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ABSTRACT

Pyrolysis provides an effective approach for municipal solid waste (MSW)
management, enabling energy recovery and resource utilization. This study
evaluated the pyrolysis of MSW and legacy waste, demonstrating their potential as
renewable energy sources with heating values of 37,737.89 kJ/kg and 40,432.84
kJ/kg, respectively. Proximate analysis confirmed their suitability for pyrolysis
without auxiliary fuel, and lignin content (47.6% in MSW, 44.16% in legacy waste)
supported char production. Thermal degradation resulted in mass losses of 68% and
82%, with MSW exhibiting lower activation energy (5.72 kJ/mol), suggesting
faster reactions.

A fixed-bed reactor was designed and optimized using Central Composite
Design (CCD) to maximize char yield. The highest char yield (72.62%) was
achieved at 250°C, a 10°C/min heating rate, 50 mm particle size, and 180-minute
residence time. A p-value of <0.05 from ANOVA indicated that each process
parameter was statistically significant. The operating temperature for pyrolysis was
the most influential variable for achieving the highest char yield based on the F-
value derived from ANOVA.

MSW char produced at different temperatures exhibited changes in
physicochemical properties. The 250°C char retained the highest fuel potential.
Activated carbon derived from MSW char (250°C) using KOH showed over 90%
Pb(Il) removal from water, following the Langmuir isotherm (R2 = 0.99), with
reusability up to two cycles. Composting trials incorporating MSW char improved
compost quality, with the 5% char amendment enhancing nitrogen (+2.35%) and
phosphorus (+23.48 mg/kg) while lowering the C/N ratio (10).

Soil amendment studies over 120 days showed that MSW char and compost
improved soil health by reducing bulk density (-12%), enhancing organic matter,
and increasing cation exchange capacity. While heavy metal bioavailability initially
rose with compost, it was mitigated with MSW char. In mine tailing soil, MSW

char (10%) increased pH (+45.44%), while a 5% char-30% vermicompost mix



improved nutrient retention and reduced heavy metal leachability (Ni -30%, Pb -
61%).

Overall, MSW pyrolysis presents a sustainable waste management strategy,
producing biochar that enhances soil health, supports composting, and reduces
heavy metal contamination. This study underscores MSW char’s role in advancing

circular economy goals and environmental sustainability.

Keywords: Municipal solid waste; Pyrolysis; Char; Heavy metal; Adsorbent;

Activated carbon; Soil amendment; Compost; Vermicompost; Mine tailing soil
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Chapter 1

INTRODUCTION

1.1 INTRODUCTION

The anticipated worldwide rise in overall waste production could surge by 70%,
amounting to approximately 3.40 billion metric tons by 2050 (Kaza et al., 2018).
The United States, China, and India rank as the leading producers of waste (Law et
al., 2020). As outlined in the Global Waste Management Outlook 2024, the global
solid waste output amounts to 2.1 billion tonnes, with 0.76 kg/person/day as of
2020, and will reach 0.88 kg/person/day by 2030 (UNEP, 2024). Projections
suggest a 56% increase in annual waste production by 2050, reaching 3.88 billion
tonnes, driven by population growth and urbanization (UNEP, 2024). Within this
amount, 13.5% of waste is subjected to recycling, 5.5% undergoes composting, and
40% is disposed of improperly through dumping or neglect. According to the Press
Information Bureau, in the Indian context, the generated waste annually is 62
million tons, out of which 60% is being collected and 15% is being treated.
Projections indicate that waste production in India is set to rise from 60 million tons
to 150 million tons by 2030, as highlighted by the Press Information Bureau in 2021
(Cheela et al., 2021). This increase can be attributed to the swift industrialization,
urbanization, and economic expansion in India, which has resulted in rural-to-urban
migration, subsequently contributing to an escalation in MSW generation on a per
kilogram per capita daily basis (Vikramarjun et al., 2020).

Management of MSW through sustainable technology is challenging as these
wastes are heterogeneous and change their composition and generation rate over
time. If the waste is not controlled appropriately, it could negatively affect the
environment and climate (Sharma et al., 2019). In India, the management of MSW
is governed by the guidelines outlined in the Solid Waste Management Rules, 2016.
These regulations encompass various aspects such as waste generation, collection,
transportation, treatment, and disposal (Gupta et al., 2016). Many Urban Local

Bodies (ULBs) lag behind in the proper collection and treatment of this massive
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waste generated due to improper collection systems (Sharholy et al., 2008). Due to
the lack of a transportation system, the loading of waste to the landfill becomes
difficult (TERI, 2014). The lack of reuse and recycling facilities results in the
disposal of reusable and recyclable plastics, metals, and glass in the dumpsite
(Gupta et al., 2015). Also, due to improper scientific treatment facilities (Kaushal
et al., 2012) and the technology gap (Sahu et al., 2014), the treatment of this waste
in large quantities has not been achieved yet. The disposal capacity of waste in the
landfill is low due to the massive generation of this waste as compared to the space
available for disposal (Periathamby et al., 2012). Additionally, the shortage of
financial means (Sharholy et al., 2008) and labor resources (Upadhyay et al., 2012)
contributes to hindrances in the effective collection of waste from the source of
generation.

In India, most landfills or dumpsites are still operational even after exhausting their
capacity due to the lack of landfills (Ghosh and Kartha, 2024). Examples of such
exhausted landfills are at Deonar in Mumbai, Ghazipur, Bhalswa, and Okhla in
Delhi (Kumar et al., 2013). Such over-dumping can lead to landfill collapse due to
slope failure (Koelsch et al., 2005). The investigation and analysis of all the old and
operational dumpsites were made necessary in India according to Solid Waste
Management Rule 2016 for determining the potential and feasibility for
reclamation, biomining, and bioremediation of the dumpsites (Bhatnagar et al.,
2017). About 21% of the total waste comprises combustible fractions, with 2% of
paper/cardboard and 4% of textile fractions that are not recyclable, as these waste
fractions are highly contaminated. The plastic fraction in this legacy waste requires
sub-segregation and pretreatment for recycling. It should meet permissible
standards for heavy metals, and recycling these plastics requires an initial
investment, which is economically not feasible (Alghobar et al., 2017). Moreover,
recycling of these plastic wastes by physical and chemical processes emits 1 to 1.5
tons of carbon (Simon et al., 2021). The most appropriate option for the treatment
of unsegregated MSW is thermal treatment. Pyrolysis of these wastes is a feasible
option while taking Waste to Energy and the environment into account (Bosmans
etal., 2013).
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Pyrolysis is a thermal degradation of feedstock in the absence of air, which
gives products such as solid char, liquid oil/tar, and gas. For thousands of years,
pyrolysis has been done using biomass as feedstock for the production of charcoal.
Accordingly, the conditions of operation for pyrolysis of a feedstock can also be
optimized according to the product requirement, such as char, oil/tar, or gas.
Numerous non-biodegradable MSW components can be processed using pyrolysis.
Pyrolysis is an environmentally preferable method since it emits less greenhouse
gases and toxic pollutants than incineration, gasification, or combustion. It has a
reduced carbon footprint as compared to other technologies for the treatment of
solid waste (Saravanakumar et al., 2024). The energy recovery potential from
pyrolysis is higher than any other thermochemical conversion process (Sipra et al.,
2018). The syngas produced during pyrolysis can be used as a fuel for the
combustion process or for the generation of electricity, thus contributing to the
production of renewable energy. Also, the quality of char and pyrolysis oil
produced is eligible to be utilized as a value-added product (Saffarzadeh et al.,
2006). The amount of feedstock used in pyrolysis is flexible, unlike incineration,
which operates on kiloton per day. Currently, the demand for pyrolysis of MSW is
increasing to prevent waste transportation over a long distance and reduce
incineration and landfilling of MSW due to lack of site availability. The
valorization of waste is becoming an interesting area of research at the industry
level as it is environmentally and economically sustainable (Moustakas et al.,
2020). There are many studies on pyrolysis of an individual component of MSW
(Chen et al., 2015; Wong et al., 2015; Al-Salem et al., 2017; Barampouti et al.,
2019; Elkhalifa et al., 2019), but significantly less on pyrolysis of comingled MSW,
which is much needed because, in most of the developing countries, waste handling
is not effective as there is no segregation of waste at the source.

