for pollution
remediation [20]. Further, the complexity of landfill leachate
makes it challenging to treat by a single universal method.
Thereby research attention has been focused on the various
treatment methods, with sufficient contaminant removal abil-
ity, cost, time, and skill needed.

MSW valorization concept can be simply described as the
intended use of waste by converting their polymeric sub-
stances either to energy or chemical forms, where it allows
to harness the untapped valuable fraction of waste. Apart from
its basic application for waste-to-energy conversion, the

amendment of odor and pollution fromMSWand a significant
reduction of the waste volume is highlighted [21]. However,
among various valorization techniques, the most commonly
used method is composting, in which separate collection of
organic waste allows producing excellent quality compost or
digestate to be used as organic fertilizer, predominantly in
Europe [22]. Nevertheless, in most of the developing coun-
tries, a considerable fraction of the feed becomes compost
residue and dumps back to the open dumpsites [23]. The abil-
ity of biomass valorization for sustainable waste management
can be effectively utilized through the intensified application
of its valuable products such as biochar for leachate treatment
due to its enormous absorption capacity [24].

Phyoremediation technology is the application of plants in
extracting and translocating contaminants to above-ground
biomass. The technology can be limited by several factors
such as contaminant specificity, time consumption, etc. [25].
Nevertheless, phytoremediation integrated with other technol-
ogies has been described to be effective and practicable alter-
natives for expensive, conventional engineering techniques
for remediating contamination [26]. The necessity of an inte-
grated solution has been pointed out in the scenario, which can
effectively reduce MSW accumulation and related pollutants.

Competent integration of the above techniques are possible
through biochar embedded wetlands, phytocapping, and utili-
zation of contaminants accumulated biomass in valorization
[25, 27]. These processes cumulatively act on removing cer-
tain pollutants in MSW streams as they have borne in leachate
and air. The current study reviews scientific literature regard-
ing the possible pollution removal using biomass valorization
processes and phytoremediation in its regards to predominant
pollution sources. Therefore the study aimed to eliminate the
identified gaps between cumulative literature on the above
aspects of biomass valorization and phytoremediation as an
integrated approach.

2 Biomass valorization

2.1 Techniques used for biomass valorization

Valorization technologies are divided into thermochemical
and biochemical conversion. When the chemical transforma-
tion of organic MSW is done by treatment with heat, that
conversion is called a thermochemical conversion. If micro-
organisms are used instead of heat, then that conversion is
called a biochemical conversion. Figure 1 summarizes feasi-
ble techniques for biomass valorization based on process
objectives.

These techniques can be again categorized into two groups
based on the purpose: energy recovery (waste to energy) and
material recovery, as shown in Fig. 2. Energy recovery in-
volves the recovery of heat and power by either direct
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combustion or production of intermediate fuel (syngas, biogas
etc.) [28]. However, these energy recovery techniques may
not be feasible for every situation. Table 1 summarizes the
common advantages and disadvantages of these techniques
concerning implementation. Material recovery involves envi-
ronmental remediation, utilizing bio-waste towards a value-
added product [29], and recycling [30]. Thus, an integrated
approach has to be implemented in order to manage MSW
sustainably.

2.1.1 Incineration

Many countries have embraced incineration because of the
reliability and waste volume reduction rate [31]. However, it
is not economically viable for a small waste generation
(<100 t/day) [32, 33]. Because of higher capital cost [34],
problems associated with disposing of fly ash, and higher
operational costs, authorities have to consider more cost-
effective technologies to manage the disposal of MSW
sustainably.

When combustibles are greater than 25%, ash content is less
than 60%, and water content is less than 50%, bio-waste can be
combusted without auxiliary fuel. Most MSW biomass fall
above this combustion range, implying the requirement of ei-
ther preprocessing (drying and sorting) or auxiliary fuel [35].

Although most frequently used combustors in practice,
have a single chamber, multi-chamber combustors have been

used to increase residence time and decrease soot and pollut-
ant emission. According to Wickramasinghe et al. (2018),
suspension combustor with two chambers can reduce unburnt
hydrocarbons significantly (dry basis mass percentage of CH4

up to 0.11 & that of CO up to 0.02) while maintaining free-
board temperature around 1050 °C [36].

Combustor (reactor) configurations can be categorized
based on solid bed movement apart from the number of cham-
bers: moving bed reactors and fixed bed reactors [37]. There
are two types of fixed bed reactors: updraft and downdraft,
based on the direction of gas flow. Here, the solid bed is not
intentionally moved except the bed shrinkage due to gas gen-
eration. In an updraft fixed bed reactor, solid biomass enters
from the top, and the oxidation agent enters from the bottom.
Therefore, product gas flows upward [38, 39]. In a downdraft
combustor, both fuel and air are fed from the top. Solid fuels
are fed through a screw feeder while compressed air flowed
down through the fuel bed. A grate supported at the end of the
bed. Downdraft systems typically have a better carbon burnup
ratio than updraft systems [40, 41]. According to Aerts and
Regland (1990), gravel bed or exhaust gas temperature of
downdraft combustor can be maintained around 1300 K while
maintaining average particulate matter (PM) around 42 ppm
(wt.) and NO in between 10 and 285 mg/L [41].

In a moving bed reactor, solid fuel particles are mixed
intentionally. Fluidized bed combustors, which are consisted
of fine solids, are the most common moving bed reactors.

Fig. 2 Energy Recovery &
Material Recovery
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Here, the fuel bed is fluidized by the action of the air that flows
from the bottom [42, 43]. Apart from that, rotary kilns and
moving grate systems [44] are also used in different situations.
Lombardi et al. (2013) have studied the combustion of
healthcare waste in a rotary kiln, which was able to achieve
a combustion temperature of 920–930 °C [45].

The major disadvantage of incineration as a WtE technol-
ogy is ash. There are two ash types as bottom ashes (BA) and
fly ashes (FA). The emission of FA can be minimized by
practicing 3 T guidelines: high Temperature (> 850 °C), in-
creased Turbulence (better mixing), and a longer residence
Time (>2 s). However, entirely omitting of BA and FA is
impossible; thus, either disposing of as landfill or reusing
has to be followed after incineration [46].

2.1.2 Pyro-gasification

The thermal conversion of biomass includes the following
steps: drying, pyrolysis, carbon gasification, and carbon oxi-
dation. Thermal decomposition of biomass in an inert envi-
ronment is referred to as biomass pyrolysis (devolatilization).
However, gasification and oxidation of biochar (carbon) re-
quire gasification and oxidation agents, respectively. Because
of the moisture and oxygen present in the municipal bio-
waste, it is not possible to maintain an inert environment in
the reactor, even though we supply an inert heat carrier. That
is why this technique is referred to as ‘pyro-gasification’ [47].

The municipal bio-waste contains typically 20–70% of wa-
ter [48]. Apart from that, cellulose, lignin, and hemicellulose
are the main carbohydrate structures in bio-waste, and they
usually cover 15–60, 1–25, and 5–40 weight percentages, re-
spectively [49, 50]. In a pyro-gasification reactor, bio-waste is
first dried and then pyrolyzed. Under realistic operational con-
ditions, pyrolysis occurs at temperatures between 160 and
900 °C. The products of pyrolysis of cellulose, hemicellulose,
and lignin under dry inert environment are listed in Table 2
[51–54]. For the representation simplicity, the hydrocarbon
mixture is lumped and assumed as CH4. Since the preferred

product of pyro-gasification is syngas i.e. mixture of CO and
H2, Table 2 can be treated as an energy benchmark for differ-
ent biodegradable MSW mixtures. Actual yields simply are
not equal to Table 2 but depend on the heating rate, the oper-
ating temperature, the residence time, and the composition of
the waste.

Since producer gas composition (syngas quality) depends
on the homogeneous reactions, gas temperature and turbu-
lence are crucial factors. Among homogenous gasification
reactions, there are two most significant reactions (Eq. 1 &
Eq. 2), which produce H2 and CO, thus increases syngas qual-
ity. The first one (Eq. 1) is called steam reforming, which
converts CH4 into CO and H2. The second one (Eq. 2) is a
reversible reaction called water-gas shift reaction, which con-
verts CO into CO2 and H2 [55].

Various technologies are employed for the gasification of
bio-waste. All these technologies are the same as listed under
incineration except for the gasification agent.

CH4 þ H2O→3H2 þ CO ð1Þ
COþ H2O⇌H2 þ CO2 ð2Þ

2.1.3 Carbonization

Carbonization is a slow pyrolysis process, which converts
organic material into highly carbonaceous material. The terms
“carbonization” and “torrefaction” are often used interchange-
ably. However, their motivations are quite different, which

Table 2 Gas product yield (moles/kg-biomass on the as-received basis)

Components CO2 CH4 CO H2

Hemicellulose 9.72 1.99 5.37 8.75

Cellulose 6.58 2.09 9.91 5.48

Lignin 7.81 4.43 8.46 20.84

Table 1 Common disadvantages
and advantages of WtE
technologies with respect to the
implementation

Technology Disadvantages Advantages

Incineration High capital & operational cost

Ash (bottom ashes & fly ashes)

High conversion rate

Higher volume reduction

Pyro-gasification Wet waste has to be pre-treated

Pre-sizing

Different capacities

Low resident time

Slow Pyrolysis Low conversion rate

Pre-sizing

Requires inert environment

Different capacities

Products can be used to MSW
management

Anaerobic
Digestion

Generally low conversion rate

Microorganisms depend on the feedstock
type

Different capacities

Household unit

Wet waste can be used
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results in different products, as shown in Table 3. A significant
objective of carbonization is to increase the carbon fraction of
solid content, as the name suggests, thereby not necessarily
gives higher energy yield but higher energy density. As illus-
trated in Table 3, process conditions for carbonizations differ
from that of torrefaction as it requires higher solid temperature
and slower heating rate. As presented by Williams and Besler
(1996), solid yield decreased as the operating temperature was
increased but with the small effect of heating rate [58]. Table 4
summarizes relevant literature on carbon fraction and heating
value of biochar produced by the carbonization of organic
waste.

One advantage of all slow pyrolysis processes over incin-
eration is the absence of solid waste. However, the presence of
a hazarded substance in pellets arises health risks. Since not
only low concentration but also attached to a solid body min-
imize the risk significantly. Thus, prevent further accumula-
tion and poisoning.

2.1.4 Torrefaction

Torrefaction is also a slow pyrolysis process (Fig. 1) to max-
imize the energy density while achieving higher energy yield
of the solid product (“char”/ “torrefied material”). There are
two different production techniques: hydrothermal carboniza-
tion (HTC) and dry torrefaction (Fig. 1).

HTC process is carried out in subcritical water under mild
temperatures (180–350 °C) [65, 66]. Therefor pressure should
be enough to keep water as liquid. The significant steps in-
volved during HTC are dehydration, polymerization, and aro-
matization. At the final stage, extra water with water-soluble
ashes can be mechanically removed. Sometimes additional
drying is required, such as heating [67]. HTC is able to
achieve biochar mass yields of 19–67%.

In dry torrefaction, organic matter is heated in the absence
of oxygen (or limited oxygen supply) with slow heating rates
(0.2–12 °C/min), moderate residence times, and relatively low
temperatures (<350 °C). Slow pyrolysis increases the carbon
yield at least up to 40–65% depending on the temperature that

is applied [68]. Either one of the following methods can sup-
ply the energy required to heat the solid phase.

(i) Directly from heat produced from exothermic reactions.
(ii) Direct/indirect heat transfer between heat carrier and

solid.
The heat generated from the system will also be recovered

to dry bio-waste for removal of excess moisture if needed
(Table 5).

[56, 69].

2.1.5 Composting

Composting, which produces compost, is the stabilization of
organic compounds by using mesophilic and thermophilic
microorganisms. The final product is called compost. Most
countries still use landfills instead of composting facilities to
dispose of solid municipal biowaste. According to Matteson
and Jenkins (2007), only about 15% of California’s food
waste is composted because of operational time and cost
[70, 71]. However, composting is a must-have valorization
technique in a circular economy. Even though the presence
of pollutants inMSWbased compost is an environmental risk,
it can be overcome by preprocessing as well as post-
processing while producing a fertilizer with not only macro-
nutrients but also micronutrients [72, 73]. As an example,
Shah et al. (2019) have shown that anaerobic degradation

Table 5 Comparison between HTC and dry torrefaction

HTC Dry Torrefaction

Process Temperature (°C) 180–350 200–300

Pressure (MPa) 1–25 (Atmospheric)

Energy demand (kJ/kg) 900–1100 1300–1500

Product Ash Lower Higher

Fixed Carbon Higher Lower

Moisture Higher Lower

Energy density Higher Lower

Heating value Higher Lower

Hydrophobicity Higher Lower

Grindability (HGI) >44 Lower

LHV (MJ/kg) 20–24 21–25

Table 3 Comparison of Process Parameters and Product Yields (wt%)
in carbonization and torrefaction

Carbonization Torrefaction

Temperature >400 °C <350 °C

Solid residence time Hours ~ days <3 h

Liquid products 30–53.6% 5–31.6%

Gaseous products 21.5–35% 11.2–15%

Solid products 16.2–35% 53.8–80%

References [56, 57] and [58] [59], [60] and [58]

Table 4 Carbon Content and Low Heating Values of Biochar

Fixed Carbon (wt%) Heating Value (MJ/kg) Reference

83.4 – [61]

70.8–72.3 ~26 (LHV) [62]

70.3–95.3 – [63]

80–82 29.9–30.6 (LHV) [64]
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before conventional composting can be used to mitigate Pb
and Cd associated health risks successfully [73].

For proper composting, the waste should have a carbon to
nitrogen ratio (C:N) in between 20:1 and 40:1. The excess
nitrogen may result in odor because of nitrous oxide and am-
monia production, while insufficient nitrogen may prohibit
microbial activities. Moisture content should be maintained
between 40 and 65% (wet basis). At lower moisture levels
(<40%), microorganisms’ activities become slow, while at
higher moisture levels (>65%), water limit air movement
and lead to anaerobic conditions. At the end of the process,
volume reduction is in the range of 40–80%, including mois-
ture loss [74, 75].

The quality parameters of compost are not universal and
hard to define with numerical bars [76]. However, according
to Azim et al. (2018) and Rynk et al. (1992), mature compost
applied as soil amendment should be dark brown or black, 7–
8.5 in pH, around 10 in C: N ratio, higher than 1 in NO3

−/
NH4

+ ratio and higher than 60 meq/100 g in Cation exchange
capacity [77, 78].

2.1.6 Anaerobic digestion

Anaerobic digestion enables the exploitation of biogas pro-
duced from the mass fraction of solid waste [79, 80]. In addi-
tion to top product (biogas), a nutrient-rich bottom product
can be used as either fertilizer or soil conditioner. Feedstock
characteristics and process configurations are the main factors
affecting performance. Cho et al. (1995) summarized the con-
version efficiency in terms of methane yield of different feed-
stock and found higher efficiencies, such as 86% on a volatile
solid basis [81]. The anaerobic digestion can be either wet or
dry, and wet anaerobic digester needs a slurry with total solid
(TS) around 12% [82]. Compared to wet anaerobic digestion,
dry anaerobic digestion provides lower efficiency [83]. Due to
stable digestion [84] and higher methane yield [85], two-stage
fermentation has a more significant potential over one-stage
fermentation. Several studies have evaluated the potential of
landfill biogas generation [86, 87].

2.2 Uses of valorized products in MSW management

2.2.1 MSW biochar for contaminant removal in water

Among many products from various MSW valorization tech-
niques, biochar has the best potential regarding MSW man-
agement [88]. Previous researches on MSW biochar show the
opportunities to remove organic pollutants and trace metals
from contaminated water and soil with the help of adsorption
characteristics of biochar particles [24, 89, 90]. Jayawardhana
et al. [91] highlight physical characteristics such as BET sur-
face area (108.47 m2/g), pore volume (0.013 ± 0.008 cm3/g),
and pore size (13.57 ± 0.06 nm), which justify the adsorption

characteristics of MSW biochar. Table 6 summarizes the re-
cent literature on contaminant removal using MSW biochar.

Since biochar show somewhat similar characteristics to
activated carbon, researchers have used it to remove organic
contaminants. Jayawardhana et al. [91] have shown the organ-
ic MSW based biochar can adsorb benzene from landfill
leachate up to 576 μg/g at room temperature. Further studies
on aromatic pollutants show higher Langmuir adsorption ca-
pacities for toluene (850 μg/g) and m-xylene (550 μg/g) [97].
Furthermore, Premarathna et al. (2019) and Ashiq et al. (2019)
have reported tetracycline and ciprofloxacin removal, respec-
tively, using biochar composites, which have been made by
combining biochar from MSW as well as other sources with
specially selected clay.

2.2.2 Air pollution control

Biochar can also reduce the overall landfill/ greenhouse gas
emission [98, 99]. Eighty percent suppression of N2O emis-
sion has been found in field applications and the grassland
system [100, 101] Nevertheless, CO2 emission has been re-
duced between 14 and 60% in field applications and maize
growing [102, 103]. This reduction is mainly due to the res-
piration controlling by microbes, which have been grown due
to the presence of biochar [89]. The presence of biochar re-
duces gas permeability up to 65%, compared with that of the
bare soil [104], which leads to higher residence time for not
only microbe respiration but also adsorption.

Further, the biochar amendment in soil cover of landfills
can facilitate methane-oxidizing bacteria (Crenothrix and
Methylomonas species), which remove methane near-
completely for lower CH4 influx rates (up to 518 g CH4

m−2d−1) [27]. However, actual methane fluxes from landfills
can vary widely depending on landfill age, landfill type, the
number of hotspots, and etc., ranging from 0.0004 to 4000 g
CH4 m−2d−1 [105]. Therefore, an integrated mechanism of
conventional gas recovery systems and biochar amended soil
cover will be required to maintain a sustainable landfill

Table 6 Removal of contaminants using MSW Biochar

Pollutant Adsorption
Capacity (mg/g)

Reference

Ciprofloxacin 22 [92]

67.36 [93]

m-xylene 0.55 [91]
Toluene 1.09

Arsenic (V) 24.49 [94]

Tetracycline 78 [95]

Benzene 39.6 [91]

Copper 4–5 [96]
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facility. A soil cover was proposed with amended steel slag in
conjunction with biochar in order to mitigate the greenhouse
emissions from landfills [106]. Despite emission reduction, an
increase in GHGs emissions was reported by biochar due to
the pyrolysis process conditions and composition of feedstock
[107]. However, this risk can be overcome by maintaining the
right process conditions and preprocessing the feedstocks.
Hence, biochar produced by MSW may also be used in mix-
ture with other biochars for landfill cover material, which will
support the reduction of GHG emissions.

2.3 Other applications of valorized organic MSW

Apart from MSW management, valorized organic MSW can
be used for various applications. Incineration can be used to
generate heat and electricity. Even though it is quite feasible
with respect to heat generation, the efficiency of electricity
generation is somewhat low as 18% [108, 109].

Biochar can be used for compost value addition by produc-
ing hybrid fertilizers. Hybrid fertilizers were shown to im-
prove the soil by becoming nutrient-enriched (anions nitrate
and phosphate), slow-releasing of these nutrients and contam-
inants reduction [110–113]. As reported by Kizito et al. [114],
enriched biochar significantly improves soil macronutrients
(by 230%). Direct applying of biochar onto the soil, increases
water-holding capacity [115], decreases nutrient leaching
[116] and neutralize soil acidity [117]. According to Chan
et al. [118], increasing of water-holding capacity caused by
biochar leads to improved behavior of hard-setting soil. Ye
et al. [119] show the possibilities of vegetation replanting of
polycyclic aromatic hydrocarbons (PAHs) contaminated land
by applying biochar and compost. According to Zhang et al.
[120], biochar can be used to optimize composting itself by
increasing oxygen uptake rates.

Pyro-gasification product, syngas, is mainly used as a fuel
for conventional burner or boiler. Therefore, heating value has
a massive impact when selecting the feedstock, the gasifier
configuration, and the gasification agents. Usually, the syngas
heating value ranges between 4 and 40MJ/kg (Table 7). Some
end applications require a higher heating value than others do
[125, 126]. Liquid fuel also can be produced from syngas
through the Fischer - Tropsch synthesis process.

Methane from anaerobic digestion can be used to create
electricity. Even traditional internal combustion engines can
achieve 30–35% electrical efficiencies [127]. It can be used
for cooking and heating as well. Besides, methane can be
enriched, compressed, and then used as fuels for vehicles.
Since it does not require extensive modification of either en-
gine or vehicle, methane is a promising alternative fuel.

3 Phytoremediation of landfill leachate

Phytoremediation is a promising, plant-based technology in
which the plants and their associated microbes are utilized to
absorb and clean up environmental contamination through
engineered constructed wetland systems. The ultimate aim is
to either remove the pollutant from the contaminated media or
to alter the chemical and physical nature of the contaminant so
that it eliminates the risk to human health and the environment
[128]. Various physical, chemical, and biological interactions
take place in between plant and environment, which govern
the phytoremediation process; nevertheless, they are present
in the soil, water, or air [129, 130]. Phytoremediation has been
demonstrated to be functioning in a range of metal, organic
and inorganic pollutants and optimally in low to medium pol-
luted media. The metals (Pb, Zn, Cd, Cu, Ni, Hg) and metal-
loids (As, Sb) are in a more significant concern for
phytoremediation of leachate together with inorganic com-
pounds such as Nitrate, Ammonium, and phosphate. The oth-
er organic pollutants which are remediated by Phyto tech-
niques may range mainly from petroleum hydrocarbons
(BTEX), polycyclic aromatic hydrocarbons, and explosives
to chlorinated solvents [130, 131].