The thermal degradation of the material during pyrolysis can be divided into
drying, primary stage, secondary stage, and charring. In the first stage, the moisture
content of the material is eliminated at 100 to 200°C. In this stage, the water in the
raw material evaporates, preparing for the processes of thermal degradation

thereafter. In the devolatilization or primary stage, the organic parts of the material
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start to break down into volatile molecules. The long-chain hydrocarbons break
down into gases, vapors that condense into bio-oil, and solid residues into biochar
at 200 to 500°C. The heating rate, particle size, feedstock type, and temperature
profile strongly influence the quantity of yield and product composition. During the
secondary cracking stage, the vapors formed in the devolatilization stage are further
broken down into smaller molecules, stable compounds, and lighter gases. The
amount and quality of the pyrolysis oil and gases are determined at this step. A
combination of hydrogen, carbon monoxide, and methane, known as syngas, is
produced more readily at higher temperatures. In the char formation stage, after the

volatile is driven off, the solid residues are turned into char (Hasan et al., 2021).

1.2 TYPES OF PYROLYSIS PROCESSES
The pyrolysis process is categorized based on factors like operational
temperature, residence time, and heating rate. Also, depending on the product

targeted, such as char, syngas, and oil, the type of pyrolysis varies.

1.2.1 Slow pyrolysis

Slow pyrolysis is executed at an operational temperature of 400°C, with a
gradual heating rate of 0.1 to 1°C/s. This method primarily focuses on generating
char. The duration of this process spans more than 30 minutes. The resulting
product distribution consists of 35% biochar (solid), 30% bio-oil (liquid), and 35%
syngas (gas) (Onay and Kockar, 2003). Literature also exists concerning the
production of bio-oil through the process of slow pyrolysis (Stamatov et al., 2006).
Slow pyrolysis has been historically employed for carbonizing feedstock to produce
charcoal. The output of bio-oil and biochar is significantly influenced by the
characteristics of the feedstock used for pyrolysis, such as temperature, moisture
content, ash content, volatile matter, and fixed carbon. Optimal moisture content in
the feedstock falls within the range of 15 to 20%, as identified by Vitolo et al.
(2001) and Bridgwater and Peacocke (2000), as ideal for biochar production via
pyrolysis. Furthermore, the slow pyrolysis process can accommodate a wide variety

of feedstock sizes.
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1.2.2 Fast Pyrolysis

Fast pyrolysis is characterized by an operational temperature of 500°C and a
rapid heating rate ranging from 1 to 200°C per second. This method features a brief
residence time of 10 to 20 seconds. The primary objective of this pyrolysis variant
is to achieve the highest possible yield of bio-oil, succeeded by syngas and biochar.
The product distribution resulting from fast pyrolysis consists of 20% biochar
(solid), 50% bio-oil (liquid), and 30% syngas (gas), as reported by Bridgwater and
Peacocke in 2000. In fast pyrolysis, the feedstock commonly involves finely ground
particles, and the reaction time within the reactor is shorter compared to slow
pyrolysis. Heat and mass transfer rates, chemical Kinetics, and transitional
phenomena principally influence the composition of the produced yield. According
to existing literature, the optimal temperature for generating the maximum amount
of bio-oil is 500°C (Demirbas et al., 2007; Jones et al., 2009; Iribarren et al., 2012;
Liraetal., 2013) with a yield of 70 wt% bio-oil (Xiu et al., 2012; Lehto et al., 2013).

1.2.3 Flash pyrolysis

Flash pyrolysis entails an operational temperature of 700 to 900°C or higher,
accompanied by an exceedingly swift heating rate exceeding 1000°C per second,
within a residence time of just one second. The resulting product distribution
through flash pyrolysis includes 13% syngas (gas), 2% biochar (solid), and 75%
bio-oil (liquid) (Marcilla et al., 2013) Given the demanding heating rate of flash
pyrolysis, the feedstock's particle size should be extremely diminutive (Kataki et
al., 2018). This method allows for utilizing around 80% of the feedstock to produce
energy-dense materials with greater density compared to the original feedstock
(Maliutina et al., 2017). However, the bio-oil derived from this pyrolysis process
contains elevated levels of oxygen, which leads to corrosion, along with substantial
quantities of heavy metals and nitrogen. Addressing these pollutants necessitates a
significant amount of hydrogen, which can prove to be financially challenging
(Fang et al., 2018).
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1.3 TYPES OF PYROLYSIS REACTORS

There are several types of pyrolizers, but the most commonly used are fixed-
bed, fluidized-bed, ablative, auger or screw, and rotary kiln. For pyrolysis to be
effective, design parameters like higher heat transfer and short residence time must
be ensured (Musale et al., 2013). The pyrolysis reactors are operated according to
the product requirement. A high heat transfer rate and low residence time are
preferable for producing a high quantity of bio-oil. Whereas if the objective is to
produce large quantities of biochar and syngas, then heat transfer to the feedstock
must be low with high residence time. Some of the pyrolysis reactors commonly
used for the production of biochar, bio-oil, and syngas from MSW have been

discussed below.

1.3.1 Fluidized-bed reactor

Fluidized-bed reactors are very popular reactors used for pyrolysis in the
laboratory and industrial scale, primarily to produce chemicals and oil. These
reactors have a high heat transfer rate and continuous feeding, and the process can
be controlled. There are two types of fluidized bed reactors: bubbling fluidized bed
reactors and circulating fluidized bed reactors.

In a bubbling fluidized bed reactor, the hot sand bed is used, which is fluidized
by an inert gas, and the feeding is done after shredding the MSW into the size of 2
to 6 mm (Beheshti et al., 2015). In most cases, for high heat transfer to the
feedstock, sand is used. The heating inside the reactor is done by combustion of the
product gas and sometimes by combustion of biochar produced by pyrolysis (Ding
et al., 2016). The drawback of this type of reactor is that if the feedstock used is
heterogeneous, i.e., mixed MSW, the separation of biochar from the volatile is
difficult. Moreover, the sand used in this type of reactor also leads to corrosion.

In a circulating fluidized bed reactor, the fluidizing bed is expanded, and the
sand is circulated inside the reactor (Grace et al., 1997). The advantage of this type
of reactor is that it provides uniform mixing of a large quantity of feedstock with
controllable temperature. Also, the biochar produced in this reactor is easy to
separate from the bubbling fluidized bed reactor.
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1.3.2 Fixed-bed reactor

It is a batch type reactor that is considered adequate for pyrolysis of material
with uniform size. Heat is supplied externally for thermal degradation of the
feedstock. The gaseous product formed due to pyrolysis flows out of the reactor
due to volume expansion of gaseous material, and the biochar formed remains
inside the reactor. For efficient removal of syngas, sweep gas is also used in some
fixed bed reactors (Onay et al., 2007). The primary products in these types of
pyrolysis reactors are biochar and syngas. There are some drawbacks in this type
of reactor, such as long residence time and temperature inside the reactor is not

uniform, resulting in non-uniform heating of ample quantity feedstock.

1.3.3 Rotary kiln reactor

This type of reactor is primarily suitable for heterogeneous waste and is
commonly used on an industrial scale. This type of reactor features a low heating
rate and adjustable residence time of the solid phase that can reach up to 1 hour
(Fantozzi et al., 2007). In the case of heating feedstock, a rotary kiln reactor heats
more uniformly than a fixed bed reactor (Fantozzi et al., 2007). The rotation
mechanism of the kiln enhances the mixing of the waste for uniform heating. This
type of reactor is reported to be the most commonly used reactor in the case of
pyrolysis of MSW (Chen et al., 2015).