Different plant species are in interest according to the
mechanisms intended to clean up certain chemicals depending
on their characteristics and abilities [132]. Hyperaccumulator
plant species have been discovered and demonstrated for their
ability to grow in the high metal rich environment and accu-
mulate higher amounts of metal contaminants in them. Mostly
used plants include alfalfa (Medicago sativa), Cannas, Indian
mustard (Brassica junacea), Canola (Brassica napus), and
Kena (Hibiscus cannabinus) because of their fast growth, high
biomass, and high tolerance of heavy metals. The selection of
the most appropriate plant is one of the essential factors for the
phytoremediation process [25].

Phytoremediation efficiency and mechanisms are deter-
mined by the type of contaminants, their bioavailability, and
soil properties [128]. The root system of a plant provides a
better surface area, primarily for the adsorption and accumu-
lation of water and nutrients at the same time non-essentially
for the contaminants in a medium [133]. Table 8 depicts dif-
ferent phytoremediation techniques which are capable of
decontaminating various pollutants with the use of certain
plant species. Thus, the applicability of the methods for

Table 7 Syngas heating value w.r.t. feedstock

Feedstock HHV (MJ/m3) Reference

Coconut shell, Mango pit, Ginisiriya 4.15 [121]

Urban solid residuals 5.4 [122]

Nutshell 14.55 [122]

MSW 7.5–18.6 [123]

Wood residuals 8 [124]

Biomass Conv. Bioref.
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leachate and leachate contaminated soil treatment is apparent,
where they contain substantial levels of organic and inorganic
pollutants. However, the high concentrations of contaminants
in landfill leachate become the main constraint for direct ap-
plication of phytoremediation for treatment.

3.1 Landfill leachate

Landfill leachate consists with four main groups of chemical
compounds including dissolved organic matters (COD, TOC
and Volatile fatty acids), inorganic components (Ca2+, Mg2+,
NH4+, NO3

2−, PO4
3−, Fe2+, Mn2+, Cl−), heavy metals (As, Hg,

Cd, Cr, Cu, Pb,) and xenobiotic organic compound (XOCs)
[13, 159]. Basically, elevated levels of biological oxygen
demand-BOD (4000–30,000 mg/L), chemical oxygen
demand-COD (10,000–50,000 mg/L), total organic carbon-
TOC (3000–20,000 mg/L) and ammonium nitrogen-NH4

+-N
(750–2000 mg/L) are observed in leachate of acetogenic
phase, which presents a great potential of pollution [160–162].

Moreover, the presence of heavy metals and xenobiotic
organic compounds such as phenols, halogenated hydrocar-
bons, and aromatic hydrocarbons enhance the pollution threat
from landfill leachate. The high ammonia content and refrac-
tory organics reduce the biodegradability (BOD5/COD <0.2)
of mature landfill leachate, which tends to make conventional
treatment processes unsuitable for its treatment [163].

3.1.1 COD and BOD reduction

Plant roots had been demonstrated to be cooperated in the
reduction of organic matter to a great extent due to the oxygen
transfer by the root and rhizome tissues. The root system also
provides a substrate for the attachedmicrobes, carrying out the
degradation process [164]. Thus, the plant root area of plants
plays a significant role in the elimination of biodegradable
organic matter content of the media. Nevertheless, some stud-
ies have reported that rather than biological processes, COD
removal can be mainly driven by the physical processes in the
system, including filtration by the substrate [165].

Stottmeister et al. 2003 explained that the oxygen input to
the root zone by plants tends to direct degradation of pollut-
ants and enhances microbial activities. Further, the study re-
ported several plant species; turn, common reed, rushes, bul-
rushes, narrow-leaved cattail, broad-leaved cattail, yellow
flag, sweet flag, reed grass, and sedges, that can be used for
wetlands to treat leachate effectively. Plants that are grown in
marshes may also be effective to withstand under any extreme
rhizosphere conditions such as low milieu, high acidity or
alkalinity, and toxic water components [166]. Madera and
Valencia-Zuluaga, 2009 have examined phytoremediation
ability for landfill leachate using factorial experiment design
with two vegetal species and two support mediums. It has
been observed the experimental design has removed 98% of

color, 52% of COD, 84% of BOD together with 30% of NH4-
N in leachate from the selected landfill site in Columbia [167].

3.1.2 Inorganic components

Ammonium nitrogen (NH4-N) and nitrate nitrogen (NO3-N)
removal A study has conducted by Erdogan et al. 2011, on
leachate treatment using wild plants such as Althea rosea,
Cynodon dactylon, Inula viscosa, Melilotus officinalis and
Thymbra spicata. The test was conducted over two years of
period and plants were observed with elevated N content,
metals such as Fe and Zn and also the K and P amounts.
The study concluded the ability of those plants to uptake con-
siderable amounts of pollutants so that they are purposive in
landfill restoration projects [148]. Madera-Parra et al., 2015
has demonstrated the removal of 72% and 67% respectively
for both NH4-N and total kjeldal nitrogen from landfill leach-
ate using a mixture of Colocasia esculenta, Gynerum
sagittatum and Heliconia psittacorum plants [168].

PO4
3−-P removal Phosphate (PO4

3−-P) removal occurs typi-
cally due to the activities of bacteria and plants in the remedi-
ation system. Plants can uptake PO4-P while total phosphorus
(TP) removal primarily relies on the retention capacity of the
media and precipitation [169]. Phosphorus assimilation by
plants during their growth is explained in numerous studies,
emphasizing the role of plants in the P removal. Nevertheless,
compared to nitrogenous compounds in the landfill, leachate
mostly phosphate found in relatively low concentrations, i.e.
94–141 [170, 171], 2.2–10.3 [172, 173] and 5–260 mg/L
[160]. Further, it has been noted that P can be converted and
present in relatively less bioavailable forms which makes it a
growth limiting factor for phytoremediation [174, 175].
However, including biochar may provide P into the plants,
will reduce the effect of inadequate P for phytoremediation
[176]. At the same time, toxic metals can easily be precipitated
with phosphate, which immobilizes a fraction of toxic metal
availability in landfill leachate [177, 178]. Moreover, the pres-
ence of the oxides of Fe, Al, and Ca in the leachate contribute
to the removal of P due to the precipitation and adsorption
[165]. Some experiments have concluded that the PO4

3− re-
moval by plants depends upon the seasonal variations and
plant growth. Nevertheless, it has been observed that PO4

3−

removal is less dependent on temperature, while flow rates can
significantly influence PO4

3− removal efficiency [179].

3.1.3 Heavy metals

Several plants have been reported to be taking up heavy
metals in order to decontaminate the leachate pollution.
These metal accumulating plant species are capable of con-
centrating heavy metals such as Zn, Co, Cd, Pb, Ni, and Mn
more than 100 to1000 times in comparison to the non-
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accumulator (excluder) plants [180]. The up taking process is
followed by the translocation of them into the above-ground
parts and accumulation in plant tissues in less harmful forms
[181]. This transfer of metals beyond the root cells, storing in
tissues, and subsequent detoxification, together with seques-
tration, occurs at both cellular and whole-plant level [182].
The conversion of metals into less toxic forms can take place
at any point in this translocation path [183].

Ultimate heavy metal removal may be commenced by the
modification of physicochemical characteristics and
(im)mobilization [184]. Nevertheless, a significant amount
of removal can occur through the binding where heavy metal
ions typically possess a positive charge, which enables rapid
adsorbing and complexing into the substrate [185]. Sulfides,
carbonates, bicarbonates and PO4

3− in leachate can induce
heavy metal removal due to the formation of insoluble salts
via precipitation [177, 182]. Additionally, algae and microor-
ganisms in the system are also capable of taking up heavy
metals in leachate. Mycorrhizal fungi and root-colonizing bac-
teria can enhance the bioavailability of heavy metals in
phytoremediation systems, which in conclusion, the
rhizospheric microbial population can stimulate the plant up-
take of heavy metal ions [185].

Removal of various heavy metals in landfill leachate has
tested by various researches. Verma et al., 2015, has tested the
ability of certain plant species to treat landfill leachate as an
ecofriendly and economical treatment process. They have se-
lected Eichhornia Crassipes (Water Hyacinth) in order to treat
Nickel (Ni), Chromium (Cr), and Zinc (Zn) appeared in leach-
ate. Heavy metals were reported to be reduced in 52, 96, and
92% for Chromium, Nickel, and Zinc, respectively [136]. Wei
et al., 2006 demonstrated the ability of newly found Cd-
hyperaccumulator, Solanum nigrum L. with considerable im-
plications to their harvesting stages and frequency [145]. Jerez
Ch and Romero, 2016 had evaluated the application of
Cajanus cajan to remove chromium and lead from landfill
leachates with observed ability to remove 49% of chromium
and 36% of lead from dilute leachate [186].

3.1.4 Organic contaminants

The organic compound remediation relies heavily on their
physicochemical characteristics and interactions with sur-
rounding molecules. Thus, in phytoremediation of polluted
leachate soil, pH, soil structure, texture as well as organic
matter content are in consideration. Limited studies reported
the application of phytoremediation for the removal of organic
pollutants in landfill leachate. Research demonstrated the ap-
plication of Phragmites australis plants for the removal of
organic compounds, including phenol, bisphenol A, and 4-
tert-butylphenol from synthetic landfill leachate. They have
observed low-high removal efficiencies (9–100%) for studied

compounds where phenol was removed entirely during the
study conditions [187].

One study reports the ability of alfalfa plants to co-
metabolize and degrades Tri-chloroethane (TCE) by
methanotrophs where the plant transferred methane into the
vadose zone from the saturated methanogenic zone [150].
Moreover, it was emphasized that due to the chemical and
physical effects of plant exudates, soil pH might vary with
the increasing microbial population, which can affect contam-
inant removal [150]. A study conducted by Omondi et al.,
2015 investigated the application of water hyacinth
(Eichhornia crassipes) for phytoremediation of landfill leach-
ate containing PCB.Water hyacinth reduced the concentration
of PCBs in the leachate over 15 days to 0.42 μg/L for the
15 μg/L initial concentration sample and to below
0.142 μg/L for the 10 and 5 μg/L initial concentration samples
[188]. Table 9 depicts the various plant species used in
phytoremediation of landfill leachate and their pollutant re-
moval efficiency with regard to the potential pollutants.

4 Integration ofMSWbiochar and constructed
wetlands

In recent years, significant research attention has been focused
on the separate application of constructed wetlands driven
phytoremediation and biochar for waste management ap-
proaches. Among several biomass valorization techniques,
biochar has highlighted as an economical and effective valo-
rization product with a recent research focus to be used for
MSWmanagement and leachate treatment in developing eco-
nomic context [91, 161]. Biochar derived from biomass valo-
rization process has a promising ability to directly utilized as a
landfill capping and Phyto-capping material in order to elim-
inate gas and odor emissions from landfills [99]. However,
improving the removal efficiencies by combined
phytoremediation and valorization has been studied by a few
researchers [198].

Biochar can be embedded into landfill covers and wetland
substrates in order to enhance the removal efficiencies. These
biologically active covers can act on mitigating greenhouse
gases (methane (CH4), Carbon dioxide etc.) and toxic volatile
organic materials as escaped from landfills [199]. Since the
biochar amendments have a high specific surface area, the
contact surface for the methanogenic microorganisms remains
high, which facilitates the efficient CH4 oxidation [27, 200].
Research studies have demonstrated higher CH4 removal rates
ranging from 60 to 90% from biochar embedded landfill
covers [200]. Phyto-capping also provides a vital solution
for landfill gas emissions, where it involves a vegetation cover
on the topsoil layer of landfill. Methane removal rates have
been observed to be enhanced with the incorporation of bio-
char with the soil [201]. Apart from the mitigation of landfill
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gases, this integrated technique will control landfill leachate
while improving soil properties and plant growth in the
phytoremediation system [24]. Figure 3 shows a proposed
integrated landfill leachate treatment system based on MSW
biochar in the Sri Lankan context. Authors have observed
better results of the full system as a small scale set up for
landfill leachate treatment [202]. Absorption of biochar can
be further aggravated by allowing leachate to flow through a
barricade system in which microbial treatment processes also
can contribute to improving overall system performance
[202].

Over the years, phytoremediation has been tested and ap-
plied through constructed wetland systems [164, 165, 168,
194]. It has been demonstrated as an appropriate and practical
alternative, allowing landfill leachate to be discharged safely
into the environment [163]. Constructed wetlands are the
engineered systems that are designed to enhance the natural
processes and interactions that are undertaken by plants [203].
This constructed wetland systems involve measures to allow
leachate to be flowing through the shoot or root zone while they
act on up-taking the pollutants from flowing leachate [204].

Floating constructed wetlands are adopted with plants,
which are either having buoyant leaf bases or floating as a thin
surface layer. The emergent plants create a floating mat on the
substrate where the floating root system absorbs pollutants
from the substrate [205]. The approach of using free-floating
aquatic plants in the constructed wetland systems has been
demonstrated in several research studies El-Gendy et al.,
2006 has conducted experiments using a floating aquatic sys-
tem of water hyacinth (Eichhornia crassipes) to investigate
the ability to remove five heavy metals from leachate. The
treatment system has shown better removals of copper, chro-
mium, and cadmium up to 0.96, 0.83, and 0.50%, respective-
ly, of their dry root mass [206]. Abbas et al., 2019 have tested
the effectiveness of water hyacinth and water lettuce for the
phytoremediation of landfill leachate through the floating bed
technique. They have reported the removal of physicochemi-
cal parameters such as BOD, COD, TDS, pH, and heavy
metals like Zn, Pb, Fe, Cu, and Ni from landfill leachate [182].

5 Challenges and future perspectives

5.1 Challenges

Apart from significant benefits, biomass valorization and
phytoremediation based constructed wetlands pose some
threats and challenges in implementation. Other than the in-
herent limitations of the valorization techniques (Table 1), the
initial moisture content ofMSW is one of the major challenges
in terms of waste to energy conversion or biochar production,
whereas excess heat may use in drying the feedstock. All
thermochemical techniques generate waste gases with or with-
out particulate matter, which raises challenges with respect to
emission control. Further, the complexity of the MSW feed-
stock material has been a significant factor in the properties of
biochar produced. The polluted substrate can also be regener-
ated by thermal treatment. At the same time, the composition
of the feedstock materials may negatively influence the valo-
rized products, especially for biochar production. Thus, it is a
challenge to determine, define, and characterize biochar for
different applications in waste management. Several biochar
characterization techniques have to be applied for measuring
surface area, pore-volume, capacity, and functional groups
availability in different biochars in order to specifically deter-
mine their utilization. The characterization techniques may
involve Fourier transform infrared spectroscopy (FTIR),
Scanning electron microscopy (SEM), X-rays photoelectron,
Raman spectroscopy etc. [207].

Secondly, all biochemical conversion techniques require lon-
ger residence time. Apart from that, an unpleasant odoron the
premises is a difficult challenge to address. To overcome the
odor, source management is essential in which food wastes and
excessive moisture containing materials are separated before the
composting processes, allowing their useful application in anaer-
obic digesters. Biochar may play a role in moisture and odor
management in the composting process as well. Incorporation
of exhaust air treatment systems such as biofilters and bio scrub-
bers can control the odor nuisance [208]. Continuous supervising
and finding perfect operating conditions are of utmost

Fig. 3 A proposed integrated leachate treatment train with MSW biochar as a material
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vitalimportance to overcome this challenge. Arising of environ-
mental and health risks is associated with not only initial feed-
stock but also the process itself. Not like in thermochemical
conversions, biochemical conversions produce solid waste (an-
aerobic digestion sludge/ compost residue), which generates fur-
ther problems to relevant authorities.

More importantly, since leachate composition in a landfill
may vary from time to time on a regular basis, a range of other
factors such as precipitation, dilution effect, buffering capacity
of the soil, should be concerned when applying the leachate
treatment [209, 210].

& The treatment processes may limit by climatic conditions
and soil factors in Phyto techniques as well as the charac-
teristics of feedstock materials and temperatures used in
the valorization

& Secure disposal of the polluted substrate is required after
the treatment since they contain absorbed hazardous
contaminants

& When plants are integrated (phytoremediation), the reme-
diation process is more time consuming

& The plants should have the ability to grow up and persist
in the contaminated media whereas dilution or pretreat-
ment may be essential

& In case the contaminated plants may involve in natural
food chains there is a possibility of bio-magnifying the
contaminants

& In t roduc t ion o f non - ind igenous spec i e s fo r
phytoremediation purpose may affect biodiversity

& Phyto techniques may be restricted mainly due to the low
biomass and slow growth rate of plants

& In phytoremediation, roots should be in contact with the
contaminants to be removed [211–213]

However, all of the technologies are important in managing
MSW with unique advantages and disadvantages Selecting
the best option based on the economic level and its scale for
a particular waste management system is a challenge for a
Local Authority. It may require improving the existing tech-
nologies, integrating them, and developing new ones like the
aforementioned “biogeo barricade”. Challenges concerning
biogeo barricade are reusability and saturation time, which
would depend on the concentrations in the leachate. The pri-
mary dispute is the capacity of the biochar as it is produced by
the composted residue, which does not provide a high specific
surface area. Phytoremediation may be another technique that
can be integrated with the treatment train after constructed
wetland will increase the treatment potential [175].

5.2 Future perspectives and recommendations

& Acquiring details on the composition and characteristics of
feedstock is a prerequisite for valorization since they are

determinant for the treatment efficiencies and properties of
end products. Studies and on feedstock properties and their
capacities on waste management approaches have to be con-
ductedwith the predictions of their suitability and availability

& The application of genetic engineering technologies is in
concern to enhance the growth rates of plant species in
combination with hyperaccumulating genes to be used in
the waste management approaches

& Assessment of integrated systems with MSW conversion
to biochar has not been examined for small and medium
scale landfills

& High energy crops, producing high biomass, have not cur-
rently received sufficient research focus in the field of
phytoremediation and landfill capping. Application of
high energy plant species in Phyto-capping requires fur-
ther studies and work to be conducted in order to achieve a
sustainable treatment process. Subsequently, the plans can
be effectively used for the energy and compost production
via valorization techniques

RecommendationsBiomass valorization and phytoremediation
have been studied and reviewed as successful methods for
MSW management specifically for open dumps and landfills,
which produce enormous amounts of leachate. Some particular
techniques are highlighted and recommended in the developing
economic context such as biochar and constructed wetlands due
to related low cost and high performances. Nevertheless, deter-
mining, defining, and characterizing valorized products for dif-
ferent applications in waste management is a challenge in
which further studies and characterizations of products and
feedstock materials should be taken place. In MSW manage-
ment, the integration of various treatment techniques can pro-
vide sustainable solutions addressing different aspects and con-
tamination levels. However, in moving towards a sustainable
waste management approach, the integrated systems are essen-
tial to have preventive measures such as 3R, zero organic
wastes ending up in landfills. The old landfills/dumpsites to
be rehabilitated with improved technologies of biochar use
(landfil l covers), including constructed wetlands
(phytocapping). Sometimes in catastrophic situations, organic
wastes will end up in landfills, whereas incinerators may be
needed to get rid of hazardous biological wastes.

Acknowledgments Authors hereby acknowledge National Research
Council Target Oriented Grant 18-021, Sri Lanka and Early Career
Women Fellowship from the Organization for Women Scientists of
Developing Countries, Italy, through a grant from UNESCO and the
International Development Research Centre, Ottawa, Canada. The views
expressed herein do not necessarily represent those of UNESCO, IDRC
or its Board of Governors.

Author contribution Conceptualization: Meththika Vithanage Bandunee
Athapattu, Ajith de Alwis and Mahinsasa Narayana; Formal analysis and

Biomass Conv. Bioref.



investigation: Prabuddhi Wijekoon, Chathuranga Wickramasinghe;
Writing - original draft preparation: Prabuddhi Wijekoon, Chathuranga
Wickramasinghe; Writing - review and editing: Bandunee Athapattu,
Ajith de Alwis, Mahinsasa Narayana; Funding acquisition: Meththika
Vithanage; Resources: Meththika Vithanage; Supervision: Meththika
Vithanage.

References

1. Buenrostro O, Bocco G, Cram S (2001) Classification of sources
of municipal solid wastes in developing countries. Resour
Conserv Recycl 32(1):29–41

2. Shekdar AV (2009) Sustainable solid waste management: an in-
tegrated approach for Asian countries. Waste Manag 29(4):1438–
1448

3. Hoornweg D, Bhada-Tata P (2012) What a waste: a global review
of solid waste management, vol 15.World Bank,Washington, DC

4. Abdel-Shafy HI, Mansour MSM (2018) Solid waste issue:
sources, composition, disposal, recycling, and valorization.
Egypt J Pet 27(4):1275–1290

5. Mandal K (2019) Review on evolution of municipal solid waste
management in India: practices, challenges and policy implica-
tions. J Mater Cycles Waste Manag:1–17

6. Masebinu SO, Akinlabi ET, Muzenda E, Aboyade AO, Mbohwa
C, Manyuchi MM et al (2017) A review on factors affecting mu-
nicipal solid waste generation. In: 2nd International Engineering
Conference, Minna, pp 1–6

7. Gupta N, Yadav KK, Kumar V (2015) A review on current status
of municipal solid waste management in India. J Environ Sci 37:
206–217

8. Kaza S, Yao L, Bhada-Tata P, Van Woerden F (2018) What a
waste 2.0: a global snapshot of solid waste management to 2050.
World Bank Publications, Washington, DC, pp 1–295

9. Karak T, Bhagat RM, Bhattacharyya P (2012) Municipal solid
waste generation, composition, and management: the world sce-
nario. Crit Rev Environ Sci Technol 42(15):1509–1630

10. Eurostat. Waste Statistics [Internet] 2019 [cited 2020 Jun 5].
Available from: https://ec.europa.eu/eurostat/statistics-explained/
index.php/Waste_statistics#Waste_treatment

11. Agamuthu P (2001) Solid waste: principle and management, With
Malaysian Case Studies, University of Malaya, Kuala Lumpur.
Inc; . p. 1–395