1.3.4 Screw or Auger reactor

This is a continuous tubular shape reactor provided with a screw that rotates
and transports the feedstock to the reactor, and heat transfer occurs through the
reactor's tubular wall. The inert gas is purged into the hopper feedstock to make the
feedstock free from oxygen. The pyrolysis vapour moves through a slight positive
pressure exerted by the inert gas. The heat required to increase the temperature of
the tubes is fulfilled by the heat supplied from outside, but if the amount of
feedstock is more than it requires very high temperature hot solid carriers such as
steel or ceramic pellets (Bortolamasi et al., 2001). Like any other pyrolysis reactor,
here also, the vapour is condensed to produce bio-oil. The advantage of an auger or

screw reactor is that it is compact and portable and can be used at the feedstock
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generation site making it economical by reducing transportation costs to the
treatment site (Badger et al., 2006).

1.3.5 Ablative reactor

In an ablative reactor, high pressure is created inside the reactor between reactor
walls and feedstock, enabling heat transfer from the reactor wall to feedstock,
resulting in heating water in the feedstock to remove the moisture. This type of
reactor has a high heating rate and low residence time (Peacocke et al., 1994),
leading to the production of 80% bio-oil (Solantausta et al., 1993). Large sizes of

feedstock can be processed at a time in this type of reactor.

1.3.6 Other pyrolysis reactors and technologies

The above-discussed reactors are single-stage reactors, and the products from
the pyrolysis in these types of reactors require post-treatment for utilization. There
are also multi-stage pyrolysis reactors whose products do not require treatment and
produce an improved quality of products. Ohmukai et al. (2008) used a two-stage
tube reactor to study the influence of steam reforming on the tar generated in the
first stage of the reactor, since the two stages can be regulated under different
conditions. Cao et al. (2011) described a three-stage reactor for a similar purpose,
in which the first stage is for HCI extraction, the second stage is for volatile
extraction, and the third stage is for product reformation. The multi-stage reactors
allow the pyrolysis reactor to operate independently. Traditional thermal pyrolysis
uses hot flue gas in the reactor to provide process heat, although there are also
pyrolysis methods such as plasma pyrolysis (Hrabovsky et al., 2006) and
microwave pyrolysis (Beneroso et al., 2017), in which the process heat is supplied
by volumetric heating. Plasma pyrolysis is the process of heating trash to above
1000°C in the absence of air using plasma torches, converting waste into a synthetic
gas (mostly CO and H) and other value-added end-products. It has a very high
efficiency in providing heat that modifies the physical and chemical composition
of waste materials, allowing it to adjust the operating temperature, heating rate,
decreased reaction volume, and optimal syngas composition. The products are also
harmless in terms of public health and the environment (Huang et al., 2007). The

disadvantage of the plasma pyrolysis technique is that it takes a considerable
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quantity of secondary energy. Plasma pyrolysis is now mostly used to remediate
hazardous waste. Even if a facility is present, a life cycle assessment comparison
of the entire process with a thermal cracking system is advised for its MSW
implementation. Microwave pyrolysis is mostly utilized for homogeneous wastes
such as sludge, shredded plastics, and tyres. These types of reactors use microwave
dielectric heating technology. It is notable for its efficient in-core volumetric
heating for direct coupling of microwave energy with the molecules present in the
reactants. It can simply manage and maintain the desired temperature for pyrolysis
based on the product, such as maintaining a lower temperature on the material's
surface and a higher temperature inside the material (Baghurst et al., 1992).
However, to achieve the required rapid heating rate, the feedstock particle size must
be very fine, and to reach the required temperature in a microwave reactor, accurate
dielectric data in the microwave frequency range is required, which is not available
for most waste components. In order to reduce secondary tar cracking, the vapor
must be swiftly swept out of a microwave reactor (Yin et al., 2012). Microwave
pyrolysis of heterogeneous MSW is not a viable solution in the future due to its
limited treatment capacity. There is also pyrolysis technology based on the
employment of several catalysts to boost the yield of the product from municipal
plastic waste pyrolysis (MPW). The benefits of utilizing catalysts in the pyrolysis
process over the typical thermal degradation method are lower energy consumption,
shorter reaction times, and improved selectivity to higher-value compounds.
Furthermore, the liquid products of pyrolysis utilizing catalysts have a boiling point
in the range of commercial motor engine fuel, opening the door to future
applications (Gulab et al., 2010).

1.4 BACKGROUND

Char is a carbon-rich substance produced from the pyrolysis of biomass and has
garnered significant attention for its wide range of applications in environmental
management, agriculture, and industry (Masud et al., 2023). Since organic waste
makes up some portion of solid waste, there is a lot of potential for producing char
from the pyrolysis of MSW (Hu et al., 2017; EI-Naggar et al., 2019). The resulting

char is a very rich carbon source that is generated when it is pyrolyzed in an
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inert atmosphere (Lehmann and Joseph, 2009; Mohanty et al., 2018). Char has
special qualities that make it useful for a variety of applications, including a wide
surface area, high porosity, functional groups, a high cation exchange capacity, and
stability. A few benefits of char are its quick and simple production, eco-
friendliness, cost-effectiveness, and reusability (Hemavathy et al., 2020; Gayathri
et al., 2021). Numerous researchers have been interested in biochar due to
its effectiveness in eliminating a wide range of pollutants. The yield of char is
mostly determined by the operational parameters (Babu and Chaurasia, 2003). The
primary factor influencing char's characteristics is temperature (Kambo and Dutta,
2015). To produce biochar, thermochemical processes such as
torrefaction, hydrothermal  treatment, gasification, pyrolysis, and flash
carbonization are frequently employed (Bridgwater, 2012). Pyrolysis is the most
generally employed process of all of them for producing biochar (Yaashikaa et al.,
2019). Despite the fact that char is entirely composed of carbon and ash, its
elemental content and properties vary depending on the variety of feedstock, the
circumstances of the reaction, and the kind of reactors used in the pyrolysis process.
Therefore, the kind of feed used to produce char determines the use and
effectiveness of char in different domains. Determining the elemental composition,
surface functional groups, stability, and structure of char requires careful
characterization. Many contemporary methods, including Thermo Gravimetric
Analysis (TGA), X-ray diffraction (XRD), Raman spectroscopy, Brunauer Emmett
Teller (BET), nuclear magnetic resonance (NMR), Fourier transform infrared
spectrometer (FTIR), and scanning electron microscopy (SEM) can be used to
characterize the char (Lou et al., 2012). Adsorption is the process by which heavy
metals and other pollutants are adsorbed by char. The physicochemical
characteristics of char, such as surface area, functional groups, and cation exchange
capacity, are closely correlated with its adsorptive performance. The application of
oxidizing, alkalizing, or acidic chemicals to char enhances its physicochemical
characteristics (Kumar et al., 2011). The treatment of char with acid can be used
for modifying the surface area.

The extensive literature on the characteristics of char and the methods used to
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analyze and contribute to the efficiency of char in a variety of industries. Char has
been used to address a wide range of environmental problems because of its various
benefits and sustainability, including the adsorption of heavy metals (Saravanan et
al., 2018), catalysts (Lee et al., 2017), composting (He et al., 2017), soil remediation
(Liu etal., 2017), the reduction of greenhouse gas emissions (Awasthi et al., 2017),
production of energy (Shen, 2015), and treatment of wastewater (Wang et al.,
2017). Char has also been used in agricultural areas to remove contaminants from
the soil. Biochar has been made from a variety of agricultural leftovers, including
scrap wood (Yargicoglu et al., 2015), rice straw (Luo et al., 2019), corn cobs (Duan
et al., 2019), wheat straw (Qian et al., 2019), etc. Char is commonly used as a soil
amendment to increase soil fertility. It improves the availability of nutrients, water
retention, and soil structure. The soil retains more water and nutrients because of
the porous nature of char, which can lessen the need for artificial fertilizers
(Lehmann and Joseph, 2009). To neutralize the pH of acidic soil, char is applied to
make it suitable for plant growth (Lehmann and Joseph, 2009). Because of its
durability in soil, char is useful for the long-term storage of carbon. char lowers the
amount of COz in the atmosphere, which helps to slow down climate change by
storing carbon in soils (Woolf et al., 2010). Pollutants are extracted from water and
wastewater using char. Heavy metals, chemical compounds, and other pollutants
can be effectively adsorbed due to their wide surface area and porous structure
(Mohan et al., 2017). Thus, the production of char and its application for various
purposes is also more cost-effective than the upgradation of pyrolysis oil for its
utilization (Gao et al., 2022).

1.5 OBJECTIVE OF THE STUDY

The main objective of this study is the design and operation of a fixed bed
pyrolizer for the thermochemical conversion of MSW and legacy waste. Also, the
characterization and application of pyrolysis product (char) was studied. The
objective of the study is limited to the:
e Seasonal sampling and characterization of MSW and legacy waste.

e Design and fabrication of the fixed bed pyrolizer for pyrolysis of MSW.
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e Operation of the pyrolizer by varying the operating temperature, heating rate,
holding time, and particle size of feedstock for maximum yield of char.
e Characterization of MSW char and its utilization in adsorption, soil amendment,

during composting and with compost.

1.6 NEED FOR THE STUDY

Pyrolysis of MSW in a fixed-bed reactor presents a promising solution for
mitigating disposal challenges and reducing the volume of waste sent to landfills
while also enabling resource recovery. Typically, the wet waste fraction of MSW
undergoes biological treatments such as composting and anaerobic digestion, while
dry and combustible waste is incinerated. Recyclable materials are processed in
recycling facilities, and metals and glass are reused through melting. However,
incineration of MSW generates significant amounts of toxic gases, such as nitrogen
oxides (NOx) and sulfur oxides (SOx), making emission control a complex task.
Additionally, the recycling process necessitates the segregation and cleaning of
waste before it reaches the recycling facility, reducing the feasibility of recycling
unsegregated waste, which often ends up in landfills for extended periods. Although
much research has been conducted on biomass pyrolysis, studies focused on the
design and operation of pyrolizers capable of handling heterogeneous MSW are
limited. The demand for MSW pyrolysis is increasing as it offers a solution to the
challenges of long-distance waste transportation, incineration, and landfilling,
especially in the face of pollution concerns and limited landfill space. With landfills
rapidly reaching capacity due to high waste generation rates, there is a pressing
need for research into novel pyrolizer designs that can address the emission of toxic
gases and environmental pollution associated with landfill and thermal waste
treatment while also reducing disposal issues. Furthermore, research in pyrolysis
technology is necessary to develop pyrolizers that can effectively process

heterogeneous MSW with flexibility in feedstock quantities.

1.7 SCOPE OF THE STUDY
This study primarily focused on the design and fabrication of a lab-scale
pyrolizer that can be used for pyrolysis of unsegregated dry fraction of MSW in
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large quantities as a feedstock as compared to the capacity of existing lab-scale
pyrolizer. In the first phase, both fresh MSW and legacy waste were collected from
Boragaon dumpsite, Guwahati, Assam (North Eastern part India), seasonally
throughout the year. The physicochemical characterization and thermodynamic
study were performed to investigate the feasibility of MSW and legacy waste for
pyrolysis. In the second phase, the pyrolizer was designed and fabricated. The
pyrolysis of the MSW was carried out along by varying the operating parameters
such as temperature, heating rate, holding time, and particle size of the sample and
optimization of the pyrolysis process in the fixed bed reactor for maximum char
yield. In the third phase, the physicochemical characterization of the MSW char
produced at different temperatures was done to determine the most potent char for
application. The further application of MSW char for adsorption, soil amendment,

co-composting, and addition with compost was studied.

1.8 THESIS ORGANIZATION

The current thesis is divided into eleven chapters with suitable headings,
subheadings, references, and study results. Following is a synopsis of these
chapters in brief:

e Chapter 1 is on the introduction of waste generation worldwide and the
management of MSW globally and in India. MSW treatment through
pyrolysis, pyrolysis processes, and reactors, production of char, objectives,
need, and scope of the study.

e Chapter 2 gives a thorough literature review on the management system of
MSW in accordance with the functional element of MSW management, the
current status of MSW management in India, a systematic literature review
by scientometric analysis, research trend and current status, science
mapping of the journals, countries active in the domain of pyrolysis of
MSW, pyrolysis of individual fraction of MSW, application of char as an
adsorbent, during composting and with compost, application of char for soil

remediation and concluding remark from the literature review.

13| Page



e Chapter 3 describes the materials and methods of the study, work flow
chart, collection of samples for the entire study, methods involved for
seasonal characterization of MSW in phase |, design and operation of the
fixed bed pyrolizer in phase |1, characterization and application of char in
phase Il1.

e Chapter 4 gives the results and discussion of the feasibility study of MSW
for pyrolysis in accordance with the season and age of waste dumped in the
dumpsite. The potential of the unsegregated MSW was assessed by
physicochemical and thermochemical characterization.

e Chapter 5 is all about the design and operation of the fixed bed pyrolizer,
optimization of the process parameter for maximizing the yield of char, and
calculation of the energy consumed and cost of production of char.

e Chapter 6 details about the results of characterization of MSW char
produced at different temperatures and discussion of its potential as an
adsorbent and in soil amendment.

e Chapter 7 describes the results and detail discussion of the application of
MSW char as an activated carbon and adsorption study by using MSW char
derived activated carbon for Pb(ll) adsorption form water.

e Chapter 8 gives a detail of the results and discussions on the effect of
application of MSW char during co-composting with vegetable waste.

e Chapter 9 is about the application of MSW char and compost in alluvial
soil and its effect on plants growth.

e Chapter 10 discuss about the application of MSW char and vermicompost
in mine tailing soil and its effect with the due course of time.

e Chapter 11 gives the overall conclusion of the study and future
recommendations in the domain of pyrolysis of MSW.
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Chapter 2

LITERATURE REVIEW

2.1 MSW MANAGEMENT SYSTEM

Municipal solid waste (MSW) is the waste collected by the municipality or the

waste disposed at the municipal waste disposal site or landfill. It includes day-to-

day waste from residents, institutions, industries, commercial sectors, municipal,

construction, and demolition waste (Hoornweg, 2015). The activities associated

with the management of solid waste from the point of generation to final disposal

have been grouped into the six functional elements as shown in Fig. 2.1. These

functional elements of MSW have been discussed briefly as follows

Waste generation: Waste generation encompasses activities in which materials

are identified as no longer being of value and are either thrown away or gathered

together for disposal.

Waste handling and storage: They involve the activities associated with the

management of wastes until they are placed in storage containers for collection.

Collection:

Primary Collection: It includes the gathering of solid wastes and recyclable

materials from the sources. but also, the operation of collection vehicles at

landfill disposal sites.

Secondary Collection: This includes the operation of collection vehicles from

the dustbin areas to landfill disposal sites.

Processing and transformation of solid wastes: It is a very important function

of solid waste management but is often ignored.

Transfer and transport: Two steps:

(i) The transfer of wastes from the smaller collection vehicle to the larger
transport equipment

(i1) The subsequent transport of the wastes to disposal sites.