12. Adhikari B, Khanal SN (2015) Qualitative study of landfill leach-
ate from different ages of landfill sites of various countries includ-
ing Nepal. J Environ Sci Toxicol Food Technol 9(1):2319–2399

13. Kumarathilaka P, Wijesekara H, Bolan N, Kunhikrishnan A,
Vithanage M (2017) Phytoremediation of landfill leachates. In:
Phytoremediation. Springer, pp 439–467

14. Naveen BP, Puvvadi S, Sitharam TG (2014) Characteristics of a
Municipal Solid Waste Landfill. Proc Indian Geotech Conf IGC-
2014. (December 18–20):1–7

15. Lam SS, Yek PNY, Ok YS, Chong CC, Liew RK, Tsang DCW
et al (2019) Engineering pyrolysis biochar via single-step micro-
wave steam activation for hazardous landfill leachate treatment. J
Hazard Mater:121–649

16. Mohammadizaroun M, Yusoff MS (2014) Review on landfill
leachate treatment using physical-chemical techniques: their per-
formance and limitations. Int J Curr Life Sci Res Artic 4(12):
12068–12074

17. Arancon RAD, Lin CSK, Chan KM, Kwan TH, Luque R (2013)
Advances on waste valorization: new horizons for a more sustain-
able society. Energy Sci Eng 1(2):53–71

18. Sun W, Zhang S, Su C (2018) Impact of biochar on the bioreme-
diation and phytoremediation of heavy metal (loid) s in soil. Adv
Bioremediation Phytoremediation 149

19. Cha JS, Park SH, Jung S-C, Ryu C, Jeon J-K, Shin M-C, Park YK
(2016) Production and utilization of biochar: a review. J Ind Eng
Chem 40:1–15

20. Shehzad A, BashirMJK, Sethupathi S, Lim J-W (2016)An insight
into the remediation of highly contaminated landfill leachate using
sea mango based activated bio-char: optimization, isothermal and
kinetic studies. Desalin Water Treat 57(47):22244–22257

21. Gumisiriza R, Hawumba JF, Okure M, Hensel O (2017) Biomass
waste-to-energy valorisation technologies: A review case for ba-
nana processing in Uganda. Biotechnol Biofuels:2–29

22. Slater RA, Frederickson J (2001) Composting municipal waste in
the UK: some lessons from Europe. Resour Conserv Recycl 32(3–
4):359–374

23. Alam O, Qiao X (2019) An in-depth review on municipal solid
waste management, treatment and disposal in Bangladesh. Sustain
Cities Soc 52(2020):3–18

24. Jayawardhana Y, Kumarathilaka P, Herath I, Vithanage M (2016)
Municipal solid waste biochar for prevention of pollution from
landfill leachate. In: Environmental materials and waste.
Elsevier, pp 117–148

25. Jiang Y, Lei M, Duan L, Longhurst P (2015) Integrating
phytoremediation with biomass valorisation and critical element
recovery: a UK contaminated land perspective. Biomass
Bioenergy 83:328–339

26. Lone MI, He Z, Stoffella PJ, Yang X (2008) Phytoremediation of
heavy metal polluted soils and water: progresses and perspectives.
J Zhejiang Univ Sci B 9(3):210–220

27. Yaghoubi P, Yargicoglu EN, Reddy KR Effects of biochar-
amendment to landfill cover soil on microbial methane oxidation:
initial results. In: Geotechnical Special Publication. 2014. p.
1849–58

28. Alzate S, Restrepo-Cuestas B, Jaramillo-Duque Á (2019)
Municipal solid waste as a source of electric power generation
in Colombia: a techno-economic evaluation under different sce-
narios. Resources. 8(1):51

29. Gunarathne DS, Udugama IA, Jayawardena S, Gernaey KV,
Mansouri SS, Narayana M (2019) Resource recovery from bio-
based production processes in developing Asia. Sustain Prod
Consum 17:196–214

30. Havukainen J, Heikkinen S, Horttanainen M (2016) Possibilities
to improve the share of material recovery of municipal solid waste
in Finland. LUT Sci Expert Publ Reports:1–62

31. Kumar A, Samadder RS (2017) A review on technological options
of waste to energy for effective management of municipal solid
waste. Waste Manag 69:407–422

32. Zhao X, Jiang G, Li A, Wang L (2016) Economic analysis of
waste-to-energy industry in China. Waste Manag 48:604–618

33. Wiechers AE Pre-feasibility study of using the circulating fluid
bed (CFB) waste-to-energy Technology in Mexico City.
Columbia University 2015

34. Kiran EU, Trzcinski AP, Ng WJ, Liu Y (2014) Bioconversion of
food waste to energy: a review. Fuel. 134(June:389–399

35. Dolgen D, Sarptas H, Alpaslan N, Kucukgul O (2005 Nov)
Energy potential of municipal solid wastes. Energy Sources
27(15):1483–1492

36. Wickramasinghe DGC, NarayanaM, Amarasinghe ADUS (2018)
Numerical simulation of suspension biomass combustor with two
chambers. In: 2018 Moratuwa engineering research conference
(MERCon). IEEE, Moratuwa, pp 226–230

37. Knoef QP, Stassen H (1999) Energy from biomass, vol 422.
World Bank Tech Pap

38. Wickramasinghe DGC, Narayana M, Witharana S. Optimization
of Process Parameters for Organic Municipal Solid Waste

Biomass Conv. Bioref.

https://doi.org/https://www.sciencedirect.com/topics/agriculturalndiological-ciences/brassica
https://doi.org/https://www.sciencedirect.com/topics/agriculturalndiological-ciences/brassica


Torrefaction. In: Advances in Science and Engineering
Technology International Conferences, ASET 2019. IEEE;
2019. p. 1–5

39. Rönnbäck M, Axell M, Gustavsson L, Thunman H, Lecher B
(2008) Combustion Processes in a Biomass Fuel Bed-
Experimental Results. In: Bridgwater AV (ed) Progress in
Thermochemical Biomass Conversion. Blackwell Science Ltd,
Oxford, pp 743–757

40. Reed TB, Das A Handbook of Biomass Downdraft Gasifier
Engine Systems. U. S. Dept. of Energy; 1988. 1–148 p

41. Aerts DJ, Ragland KW. Pressurized Downdraft Combustion of
Woodchips. In: Twenty-Third Symposium (International) on
Combustion. The Combustion Institute; 1990. p. 1025–32

42. Oka SN (2004) In: Anthony EJ (ed) Fluidized bed combustion, 1st
edn. Marcel Dekker, New York, p 600

43. Wickramasinghe DGC, NarayanaM, Amarasinghe ADUS (2017)
Eulerian-Lagrangian approach for modeling of biomass fluidized
bed combustion. In: Vidulka: national energy symposium. Sri
Lanka Sustainable Energy Authority, Colombo, pp 209–213

44. Yin C, Rosendahl LA, Kær SK (2008 Dec) Grate-firing of bio-
mass for heat and power production. Prog Energy Combust Sci
34(6):725–754

45. Lombardi F, Lategano E, Cordiner S, Torretta V (2013) Waste
incineration in rotary kilns: a new simulation combustion tool to
support design and technical change. Waste Manag Res 31(7):
739–750

46. Lam CHK, Ip AWM, Barford JP, McKay G (2010) Use of incin-
eration MSW ash: a review. Sustainability. 2(7):1943–1968

47. Block C, Ephraim A, Weiss-Hortala E, Minh DP, Nzihou A,
Vandecasteele C (2019) Co-pyrogasification of plastics and bio-
mass, a review. Waste and Biomass Valorization 10(3):483–509

48. WickramaarachchiWAMKP, Perera KUC, NarayanaM (2018) A
Numerical Study on Torrefaction of Organic Waste in Sri Lanka.
In: IESL 2018, Colombo

49. Matsakas L, Kekos D, Loizidou M, Christakopoulos P (2014)
Utilization of household food waste for the production of ethanol
at high dry material content. Biotechnol Biofuels 7(1):1–9

50. McKendry P (2002) Energy production from biomass (part 1):
overview of biomass. Bioresour Technol 83:37–46

51. Yang H, Yan R, Chen H, Lee DH, Zheng C (2007) Characteristics
of hemicellulose, cellulose and lignin pyrolysis. Fuel. 86(12–13):
1781–1788

52. Neves D, Thunman H, Matos A, Tarelho L, Gómez-Barea A
(2011) Characterization and prediction of biomass pyrolysis prod-
ucts. Prog Energy Combust Sci 37(5):611–630

53. Sarkar JK, Wang Q (2020) Different pyrolysis process conditions
of south Asian waste coconut Shell and characterization of gas,
bio-char, and bio-oil. Energies. 13(8):1970

54. Torres-García E, Ramírez-Verduzco LF, Aburto J (2020)
Pyrolytic degradation of peanut shell: activation energy depen-
dence on the conversion. Waste Manag 106:203–212

55. Bridgwater AV (2003) Renewable fuels and chemicals by thermal
processing of biomass. Chem Eng J 91(2):87–102

56. Salimbeni A (2019) Organic waste streams upgrading for gasifi-
cation process optimization. In: Materazzi M, Foscolo PU (eds)
Substitute Natural Gas from Waste - Technical Assessment and
Industrial Applications of Biochemical and Thermochemical
Processes. Elsevier Inc., pp 75–103

57. Ronsse F, Nachenius RW, Prins W (2015) Carbonization of
Biomass. In: Pandey A, Bhaskar T, Stocker M, Sukumaran RK
(eds) Recent Advances in Themrochemical Conversion of
Biomass. Elsevier B.V., pp 293–324

58. Williams PT, Besler S (1996) The influence of temperature and
heating rate on the slow pyrolysis of biomass. Renew Energy 7(3):
233–250

59. Sadaka S, Negi S (2009) Improvements of biomass physical and
thermochemical characteristics via torrefaction process. Environ
Prog Sustain Energy 28(3):427–434

60. Ramke H-G, Blöhse D, Lehmann H-J, Fettig J (2009)
Hydrothermal carbonization of organic waste. In: Cossu R, Diaz
LF, Stegmann R (eds) Sardinia 2009: twelfth international waste
management and landfill symposium. CISA Publisher, Sardinia,
pp 139–148

61. Rasanjani C, Gunathilaka T, Pieris C, Bandara H, Narayana M
(2019) Torrefaction of urban bio waste in Sri Lanka. In: 2019
Moratuwa engineering research conference (MERCon). IEEE,
Moratuwa, pp 573–576

62. Kongprasert N,Wangphanich P, Jutilarptavorn A (2019) Charcoal
briquettes from Madan wood waste as an alternative energy in
Thailand. In: 14th Global Congress on Manufacturing and
Management (GCMM-2018). Elsevier Ltd., pp 128–135

63. Mitchell PJ, Dalley TSL, Helleur RJ (2013) Preliminary laborato-
ry production and characterization of biochars from lignocellulos-
ic municipal waste. J Anal Appl Pyrolysis 99:71–78