Disposal: Today, the disposal of wastes by landfilling is the ultimate fate of all

solid waste.
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Fig. 2.1. Functional elements of MSW management

2.2 CURRENT STATUS OF MSW MANAGEMENT

In India, approximately 82% (50 million tons) of MSW is collected, while the
remaining 18% (12 million tons) represents scattered litter. Out of the total waste
generated, only 28% (14 million tons) undergoes treatment, with 72% (36 million
tons) being openly disposed of in urban regions. According to the Central Pollution
Control Board (CPCB), towns and cities with populations below 0.2 million exhibit
a daily MSW generation of 200 to 300 grams per capita. It was also reported that
cities with a population of 200,000 to 500,000 generate 300 to 350 g per capita per
day of MSW, and those with a population of more than 1 million generate MSW of
400 to 600 g per capita per day (Karajgi et al., 2012; CPCB, 2016;). Of the MSW
generated, approximately 40 to 60% are compostable, 30 to 50% are inert, and 10
to 30% are recyclable (Vikramarjun et al., 2020). In India, the practice of house-to-
house waste collection is operational in 18 states, while waste segregation at its
origin has been executed in just 5 states (CPCB, 2022). Of the 553 ULBs in
operation, around 173 are engaged in composting and vermicomposting the organic
portion of MSW (CPCB, 2022). Furthermore, the country hosts 11,100 small-scale
biogas plants and 6 BioCNG plants (P1B, 2023). However, most of the Waste-to-
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Energy plants fail due to the high moisture content of the waste and low heating
value, compounded by the lack of segregation at the source (Komilis et al., 2012).
As per the Earth Engineering Centre's findings in 2012, metropolitan areas serve as
the primary generators of urban waste in India, followed by regions in the North,
South, West, and East. Among the categories, organic waste constitutes a
significant portion at 47 to 50% of total waste generation, recyclables make up 17
to 20%, while inert waste contributes 25% (Meena et al., 2023). A typical MSW

management process is shown in Fig. 2.2.

| Municipal Solid Waste |

| Generation |

I

| Collection ‘

|

| Separation |

I

| Storage \

I

Rewable|

Combustible MSW

—
Recycling facility/ Tl  Market | | Onssite | | Waste to Energy plants ‘
station l

Fig. 2.2. A typical MSW management process

2.3 LITERATURE SEARCH

A systematic literature review was carried out in the domain of pyrolysis of
municipal solid waste, which included the keywords and information sources from
the academic database Scopus, as it included a wide range of journals as well as
recently published journals as compared to other academic database search engines
(Chadegani et al., 2013). A total of 1633 documents were shown initially. The

following protocols were taken into account while searching for scientific research

17| Page



articles: (a) publications between the years 1971 to 2024 were considered, (b) the
keywords "pyrolysis” AND "municipal solid waste" had to appear in the title and
abstract (c) the papers had to be science citation indexed (d) articles falling under
the scope of "Environmental Science”, "Energy”, "Engineering”, "Chemical
Engineering”, "Chemistry"”, "Material Science", "Earth and Planetary Science",
"Agricultural and Biological Science™ and "Social Sciences” were considered as the
scope of the study is limited to these areas (e) articles published in the English
language were only considered (f) book chapters and conference papers were
excluded. Thus, a more specific search was conducted, which resulted in 53

documents.

2.4 SCIENTOMETRIC ANALYSIS

The screening process was followed by scientometric analysis, which included
more relevant documents focusing on the research area. The scientometric analysis
was done using a data mining tool called VOSViewer (Van Eck and Waltman,
2010), where VOS stands for visualization of similarities used for maps containing
a moderately large number of items, through which bibliometric maps are
constructed and viewed. The nodal distance between them reflects their proximity.
The following objectives have been obtained through VOSViewer (i) exporting the
documents from Scopus to VOSviewer (ii) computation, analysis, and visualization
of the impact of various articles, journals, authors, and countries that are active in
the research area of pyrolysis of MSW (iii) study of the papers that involves the
keywords and their relationship with the pyrolysis of MSW (iv) documents with
the title or abstract that lack the relation to pyrolysis of MSW were excluded.

The documents extracted from Scopus were studied thoroughly, and a summary
was produced while considering the following strategies: pyrolysis of organic
fraction of MSW, plastic, paper, mixed MSW, different types of pyrolysis reactors

used, pyrolysis products, the effect of temperature, pressure, and pH on pyrolysis,
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the gap in the research area and suggestion of future scope in the area of pyrolysis
of MSW.

2.4.1 Research trend and current status

The literature published up to 2024 has been analyzed using scientometric methods,
as shown in Fig. 2.3. The data extracted from Scopus shows the trend of research
in the area of pyrolysis of MSW. It was observed that there was not much
publication of papers in the early 1970s, but it started increasing in 2014 and
reached the highest peak in the year 2024 with 9 publications in the domain of
pyrolysis of MSW, as depicted in Fig. 2.3 (a). It is expected that there will be an
expansion of research in the domain of pyrolysis of MSW with the development of
pyrolysis technology. The scientometric research has also been done according to
the study area. It was observed as shown in Fig. 2.3 (b), that about 16.7% were
published in the area of Energy, 9.4% in Engineering, 17.7% were published in the
subject area of environmental science, 22.9% were published in the area of
Chemical Engineering, 17.7% in Chemistry, 2.1% in Earth and Planetary Sciences,
5.2% in Agricultural and Biological Sciences, 4.2% in Material Science, and 2.1%
in Multidisciplinary. This shows that major studies in the domain of pyrolysis of
MSW have been carried out in the areas of Energy, Environmental Sciences,
Chemical Engineering, and Chemistry. There has also been work carried out in the
subject areas of mathematics, Business, Management and Accounting, medicine,
Immunology, Microbiology, Economics, Econometrics, and finance, etc., but these
subject areas are not within the scope of the current work, and so, they are excluded
for further. But this also shows that the pyrolysis of MSW can be expanded in a

broad research area.
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Fig. 2.3. Result of scientometric analyses

2.4.2 Science-mapping of the journals

In this study, the journals that are related to the publication of articles in the
area of pyrolysis of MSW were evaluated and anticipated. The result of the science
mapping of the journals involved in the research of pyrolysis of MSW has been
shown in Table 2.1 and Fig. 2.4. The analysis in VOSViewer was done by setting
a minimum of one article and at least one citation in which out of 216 sources of
journals, 24 journals meet the threshold. Fig. 2.4. shows the mapping of the
mainstream journals in the domain of pyrolysis of MSW with 11 clusters of journals
and the relative closeness between them through connected lines. The size of the
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nodes and fonts of the journals denotes the number of publications in that particular
journal. The bigger the size of the nodes and fonts, the more the number of
publications in that journal. The connecting lines and the colour of the clusters
indicate the journals' proximity. The greater the density of the connecting lines and
the colour of the clusters, the greater the relative proximity of the journals in terms
of reciprocal citations. From Fig. 2.4, it was observed that journals like Waste
Management, Energy Conversion and Management, Journal of Analytical and
Applied Pyrolysis, Bioresource Technology, Fuel, Progress in Energy and
Combustion Science contributed significantly to the research area in the domain of

pyrolysis of MSW.
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Fig. 2.4. Mapping of journals in the domain of pyrolysis of MSW

Most of these journals have dense connectivity networks, indicating their relative
closeness with each other with respect to the mutual citations. Also, it was observed
from Fig. 3 that the link strength of the journal Progress in Energy and Combustion
Science is 0, with the least number of published articles of 2 but with a higher
number of citations of 1004 compared to other journals with a higher number of
published articles but with fewer citations. However, all the journal sources were
not clearly visible; therefore, a more quantitative study was done, which is shown
in Table 2.1.
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Table 2.1. Quantitative study of the journal sources in the domain of pyrolysis of

MSW
Source Number  Number Average Normalized Average
of of citations citations Normali
documents citations zed
Citations
Waste Management 17 2981 175.35 31.49 1.85
Journal of Analytical and 15 792 52.8 41.92 2.79
Applied Pyrolysis
Bioresource Technology 13 684 52.62 19.59 151
Energy and Fuels 13 505 38.85 17.24 1.33
Fuel 13 731 56.23 27.74 2.13
Waste Managementand 12 586 48.83 143 1.19
Research
Energy Conversionand 12 442 36.83 12.95 1.08
Management
Journal of Hazardous 12 626 52.17 24.04 2.00
Materials
Applied Energy 11 226 20.55 8.33 0.78
Energy 10 264 26.4 16.72 1.67
Renewable and 9 392 43.56 12.09 1.34
Sustainable Energy
Reviews
Environmental Science 7 159 22.71 6.38 0.91
and Technology
Fuel Processing 7 162 23.14 7.73 1.1
Technology
Journal of Environmental 6 31 5.17 1.7 0.28
Management
Chemical Engineering 5 84 16.8 1.88 0.38
Journal
Science of the Total 4 40 10 1.85 0.46
Environment
Chemosphere 3 25 8.33 1.74 0.58