64. Bogale W (2010) Preparation of charcoal using agricultural
wastes. Ethiop J Educ Sci 5(1):18–70

65. Liu C, Huang X, Kong L (2017) Efficient Low Temperature
Hydrothermal Carbonization of Chinese Reed for Biochar with
High Energy Density. Energies 10

66. Kim D, Park KY, Yoshikawa K (2017) Conversion of municipal
solid wastes into biochar through hydrothermal carbonization. In:
Engineering Applications of Biochar. InTech

67. Wnukowski M, Owczarek P, Niedźwiecki Ł (2015) Wet
Torrefaction of Miscanthus - characterization of Hydrochars in
view of handling, storage and combustion properties. J Ecol
Eng 16(3):161–167

68. Bailis R (2009) Modeling climate change mitigation from alterna-
tive methods of charcoal production in {Kenya}. Biomass
Bioenergy 33(11)

69. Chen Z, WangM, Ren Y, Jiang E, Jiang Y, Li W (2018) Biomass
torrefaction: a promising pretreatment technology for biomass uti-
lization. IOP Conf Ser Earth Environ Sci 113(1):012201

70. Pandyaswargo AH, Premakumara DGJ (2014) Financial sustain-
ability of modern composting: the economically optimal scale for
municipal waste composting plant in developing {Asia}. Int J
Recycl Org Waste Agric 3(3):1–4

71. MattesonGC, Jenkins BM (2007) Food and processing residues in
California: resource assessment and potential for power genera-
tion. Bioresour Technol 98:3098–3105

72. Almendro-Candel MB, Navarro-Pedreño J, Gómez Lucas I,
Zorpas AA, Voukkali I, Loizia P (2019) The use of composted
municipal solid waste under the concept of circular economy and
as a source of plant nutrients and pollutants. In: Municipal Solid
Waste Management. IntechOpen

73. Shah GM, Tufail N, Bakhat HF, Ahmad I, Shahid M, Hammad
HM, NasimW,Waqar A, RizwanM, Dong R (2019) Composting
of municipal solid waste by different methods improved the
growth of vegetables and reduced the health risks of cadmium
and lead. Environ Sci Pollut Res 26(6):5463–5474

74. MelikogluM, Lin C,Webb C (2013) Analysing global food waste
problem: pinpointing the facts and estimating the energy content.
Open Eng 3(2):157–164

75. Rynk R On-farm composting handbook. New York: Cooperative
State Research, Education, and Extension Service; 1992

76. Lasaridi K, Protopapa I, KotsouM, Pilidis G, Manios T, Kyriacou
A (2006) Quality assessment of composts in the Greek market: the
need for standards and quality assurance. J Environ Manag 80(1):
58–65

77. Azim K, Soudi B, Boukhari S, Perissol C, Roussos S, Thami AI
(2018) Composting parameters and compost quality: a literature
review. Org Agric 8(2):141–158

Biomass Conv. Bioref.



78. Rynk R, van de Kamp M, Willson GB, Singley ME, Richard TL,
Kolega JJ et al (1992) In: Rynk R (ed) On-farm composting hand-
book. Cooperative State Research, Education and Extension
Service, New York, p 186

79. Bajic BŽ, Dodic SN, Vucurovic DG, Dodic JM, Grahovac JA
(2015) Waste-to-energy status in Serbia. Renew Sust Energ Rev
50:1437–1444

80. MelikogluM (2013) Vision 2023: assessing the feasibility of elec-
tricity and biogas production from municipal solid waste in
Turkey. Renew Sust Energ Rev 19:52–63

81. Cho JK, Park SC, Chang HN (1995) Biochemical methane poten-
tial and solid state anaerobic digestion of Korean food wastes.
Bioresour Technol 52(3):245–253

82. Vandevivere P, De Baere L, Verstraete W (2003) Types of anaer-
obic digester for solid wastes. In: Mata-Alvarez J (ed)
Biomethanization of the organic fraction of municipal solid
wastes. IWA Publishing, pp 111–140

83. Nagao N, Tajima N, Kawai M, Niwa C, Kurosawa N,Matsuyama
T, Yusoff FM, Toda T (2012) Maximum organic loading rate for
the single-stage wet anaerobic digestion of food waste. Bioresour
Technol 118:210–218

84. Park Y, Hong F, Cheon J, Hidaka T, Tsuno H (2008) Comparison
of thermophilic anaerobic digestion characteristics between
single-phase and two-phase systems for kitchen garbage treat-
ment. J Biosci Bioeng 105(1):48–54

85. Massanet-Nicolau J, Dinsdale R, Guwy A, Shipley G (2013) Use
of real time gas production data for more accurate comparison of
continuous single-stage and two-stage fermentation. Bioresour
Technol 129:561–567

86. Luz FC, RochaMH, Lora EES, Venturini OJ, Andrade RV, Leme
MMV, del Olmo OA (2015) Techno-economic analysis of munic-
ipal solid waste gasification for electricity generation in Brazil.
Energy Convers Manag 103:321–337

87. Aguilar-Virgen Q, Taboada-González P, Ojeda-Benítez S (2014)
Analysis of the feasibility of the recovery of landfill gas: a case
study of Mexico. J Clean Prod 79:321–337

88. Dahal RK, Acharya B, Farooque A (2018) Biochar: a sustainable
solution for solid waste management in agro-processing indus-
tries. Biofuels.:1–9

89. Randolph P, Bansode RR, Hassan OA, Rehrah D, Ravella R,
Reddy MR, Watts DW, Novak JM, Ahmedna M (2017) Effect
of biochars produced from solid organic municipal waste on soil
quality parameters. J Environ Manag 192:271–280

90. Gunarathne V, Ashiq A, Ginige MP, Premarathna SD, de Alwis
A, Athapattu B, et al. Municipal Waste Biochar for Energy and
Pollution Remediation. In 2018. p. 227–52

91. Jayawardhana Y, Mayakaduwa S, Kumarathilaka P, Gamage S,
VithanageM (2017)Municipal solid waste-derived biochar for the
removal of benzene from landfill leachate. Environ Geochem
Health:1–15

92. Ashiq A, Adassooriya NM, Sarkar B, Rajapaksha AU, Ok YS,
Vithanage M (2019) Municipal solid waste biochar-bentonite
composite for the removal of antibiotic ciprofloxacin from aque-
ous media. J Environ Manag 236:428–435

93. Ashiq A, Sarkar B, Adassooriya N,Walpita J, Rajapaksha AU, Ok
YS, Vithanage M (2019) Sorption process of municipal solid
waste biochar-montmorillonite composite for ciprofloxacin re-
moval in aqueous media. Chemosphere. 236:124384

94. Jin H, Capareda S, Chang Z, Gao J, XuY, Zhang J (2014) Biochar
pyrolytically produced frommunicipal solid wastes for aqueous as
(V) removal: adsorption property and its improvement with KOH
activation. Bioresour Technol 169:622–629

95. Premarathna KSD, Rajapaksha AU, Adassoriya N, Sarkar B,
Sirimuthu NMS, Cooray A, Ok YS, Vithanage M (2019) Clay-
biochar composites for sorptive removal of tetracycline antibiotic
in aqueous media. J Environ Manag 238:315–322

96. Hoslett J, Ghazal H, Ahmad D, Jouhara H (2019) Removal of
copper ions from aqueous solution using low temperature biochar
derived from the pyrolysis of municipal solid waste. Sci Total
Environ 673:777–789

97. Jayawardhana Y, Mayakaduwa SS, Kumarathilaka P, Gamage S,
VithanageM (2019)Municipal solid waste-derived biochar for the
removal of benzene from landfill leachate. Environ Geochem
Health 41(4):1739–1753

98. ChenXW,Wong JTF, NgCWW,WongMH (2016) Feasibility of
biochar application on a landfill final cover—a review on
balancing ecology and shallow slope stability. Environ Sci
Pollut Res 23(8):7111–7125

99. Ding Y, Xiong J, Zhou B,Wei J, Qian A, Zhang H, ZhuW, Zhu J
(2019) Odor removal by and microbial community in the en-
hanced landfill cover materials containing biochar-added sludge
compost under different operating parameters. Waste Manag 87:
679–690

100. Renner R (2007) Rethinking biochar. Environ Sci Technol 41(17):
5932–5933

101. Rondon M, Ramirez J, Lehmann J. Charcoal Additions Reduce
Net Emissions of Greenhouse Gases to the Atmosphere. In:
Proceedings of the 3rd USDA Symposium on Greenhouse Gases
and Carbon Sequestration. Baltimore; 2005. p. 21–24

102. Kannan P, Arunachalam P, Prabukumar G, Govindaraj M (2013)
Biochar an alternate option for crop residues and solid waste dis-
posal and climate change mitigation. Afr J Agric Res 8(21):2403–
2412

103. Fidel R, Laird D, Parkin T (2019) Effect of biochar on soil green-
house gas emissions at the laboratory and field scales. Soil Syst
3(1):8

104. Garg A, Bordoloi S, Ni J, CaiW,Maddibiona PG,Mei G, Poulsen
TG, Lin P (2019) Influence of biochar addition on gas permeabil-
ity in unsaturated soil. Géotechnique Lett 9(1):66–71

105. Bogner JE, Spokas KA, Burton EA (1997) Kinetics of methane
oxidation in a landfill cover soil: temporal variations, a whole-
landfill oxidation experiment, and modeling of net CH4 emis-
sions. Environ Sci Technol 31(9):2504–2514

106. Reddy KR, Grubb DG, Kumar G (2018) Innovative
Biogeochemical Soil Cover to Mitigate Landfill Gas Emissions.
In: International Conference on Protection and Restoration of the
Environment XIV, Thessaloniki, pp 3–6

107. Ndirangu SM, Liu Y, Xu K, Song S (2019) Risk evaluation of
Pyrolyzed biochar from multiple wastes. J Chemother 2019:1–28

108. Ouda OKM, Raza SA, Al-Waked R, Al-Asad JF, Nizami A-S
(2017) Waste-to-energy potential in the Western Province of
Saudi Arabia. J King Saud Univ - Eng Sci 29(3):212–220

109. Leme MMV, Rocha MH, Lora EES, Venturini OJ, Lopes BM,
Ferreira CH (2014) Techno-economic analysis and environmental
impact assessment of energy recovery from municipal solid waste
(MSW) in Brazil. Resour Conserv Recycl 87:8–20

110. Kammann CI, Schmidt H-P, Messerschmidt N, Linsel S, Steffens
D, Müller C et al (2015) Plant growth improvement mediated by
nitrate capture in co-composted biochar. Sci Report 5:11080

111. Kim J, Yoo G, Kim D, Ding W, Kang H (2017) Combined appli-
cation of biochar and slow-release fertilizer reduces methane emis-
sion but enhances rice yield by different mechanisms. Appl Soil
Ecol 117–118:57–62

112. Godlewska P, Schmidt HP, Ok YS, Oleszczuk P (2017) Biochar
for composting improvement and contaminants reduction. A re-
view. Bioresour Technol. Elsevier Ltd 246:193–202

113. WuH, Lai C, Liang J, Dai J (2016) The interactions of composting
and biochar and their implications for soil amendment and pollu-
tion remediation: a review Phyto-remediation in heavy-metal-
polluted mining area, production of biochar, emission of
aldehydes/ketones from biomass. View projec. Artic Crit Rev
Biotechnol 37(6):754–764

Biomass Conv. Bioref.