TH-3619_196145104
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Industrial and 3 162 54 413 1.38
Engineering Chemistry

Research
Renewable Energy 3 12 4 0.86 0.29
Chemical Engineering 2 7 35 0.52 0.26

Transactions

Environmental Science 1 1 1 0.54 0.54
and Pollution Research

Table 2.1 has been organized based on the count of published documents, with a
minimum of one document published. It presents a quantitative evaluation of
journal sources related to the subject of MSW pyrolysis. The table includes the
number of documents published within a journal source, the total citation count,
average citations, normalized citations, and average normalized citations. The
average citation metric signifies the journal's impact in terms of both productivity
and significance within the research domain. This value is obtained by dividing the
total number of citations by the total number of published articles. Normalized
citations, generated using VOSViewer, are utilized to assess citation counts within
the same journal. The average normalized citation is computed by dividing the
number of normalized citations by the total documents published within the journal.
This metric offers insight into the most influential papers across various journals
within the research field. A journal with the most document publications or the most
citations may not have the highest average citation score. From Table 5, it was
observed that even though the number of documents published and number of
citations is higher for the journal, Energy but the average citation is highest for the
journal, Renewable and Sustainable Energy Reviews with an average citation score
of 43.56, which indicates that this journal has strongest influence in terms of
productivity and research in the domain of pyrolysis of MSW. Whereas normalized
citation is highest for the Journal of Analytical and Applied Pyrolysis, which is
about 41.92, indicating the highest number of citations of all the documents
published within the journal. Also, the average normalized citation is highest for

the Journal of Analytical and Applied Pyrolysis with an average normalized score
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of 2.79, which depicts this journal as the most influential publication in the research

of pyrolysis of MSW.

2.4.3 Co-occurrence of keywords in the domain area

The keyword in research provides a broad idea about the topics that have been
studied in detail in the domain of a research area. The interrelationship between the
keywords and the relative closeness between them is provided by a network of all
the selected keywords (Van Eck and Waltman, 2010). The study was done in
VOSViewer by using the "Authors keywords" and "Fractional counting™ methods
for analysis. The minimum number of occurrences was set as 5, which yielded 1157
keywords, and 43 keywords met the threshold. The 43 keywords were then filtered
by removing the repetitive keywords such as "Municipal Solid Waste", "Biochar",
"Waste-to-Energy", "Catalyst", "Refused Derived Fuel" etc., and 49 keywords were
selected, which are given in Table 2.2.

Fig. 2.5 shows the mapping of keywords, where the size of the nodes indicates
the frequency of occurrence. The keywords such as "Municipal Solid Waste",
"Pyrolysis”, "Gasification" and "Biochar" shows bigger size nodes, indicating a
higher frequency of occurrence with a number of occurrences of 201, 166, 46, and
41, respectively. Also, the single colors of the nodes indicate the relative closeness
with each other and are categorized into 8 clusters. For example, as shown in Fig.
2.5 (b), "Municipal Solid Waste", "Renewable Energy”, "Waste-to-Energy",
"Thermal treatment”, and "Energy recovery" are seen to have the same color
indicating their relative closeness between them. Fig. 2.5 (c) shows the relative
closeness between keywords such as "Biomass", "Biofuel", "Syngas", "Catalyst",
"Biogas" and "Fuel". Fig. 2.5 (d) shows the relative closeness between "Municipal
Solid Waste™, "Biomass", "Activated carbon”, "Adsorption”, "Biochar”, "RDF" and
"Steam gasification™. From cluster analysis of all the keywords, the overall research
can be categorized based on pyrolysis of MSW, pyrolysis of plastic waste, product

from pyrolysis of MSW, and its utilization, which is discussed in detail below.
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Table 2.2. Co-occurrence of the keywords

Keyword Occurrences
Municipal solid waste 201
Pyrolysis 166
Gasification 46
Biochar 41
Waste-to-Energy 34
Biomass 32
Syngas 25
Incineration 20
Co-pyrolysis 18
Combustion 17
Waste management 16
Sewage sludge 15
Bio-oil 14
Kinetics 14
Thermogravimetric analysis 14
Heavy metals 13
Waste 13
Recycling 12
Refuse-derived fuel 11
Tar 10

Life cycle assessment
Renewable energy
Thermal degradation
Energy recovery
Plastics
Sustainability
Biofuel

Energy

Thermal treatment
Activated carbon

OO N N N 00 oo oo O o o
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Fig. 2.5. Keywords appeared in published articles in the field of MSW pyrolysis

2.4.4 Countries active in the domain of pyrolysis of MSW

The scientometric analysis of the countries active in the research of pyrolysis
of MSW is shown in Fig. 2.6. Mapping of countries that are active in the domain
of pyrolysis of MSW was done by using VOSViewer. It was observed that countries
like China, the United States (Lee et al., 2020; Rasheed et al., 2021), United
Kingdom (Williams et al., 1999; Buah et al., 2007; Al-Salem et al., 2009; Wang et
al., 2018; lannello et al., 2020), and India (Chauhan et al., 2008; Gedam and
Regupathi, 2012; Zaman, 2013; Agarwal et al., 2015; Bhavanam et al., 2015; Ghosh
et al., 2018; Saqib et al., 2019; Shastri, et al., 2020; Bhatt et al., 2021; Chhabra et
al., 2021; Goli et al., 2021) have higher contribution towards the research of
pyrolysis of MSW. This also shows that both developed and developing countries
are involved in the research of pyrolysis of MSW.
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In China, work has been done on the treatment of medical waste, whose
production increased rapidly due to covid-19 pandemic. Various treatment methods
have been studied, and one such method is pyrolysis incineration (Zhao et al.,
2021). Pyrolysis experiment has also been performed on the organic fraction of
MSW, especially on agricultural waste like rice husk, wood chips, rice straw,
animal waste, etc. (Zheng et al., 2009; Liu et al., 2017; Liu et al., 2020; Rasheed et
al., 2021) and on plastic waste from MSW (Xu et al., 2019). Pyrolysis by mixing
different components of MSW and MSW sewage sludge by using different kinds
of reactors was also studied in various parts of China (Li et al., 1999; Yufeng et al.,
2003; Mohee et al., 2015; Wang et al., 2019; Tugov et al., 2021). Also, in China,
pyrolysis experiments have been reported by using synthetic MSW samples as
feedstock to study the characteristics of pyrolysis products and their utilization
(Dong et al., 2016).

china

umiwmms

Fig. 2.6. Science mapping of the countries active in the domain of pyrolysis of
MSW
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Table 2.3. Quantitative study of the countries active in the domain of pyrolysis of

MSW
Country Documents Citations Average  Normalized Average Normal
citations  citations Citation

China 32 558 17.43 41.07 1.28
United States 25 266 10.64 20.06 0.80
Italy 8 275 34.37 8.69 1.08
Poland 8 70 8.75 9.56 1.19
Spain 12 343 28.58 21.99 1.83
United

Kingdom 9 152 16.88 10.17 1.13
Japan 10 155 15.5 5.70 0.57

Table 2.3 shows a quantitative study of the countries around the world that are
active in the research of pyrolysis of MSW. The average citations, normalized
citations and average normalized citations were calculated by using data from
VOSViewer. It was observed that the number of publications (32) and citations
(558) are more from China, but the average citation is highest for Italy with a value
of 34.37, which indicated the most influential country in terms of productivity and
research in the area of pyrolysis of MSW. Normalized citation is highest for China,
indicating that they have the highest number of citations of all the articles within
the same journal. The average normalized citation is highest for Spain, about 1.83,
which indicates that Spain is the most influential country that is active in the domain
of pyrolysis of MSW.

2.5 PYROLYSIS OF SPECIFIC COMPONENTS OF MSW

MSW has the potential to be used as a feedstock for pyrolysis for the generation
of value-added products and to increase the operational efficiency of large-scale
pyrolysis plants (Ohmukai et al., 2008). Pyrolysis of individual waste like organic
waste, paper waste, and plastic waste has been done for the production of bio-oil,
char, and syngas (Hrabovsky et al., 2006). The main aim of the pyrolysis of MSW

IS energy recovery, as the product from pyrolysis of MSW has similar properties to
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fuel. Pyrolysis of treated MSW sludge with a moisture content of less than 10%
was done in a furnace (Koyo Lindberge Co. Ltd.) using a retort for carbonization
(Shinogi et al., 2003). The furnace was equipped with a programmable temperature
controller. The carbonization was carried out at a temperature of 250, 300, 400,
500, 600, and 800°C and at a heating rate of 2°C/min for 2 h, after which the furnace
was turned off, and the retort was allowed to cool. The physical and chemical
characteristics of the products were found to compare the difference in product
properties of the four types of waste pyrolysis. According to the findings, increasing
the carbonization temperature increased the surface area, total carbon, ash content,
and pH but lowered the yield.

Pyrolysis of combustible fraction of MSW (RDF) and pyrolysis of organic
fraction of MSW blended with coal at different ratios was done in a fixed bed
horizontal tube furnace where the sample to be heated was kept inside a quartz tube,
both in the presence of air and inert gases (Tokmurzin et al., 2019). The sample
taken for pyrolysis was 20 g in each test, the maximum operating temperature was
800°C, and the heating rate was 20°C/min. It was observed from TGA that the
volatile content from the organic fraction of MSW and RDF starts emitting at 180
to 200°C and loses all the volatile content at 500°C and 700°C and below 500°C,
pyrolysis of the organic fraction of MSW only produces tar. Also, it was observed
that pyrolysis performed on the blending of organic fraction of MSW with coal
yielded a higher concentration of methane, about 35-37%, as compared to pyrolysis
of MSW or coal alone at 800°C.

Pyrolysis of MSW was reported by Font et al. (1993) in a fluidized bed reactor
made of stainless steel, which was heated in a cylindrical refractory oven at
operating temperatures for pyrolysis was 700, 750, 800, and 850°C. The inert
atmosphere inside the reactor was created by using helium gas with a discharge
velocity of 3.6 cm/s. The amount of sample taken as feedstock was 0.8 to 5 g and
kinetic study of the sample was done using TGA at a heating rate of 1.5 to
200°C/min.

In a study by Song et al. (2018), the pyrolysis of MSW constituents, including
wood, polyethylene, paper, biomass, and other components, was investigated. This
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pyrolysis process was conducted in a fixed-bed reactor and involved mixing the
MSW materials with CaO, plastic, and MSW char. The reactor utilized a quartz
tube with dimensions of 35 mm in diameter and 700 mm in length, serving as the
feeding point. The pyrolysis was conducted within a temperature range of 400 to
700°C, employing a heating rate of 20°C/min. The experiments were conducted in
a nitrogen environment with a gas flow rate of 40 mL/minute.

Rajaeifar et al. (2017) determined the potential of pyrolysis of MSW for the
generation of electricity. Chen et al. (2014) reported pyrolysis of three components
of MSW, i.e., paper, bamboo, and polyethylene in a fixed bed reactor. The
feedstock components, paper, bamboo, and polyethylene, were purchased from
the local market. The pyrolysis experiment was done in a quartz tube of length 700
mm and diameter of 40 mm inside the fixed bed reactor. The maximum temperature
of operation was 900°C with feeding of 4 g of the sample in each batch. The inert
atmosphere inside the reactor was maintained by surging nitrogen gas with a flow
rate of 2 L/min, and Calcium Oxide (CaO) was added at different ratios in different
tests. This study was done to investigate the effect of moisture content and CaO on
the pyrolysis of MSW. the result showed a lower production of Hydrogen and
higher tar yield with the increase in moisture content and a higher production of
hydrogen and a decrease in tar yield with the increase in the addition of CaO.

A synthetic, simulated MSW sample was prepared by (2016) as a feedstock for
pyrolysis in a fluidized bed reactor equipped with a cyclone for cleaning flue gas.
The diameter of the reactor was 60 mm, and the height of the reactor was 1100 mm.
To monitor the temperature inside the reactor at the top, middle, and bottom, three
K-type thermocouples were used. The pyrolysis was done at a temperature of 550,
650, 750 and 850°C.

Fang et al. (2016) used thermogravimetric analysis to study the effect of
additives such as MgO, Al>O3, and ZnO on co-pyrolysis of MSW components such
as food waste, wood, PVC, and paper sludge. This study showed that additives

reduce the initial temperature and activation energy during pyrolysis. However,
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there was also a change in the effect of pyrolysis even after using the same additive
with a different ratio of mixing of MSW and paper sludge.

Pyrolysis of three key components of MSW, such as paper, bamboo, and
polyethylene, was done individually by Zheng et al. (2019) in a fixed bed reactor
to study the effect of tar formed during pyrolysis with the addition of CaO. The
pyrolysis was done using a pyrolizer equipped with Gas Chromatography/ Mass
Spectrometry (Py-GC/MS) with a model named CDS-5200-type pyrolizer. The
maximum temperature for pyrolysis was 900°C at a heating rate of 10°C/ms (ms in
abbreviation of millisecond) in an inert atmosphere created by surging Helium. The
amount of feedstock taken was 5 mg of powdered sample in a quartz capillary of
25 mm length and 1.9 mm diameter. Also, by taking the same samples, pyrolysis
was conducted by using a type of fixed bed reactor, where the sample was fed into
a quartz tube with a length of 700 mm and an inner diameter of 40 mm. The reactor
was heated externally by using an electric heater. The inert atmosphere inside the
reactor was maintained by purging nitrogen at a flow rate of 2 L/min, and the
amount of feedstock taken was 4 g, along with the addition of CaO in each
experiment. It was found from the study that with the addition of CaO, the tar
formation during pyrolysis decreases, and also, there was a change in the chemical
composition of the tar formed from the pyrolysis of each of the three components
of MSW.

Fang et al. (2017) reported a co-pyrolysis study of MSW mixed with paper
sludge at different ratios and with the addition of additives using a TGA/DSC
thermal analyzer. The amount of sample taken for the study was 5 + 2 mg, and the
experiment was carried out at a temperature of 110 to 900°C in a nitrogen
atmosphere at a heating rate of 20, 30, and 40°C/min. This experiment was done to
study the characteristics of co-pyrolysis of the MSW and paper sludge at different
ratios with the existence of additives such as MgO and activated carbon.

Most of the studies on the characterization of pyrolysis products have been done
by using the thermogravimetric analyzer. There are pyrolysis experiments done
using different reactors of different sizes with varying quantities of feedstock and

operating temperatures with varying heating rates (Guo et al., 2001, Buah et al.,
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2007, Hwang et al., 2007; Zhou et al., 2013; Nilai et al., 2017; Zaini et al., 2019).
There are also pyrolysis experiments that have been done by preparing synthetic
MSW samples to study the pyrolysis characteristics, pyrolysis product, and
chemical distribution of the products (Chakraborty et al., 2013; Peces et al., 2014;
Huang et al., 2015; Suriapparao et al., 2015; Jung et al., 2019; Lu et al., 2019; Tang
et al., 2020).

2.6 PYROLYSIS OF ORGANIC WASTE

Pyrolysis of plant waste such as sugarcane bagasse and rice husk and biosolid
of cow and its product characterization was done by Shinogi et al. (2003). Manya
et al. (2016) studied the effect of the addition of additives and rejected material
from municipal waste composting and the effect of pressure on the pyrolysis of
two-phase olive mill waste in a fixed bed pyrolizer at a peak temperature of 600°C,
consisting of a vertical cylindrical reactor of 140 mm diameter and 465 mm length.
The pyrolysis was done at Normal Temperature and Pressure (NTP) conditions, and
pressure was adjusted from 0.1 to 1.0 MPa for 60 minutes in a nitrogen
environment. It was observed that the biochar produced at atmospheric pressure
was more stable with the addition of additives (CaO + K>CQOs3) than that produced
at 1 MPa. The stability of biochar appeared to be the highest and most effective
from the pyrolysis of a mixture of olive mill waste and rejected municipal waste
compost at any pressure.