114. Kizito S, Luo H, Lu J, Bah H, Dong R, Wu S (2019) Role of
nutrient-enriched biochar as a soil amendment during maize
growth: exploring practical alternatives to recycle agricultural re-
siduals and to reduce chemical fertilizer demand. Sustainability.
11(11):1–22

115. Verheijen F, Jeffery S, Bastos AC, van der Velde M, Diafas I
Biochar application to soils: a critical scientific review of effects
on soil properties, processes and functions. Italy: European
Commission; 2010

116. Sohi S, Loez-Capel S, Krull E, Bol R (2009) Biochar’s roles in soil
and climate change: a review of research needs. CSIRO L Water
Sci Rep 05(64)

117. Zheng W, Guo M, Chow T, Bennett DN, Rajagopalan N (2010)
Sorption properties of greenwaste biochar for two triazine pesti-
cides. J Hazard Mater 181(1–3):121–126

118. Chan KY, Van Zwieten L, Meszaros I, Downie A, Joseph S
(2007) Agronomic values of greenwaste biochar as a soil amend-
ment. Soil Res 45(8):629

119. Ye S, Zeng G, Wu H, Liang J, Zhang C, Dai J, Xiong W, Song B,
Wu S, Yu J (2019) The effects of activated biochar addition on
remediation efficiency of co-composting with contaminated wet-
land soil. Resour Conserv Recycl 140:278–285

120. Zhang J, Lü F, Shao L, He P (2014) The use of biochar-amended
composting to improve the humification and degradation of sew-
age sludge. Bioresour Technol 168:252–258

121. Amin M, Narayana M (2015) Comparative Study of Energy
Potential of Mango Pit As Biomass With Coconut Shell
Ginisyria & Mixture in Laboratory Scale Developed Updraft
Gasifier. In: International Research Symposium on Engineering
Advancements 2015 (RSEA 2015). , Malabe, pp 299–302

122. Gañan J, Abdulla AAK, Miranda AB, Turegano J, Correia S,
Cuerda EM (2005) Energy production by means of gasification
process of residuals sourced in Extremadura (Spain). Renew
Energy 30(11):1759–1769

123. Klein A, Themelis NJ (2003) Energy recovery from municipal
solid wastes by gasification. In: Annual north American waste to
energy conference, NAWTEC. ASME International, Tampa, pp
241–252

124. Black JW, Bircher KG, Chisholm KA (1980) Fluidized-bed gas-
ification of solid wastes and biomass: the CIL program. In:
Thermal Conversion of Solid Wastes and Biomass. ACS
Publications, pp 351–361

125. McKendry P (2002) Energy production from biomass (part 3):
gasification technologies. Bioresour Technol 83(1):55–63

126. Saghir M, Rehan M, Nizami A-S (2018) Recent trends in gasifi-
cation based waste-to-energy. In: Gasification for Low-grade
Feedstock. InTech, pp 97–113

127. Papurello D, Lanzini A, Tognana L, Silvestri S, Santarelli M
(2015)Waste to energy: exploitation of biogas from organic waste
in a 500 Wel solid oxide fuel cell (SOFC) stack. Energy. 85:145–
158

128. Paz-Ferreiro J, Lu H, Fu S, Méndez A, Gascó G (2014) Use of
phytoremediation and biochar to remediate heavy metal polluted
soils: a review. Solid Earth 5(1):65–75

129. Pilon-Smits E (2005) Phytoremediation. Annu Rev Plant Biol 56:
15–39

130. Pathak AK, Singh MM, Kumar V, Trivedi AK (2012)
Phytoremediation of municipal solid waste landfill site: a review.
J Chem Chem Sci 2(1):1–92

131. Favas PJC, Pratas J, Paul MS, Prasad MNV (2019) Remediation
of uranium-contaminated sites by phytoremediation and natural
attenuation. In: Phytomanagement of Polluted Sites. Elsevier, pp
277–300

132. Ekta P, Modi NR (2018) A review of phytoremediation. J
Pharmacogn Phytochem 7(4):1485–1489

133. Laghlimi M, Baghdad B, El Hadi H, Bouabdli A (2015)
Phytoremediation mechanisms of heavy metal contaminated
soils: a review. Open J Ecol 5(08):375–388

134. Rezania S, Ponraj M, Talaiekhozani A, Mohamad SE, Din MFM,
Taib SM et al (2015) Perspectives of phytoremediation using wa-
ter hyacinth for removal of heavy metals, organic and inorganic
pollutants in wastewater. J Environ Manag 163:125–133

135. Srivastava S, Shrivastava M, Suprasanna P, D’souza SF (2011)
Phytofiltration of arsenic from simulated contaminated water
using Hydrilla verticillata in field conditions. Ecol Eng 37(11):
1937–1941

136. Verma S, Mishra B, Pandit R, Chatterjee A, Jadhav SS, Gaoture
PS et a l (2015) Trea tment of landf i l l l eacha te by
phytoremediation. Int J Eng Res Gen Sci 3:1234–1237

137. Zhang X, Hu Y, Liu Y, Chen B (2011) Arsenic uptake, accumu-
lation and phytofiltration by duckweed (Spirodela polyrhiza L.). J
Environ Sci 23(4):601–606

138. Etim EE (2012) Phytoremediation and its mechanisms: a review.
Int J Env Bioenergy 2(3):120–136

139. Ismail S (2012) Phytoremediation: a green technology. Iran J Plant
Physiol 3(1):567–576

140. Raskin I, Ensley BD (2000) Phytoremediation of toxic metals.
Wiley

141. Sharma S, Pathak H (2014) Basic techniques of phytoremediation.
Int J Sci Eng Res 5(4):584–604

142. McGrath SP, Zhao F-J (2003) Phytoextraction of metals and met-
alloids from contaminated soils. Curr Opin Biotechnol 14(3):277–
282

143. Salido AL, Hasty KL, Lim J-M, Butcher DJ (2003)
Phytoremediation of arsenic and lead in contaminated soil using
Chinese brake ferns (Pteris vittata) and Indian mustard (Brassica
juncea). Int J Phytoremediation 5(2):89–103

144. Garbisu C, Alkorta I (2001) Phytoextraction: a cost-effective
plant-based technology for the removal of metals from the envi-
ronment. Bioresour Technol 77(3):229–236

145. Wei S, Zhou Q, Koval PV (2006) Flowering stage characteristics
of cadmium hyperaccumulator Solanum nigrum L. and their sig-
nificance to phytoremediation. Sci Total Environ 369(1–3):441–
446

146. Chen J-C, Wang K-S, Chen H, Lu C-Y, Huang L-C, Li H-C, Peng
TH, Chang SH (2010) Phytoremediation of Cr (III) by Ipomonea
aquatica (water spinach) from water in the presence of EDTA and
chloride: effects of Cr speciation. Bioresour Technol 101(9):
3033–3039

147. Baah B. Phytoremediation of hydrocarbon contaminated soil-a
case study at Newmont Ghana Gold Limited–Ahafo Kenyasi.
2011. p. 111

148. Erdogan R, Zaimoglu Z, Sucu MY, Budak F, Kekec S (2008)
Applicability of leachates originating from solid-waste landfills
for irrigation in landfill restoration projects. J Environ Biol
29(5):779–784

149. Newman LA, Reynolds CM (2004) Phytodegradation of organic
compounds. Curr Opin Biotechnol 15(3):225–230

150. Parco GF, GTZAK (2005) Engineered Reed bed treatment system
as a low cost sanitation option for the Philippines. In: Hands-on
Workshop on Sanitation and Wastewater Management, pp 1–12

151. Passatore L, Rossetti S, Juwarkar AA, Massacci A (2014)
Phytoremediation and bioremediation of polychlorinated biphe-
nyls (PCBs): state of knowledge and research perspectives. J
Hazard Mater 278:189–202

152. Singh OV, Jain RK (2003) Phytoremediation of toxic aromatic
pollutants from soil. Appl Microbiol Biotechnol 63(2):128–135

153. Yang W, Ding Z, Zhao F, Wang Y, Zhang X, Zhu Z, Yang X
(2015) Comparison of manganese tolerance and accumulation
among 24 Salix clones in a hydroponic experiment: application
for phytoremediation. J Geochem Explor 149:1–7

Biomass Conv. Bioref.



154. Limmer M, Burken J (2016) Phytovolatilization of organic con-
taminants. Environ Sci Technol 50(13):6632–6643

155. Lin Z-Q, Terry N (1999) 4 remediation of selenium-polluted soils
and waters by Phytovolatilization. Phytoremediation Contam Soil
Water 61

156. Hooda V (2007) Phytoremediation of toxic metals from soil and
waste water. J Environ Biol 28(2):367

157. Erakhrumen AA (2007) Phytoremediation: an environmentally
sound technology for pollution prevention, control and remedia-
tion in developing countries. Educ Res Rev 2(7):151–156

158. Poschenrieder C, i Coll JB (2003) Phytoremediation: principles
and perspectives. Contrib to Sci:333–344

159. Naveen BP, Mahapatra DM, Sitharam TG, Sivapullaiah PV,
Ramachandra TV (2017) Physico-chemical and biological char-
acterization of urban municipal landfill leachate. Environ Pollut
220:1–12

160. Wijesekara SSRMDHR, Mayakaduwa SS, Siriwardana AR, de
Silva N, Basnayake BFA, Kawamoto K et al (2014) Fate and
transport of pollutants through a municipal solid waste landfill
leachate in Sri Lanka. Environ Earth Sci 72(5):1707–1719

161. Kwarciak-Kozłowska A, Włodarczyk R, Wystalska K (2019)
Biochar compared with activated granular carbon for landfill
leachate treatment. In: E3S Web of Conferences. EDP Sciences,
p 42

162. Vithanage M, Wijesekara S, Siriwardana AR, Mayakaduwa SS,
Ok YS (2014) Management of municipal solid waste landfill
leachate: a global environmental issue. In: Environmental
Deterioration and Human Health. Springer, pp 263–288

163. Erdogan R, Zaimoglu Z (2015) The characteristics of
phytoremediation of soil and leachate polluted by landfills. Adv
Bioremediation Wastewater Polluted Soil 227

164. Akinbile CO, Yusoff MS, Zuki AZA (2012) Landfill leachate
treatment using sub-surface flow constructed wetland by
Cyperus haspan. Waste Manag 32(7):1387–1393

165. Yalçuk A, Ugurlu A (2020) Treatment of landfill leachate with
laboratory scale vertical flow constructed wetlands: plant growth
modeling. Int J Phytoremediation 22(2):157–166

166. Stottmeister U, Wießner A, Kuschk P, Kappelmeyer U, Kästner
M, Bederski O, Müller RA, Moormann H (2003) Effects of plants
and microorganisms in constructed wetlands for wastewater treat-
ment. Biotechnol Adv 22(1–2):93–117

167. Madera C, Valencia-Zuluaga V (2009) Landfill leachate treat-
ment: one of the bigger and underestimated problems of the urban
water management in developing countries. In: 9th World Wide
Workshop for Young Environmental Scientists WWW-YES-
Brazil-2009: Urban waters: resource or risks? , Belo Horiz, pp
1–10

168. Madera-Parra CA, Peña-Salamanca EJ, PeñaMR, Rousseau DPL,
Lens PNL (2015) Phytoremediation of landfill leachate with
Colocasia esculenta, Gynerum sagittatum and Heliconia
psittacorum in constructed wetlands. Int J Phytoremediation
17(1):16–24

169. Yang WEIC, Bin CT (2001) Hyperaccumulators and
phytoremediation of heavy metal contaminated soil: a review of
studies in China and abroad. Acta Ecol Sin 7:23

170. Halim AA, Aziz HA, Johari MAM, Ariffin KS (2010)
Comparison study of ammonia and COD adsorption on zeolite,
activated carbon and composite materials in landfill leachate treat-
ment. Desalination. 262(1–3):31–35

171. Kamaruddin MA, Yusoff MS, Aziz HA, Alrozi R (2016) Current
status of Pulau Burung sanitary landfill leachate treatment, Penang
Malaysia. In: AIP conference proceedings. AIP Publishing LLC, p
30014

172. Aluko OO, Sridhar MK, Oluwande PA (2003) Characterization of
leachates from a municipal solid waste landfill site in Ibadan,
Nigeria. J Environ Heal Res 2(1):32–37

173. Longe EO, Balogun MR (2010) Groundwater quality assessment
near a municipal landfill, Lagos, Nigeria. Res J Appl Sci Eng
Technol 2(1):39–44

174. Pant HK, Adjei MB, Scholberg JMS, Chambliss CG, Rechcigl JE
(2004) Forage production and phosphorus phytoremediation in
manure-impacted soils. Agron J 96(6):1780–1786

175. Paskuliakova A, Tonry S, Touzet N (2016) Phycoremediation of
landfill leachate with chlorophytes: phosphate a limiting factor on
ammonia nitrogen removal. Water Res 99:180–187

176. Glaser B, Lehr V-I (2019) Biochar effects on phosphorus avail-
ability in agricultural soils: a meta-analysis. Sci Rep 9(1):1–9

177. Baun DL, Christensen TH (2004) Speciation of heavy metals in
landfill leachate: a review. Waste Manag Res 22(1):3–23

178. Padmi T, Tanaka M, Aoyama I (2009) Chemical stabilization of
medical waste fly ash using chelating agent and phosphates: heavy
metals and ecotoxicity evaluation. Waste Manag 29(7):2065–
2070

179. Zeng Z, Li T, Zhao F, He Z, Zhao H, Yang X et al (2013) Sorption
of ammonium and phosphate from aqueous solution by biochar
derived from phytoremediation plants. J Zhejiang Univ Sci B
14(12):1152–1161

180. Daud MK, Ali S, Abbas Z, Zaheer IE, Riaz MA, Malik A et al
(2018) Potential of duckweed (Lemna minor) for the
phytoremediation of landfill leachate. J Chemother 2018:3951540

181. Söğüt Z, Zaimoğlu BZ, Erdoğan R, Sucu MY (2005)
Phytoremediation of landfill leachate using Pennisetum
clandestinum. J Environ Biol 26:13–20

182. Abbas Z, Arooj F, Ali S, Zaheer IE, Rizwan M, Riaz MA (2019)
Phytoremediation of landfill leachate waste contaminants through
floating bed technique using water hyacinth and water lettuce. Int J
Phytoremediation 21(13):1356–1367

183. Rosenkranz T Phytoremediation of landfill leachate by irrigation
to willow short-rotation coppice. SLU, Dept. of Crop Production
Ecology; 2013

184. Moktar KA, Tajuddin RM (2019) Phytoremediation of heavymet-
al from leachate using imperata cylindrica. In: MATEC Web of
Conferences. EDP Sciences, p 1021

185. Madera-Parra CA, Peña MR, Peña EJ, Lens PNL (2015) Cr (VI)
and COD removal from landfill leachate by polyculture construct-
ed wetland at a pilot scale. Environ Sci Pollut Res 22(17):12804–
12815

186. Jerez Ch JA, Romero RM (2016) Evaluation of Cajanus cajan
(pigeon pea) for phytoremediation of landfill leachate containing
chromium and lead. Int J Phytoremediation 18(11):1122–1127

187. Dan A, Fujii D, Soda S, Machimura T, Ike M (2017) Removal of
phenol, bisphenol a, and 4-tert-butylphenol from synthetic landfill
leachate by vertical flow constructed wetlands. Sci Total Environ
578:566–576

188. Omondi EA, Ndiba PK, Njuru PG (2015) Phytoremediation of
polychlorobiphenyls (PCB’s) in landfill e-waste leachate with wa-
ter hyacinth (E. crassipes). Int J Sci Technol Res 4:147–156

189. Ibezute AC, Tawari-Fufeyin P (2014) Phytodegradation of com-
post leachate by water hyacinth (Eichhornia Crassipes) from aque-
ous solutions. Int J Sci Res 3(11):2763–2767

190. Kadlec RH, Zmarthie LA (2010) Wetland treatment of leachate
from a closed landfill. Ecol Eng 36(7):946–957

191. Bhagwat RV, Boralkar DB, Chavhan RD (2018) Remediation
capabilities of pilot-scale wetlands planted with Typha
aungstifolia and Acorus calamus to treat landfill leachate. J Ecol
Environ 42(1):1–8

192. Sawaittayothin V, Polprasert C (2007) Nitrogen mass balance and
microbial analysis of constructed wetlands treating municipal
landfill leachate. Bioresour Technol 98(3):565–570

193. Chiemchaisri C, Chiemchaisri W, Junsod J, Threedeach S,
Wicranarachchi PN (2009) Leachate treatment and greenhouse

Biomass Conv. Bioref.



gas emission in subsurface horizontal flow constructed wetland.
Bioresour Technol 100(16):3808–3814

194. Justin MZ, Zupančič M (2009) Combined purification and reuse
of landfill leachate by constructed wetland and irrigation of grass
and willows. Desalination. 246(1–3):157–168

195. Lavrova S, Koumanova B (2010) Influence of recirculation in a
lab-scale vertical flow constructed wetland on the treatment effi-
ciency of landfill leachate. Bioresour Technol 101(6):1756–1761

196. Coppini E, Palli L, Antal A, Del Bubba M, Miceli E, Fani R et al
(2019) Design and start-up of a constructed wetland as tertiary
treatment for landfill leachates. Water Sci Technol 79(1):145–155

197. Bulc TG (2006) Long term performance of a constructed wetland
for landfill leachate treatment. Ecol Eng 26(4):365–374

198. Zhou X, Wang X, Zhang H, Wu H (2017) Enhanced nitrogen
removal of low C/N domestic wastewater using a biochar-
amended aerated vertical flow constructed wetland. Bioresour
Technol 241:269–275

199. Lamb DT, Venkatraman K, Bolan N, Ashwath N, Choppala G,
Naidu R (2014) Phytocapping: an alternative technology for the
sustainable management of landfill sites. Crit Rev Environ Sci
Technol 44(6):561–637

200. Yargicoglu EN, Reddy KR (2017) Effects of biochar and wood
pellets amendments added to landfill cover soil onmicrobial meth-
ane oxidation: a laboratory column study. J Environ Manag 193:
19–31

201. Pazoki M, Abdoli M, Karbasi A, Mehrdadi N, Yaghmaeian K,
Salajegheh P (2012) Removal of nitrogen and phosphorous from
municipal landfill leachate through land treatment. World Appl
Sci J 20(4):512–519

202. Joseph S, Wijekoon P, Dilsharan B, Punchihewa N, Athapattu B,
Vithanage M (2020) Landfill leachate treatment via anammox
system, municipal solid waste biochar-based column and con-
structed wetland. Environ Res (Under Rev)

203. Pavlineri N, Skoulikidis NT, Tsihrintzis VA (2017) Constructed
floating wetlands: a review of research, design, operation and
management aspects, and data meta-analysis. Chem Eng J 308:
1120–1132

204. Li L, Li Y, Biswas DK, Nian Y, Jiang G (2008) Potential of
constructed wetlands in treating the eutrophic water: evidence
from Taihu Lake of China. Bioresour Technol 99(6):1656–1663

205. Hui TS. Leachate treatment by floating plants in constructed wet-
land. Master’s Thesis, Universiti Teknologi Malaysia, Malaysia.
Universiti Teknologi Malaysia; 2005

206. El-Gendy AS, Biswas N, Bewtra JK (2006) Municipal landfill
leachate treatment for metal removal using water hyacinth in a
floating aquatic system. Water Environ Res 78(9):951–964

207. Amin FR, Huang Y, He Y, Zhang R, Liu G, Chen C (2016)
Biochar applications and modern techniques for characterization.
Clean Techn Environ Policy 18(5):1457–1473

208. Schlegelmilch M, Streese J, Biedermann W, Herold T, Stegmann
R (2005) Odour control at biowaste composting facilities. Waste
Manag 25(9):917–927

209. Jones DL,Williamson KL, Owen AG (2006) Phytoremediation of
landfill leachate. Waste Manag 26(8):825–837

210. Obarska-Pempkowiak H, Gajewska M, Wojciechowska E (2013)
Operational problems of constructed wetland for landfill leachate
treatment: case study. J Ecol Eng 14(3):53–58

211. Mahar A, Wang P, Ali A, Awasthi MK, Lahori AH, Wang Q, Li
R, Zhang Z (2016) Challenges and opportunities in the
phytoremediation of heavy metals contaminated soils: a review.
Ecotoxicol Environ Saf 126:111–121

212. Nagendran R, Selvam A, Joseph K, Chiemchaisri C (2006)
Phytoremediation and rehabilitation of municipal solid waste
landfills and dumpsites: a brief review. Waste Manag 26(12):
1357–1369

213. Thakur S, Singh L, Wahid ZA, Siddiqui MF, Atnaw SM, Din
MFM (2016) Plant-driven removal of heavy metals from soil:
uptake, translocation, tolerance mechanism, challenges, and future
perspectives. Environ Monit Assess 2016:188–206

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Biomass Conv. Bioref.


	Biomass...
	Abstract
	Introduction
	Biomass valorization
	Techniques used for biomass valorization
	Incineration
	Pyro-gasification
	Carbonization
	Torrefaction
	Composting
	Anaerobic digestion

	Uses of valorized products in MSW management
	MSW biochar for contaminant removal in water
	Air pollution control

	Other applications of valorized organic MSW

	Phytoremediation of landfill leachate
	Landfill leachate
	COD and BOD reduction
	Inorganic components
	Heavy metals
	Organic contaminants


	Integration of MSW biochar and constructed wetlands
	Challenges and future perspectives
	Challenges
	Future perspectives and recommendations

	References