Shao et al. (2019) conducted a pyrolysis experiment by using Municipal
Sewage Sludge (MSS) as feedstock which was collected from the wastewater
treatment plant of Qiubin, and another feedstock was prepared by using MSS mixed
with wood chips in a rotary kiln at 800°C for 1 h. About 65% of the feedstock was
converted to biochar and was used for soil amendment. Hu et al. (2017) studied the
effect of chlorine on the pyrolysis product char derived from an organic fraction of
MSW. The sample for the study was prepared using rice powder and wood chips

as feedstock for pyrolysis. The experiment was done in a fixed bed reactor in a

TH-3619 196145104 32|Page



TH-3619_196145104

horizontal quartz tube of length 600 mm and diameter 50 mm in an inert atmosphere
of nitrogen at a flow rate of 0.15 L/min at a temperature of 500°C for 60 min.

Jin et al. (2014) reported pyrolysis of organic waste fraction of MSW at a
temperature of 400, 500, and 600°C in a nitrogen atmosphere at a flow rate of 100
mL/min and pressure less than 10 psi for 20 min. The amount of feeding for
pyrolysis was 150 g in each experiment. This pyrolysis experiment was done to
utilize the product char for the removal of arsenic after activation and without
activation of the char produced from pyrolysis.

Hamilton et al. (2020) designed a solar-driven pyrolysis technology as a waste-
to-fuel technology. In this model, the Fresnel Reflector Concentrated Solar panel
was used as the solar power collector from where the power generated was used to
run the pyrolysis reactor. It was specially designed for the pyrolysis of waste
biomass, and a comparative study was done to investigate the performance of the
solar-integrated pyrolysis technology by using two sources of light, such as a
natural source of light from the sun and an artificial source of light.

There are a number of studies carried out on the pyrolysis of organic fraction of
MSW to study the effect on product yield, either in the existence of additives or
without additives and combined pyrolysis/gasification (Demirbas et al., 2001; Phan
et al., 2008; Demirbas et al., 2011; Klemetsrud et al., 2016; Taherymoosavi et al.,
2017; Yang et al., 2018; Ayiania et al., 2019; Suhaj et al., 2019; Kosakowski et al.,
2020; Tokmurzin et al., 2020; Akyirek, et al., 2021).

2.7 PYROLYSIS OF PLASTIC/PAPER/CARDBOARD WASTE

Bi et al. (2015) reported pyrolysis of polyvinylchloride in a two-stage reactor
to a maximum temperature of 900°C at a heating rate of 10°C/min in a nitrogen
environment at a flow rate of 200 mL/min. Co-pyrolysis of combustible
components of MSW with or without the addition of additives such as CaO, CuClo,
and MnO> was reported by Fan et al. (2018) to study the effect of additives on the
pyrolysis product yield, heating value, and change in chemical composition of the

product. Co-pyrolysis of biomass and polyvinyl chloride waste was done by (Xu et
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al., 2019) to prepare magnetic chlorinated biochar for the removal of mercury at a
temperature of 600, 700, and 800°C.

Han et al. (2021) did a pyrolysis experiment by modeling an MSW feedstock
using polyvinyl chloride, which is a source of chlorine, mixed with poplar as a
source of PAH (Polycyclic Aromatic Hydrocarbon) in a tubular furnace. The inert
atmosphere in the reactor was maintained by surging nitrogen gas at a flow rate of
1 L/min, and the reactor was purged for 10 min to remove the air before pyrolysis.
Pyrolysis was done to a maximum temperature of 900°C with a heating rate of
20°C/min. The amount of feeding was 10 g per batch inserted in a quartz tube and
heated for 1 h. In this study, torrefaction was done as a pretreatment of the feedstock
for pyrolysis to reduce the production of dioxins during pyrolysis. The dioxin in the
pyrolysis product was determined by High-Resolution Mass Spectrometry. The
result of torrefaction showed that about 98.63% of the total dioxins and 99.09% of
the toxic can be removed from the pyrolysis product.

Most of the pyrolysis experiments have been done in batch mode to study the
effect of pyrolysis product and characteristics of pyrolysis of plastics, paper, and
cardboard with different kinds of additives (Wu et al., 1998; Al-Salem et al., 2017;
Blanco et al., 2014; Sotoudehnia et al., 2020; Quesada et al., 2019).

2.8 APPLICATION OF CHAR AS AN ADSORBENT

The char produced from pyrolysis holds potential applications as an adsorbent
due to its significant surface area, pH, iodine number, and various surface
functional groups. There are many studies conducted on biochar characterization
and application for adsorption (Yaashikaa et al., 2020). Addressing the removal of
heavy metals from wastewater is particularly critical due to their non-biodegradable
nature and significant threat to public health, even at very low concentrations (Vidu
et al., 2020). Utilizing adsorption techniques presents a promising approach for
wastewater treatment, wherein industries can implement methods to capture metal
ions from their effluents (Briffa et al., 2020). Hoslett et al., (2019) studied the
adsorption of Cu from water by using biochar prepared from pyrolysis of a
combination of meat, paper, plastic, and food wastes, such as bread, at 300°C for

12 hours. The maximum capacity of adsorption of the biochar was 4 to 5 mg/g.
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Biochar prepared from pineapple peel, municipal sewage sludge, tea waste, and
sweet lime peel by pyrolysis at less than 450°C was also used for the removal of
heavy metals such as Cd(ll) and Cr(VI) from wastewater (Fan et al., 2018; Shakya
and Agarwal, 2019; Shakya et al., 2019). The use of char generated from the
pyrolysis of a plastic component of MSW for the removal of heavy metals was
documented by Saravanakumar et al., (2024). An increasing amount of research is
showing that heavy metals can be successfully removed from water and wastewater
using char made from waste plastic and biomass (Higashikawa et al., 2016; Inyang
et al., 2016; Tan et al., 2016). The char derived from plastic was used for the
adsorption of Cu and Zn (Bogusz et al., 2015), and char from tires was used for
phenolic compounds removal from water (Ku$mierek et al., 2020). The plastic-
derived char was also efficient in the removal of ammonia (Tang et al., 2019),
hazardous heavy metals (Calugaru et al., 2019; Yonglin Liu et al., 2020), and char
derived from sewage sludge was efficient in the removal of methylene blue (Hu et
al., 2021) from wastewater. The maximum removal percentage of heavy metals
such as Fe, Cr, Pb, Cu, and Cd from water contaminated with heavy metals was
achieved to be 99.9% by using char produced synthetically from plastic waste and
biomass (Singh et al., 2021). Studies have been reported on the application of
plastic-derived char activated by using zinc nitrate for the removal of As®** (Vinh et
al., 2015). Table 2.4 provides an overview of the application of char produced from

fractions of MSW in the adsorption system to remove pollutants from water.

Table 2.4. Adsorption of contaminants from water by char generated from MSW

Raw material Temperature Pollutant  Removal Char  Contact Reference

of pyrolysis (%) dosage time (h)

Q) (g/L)
Bones of pork 500 Pb(11) 8.5 0.5 5

(Wang and

Pork bone and 500 Pb(lI) 94 0.5 15 Luo, 2020)
microcrystallin
e cellulose
Waste colored 300 Pb(11) 50 2 10 (Xu et al.,
paper 2017)

TH-3619_196145104
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Organic 450 Ciprofloxacin 88.4 3.3 (Sarkar, et al.,
fraction of 2019)

MSW

Organic 450 Ciprofloxacin 89.8 6.6 (Adassooriya,
fraction of etal., 2019)
MSW and

bentonite

MSW 600-650 Phosphate 3.5 10 (Takaya et al.,
(components 2016)

not specified)  400-450 Ammonium 13.7 10

2.9 APPLICATION OF CHAR DURING COMPOSTING

Char can boost compost stability by accelerating the breakdown of organic
matter and enhancing the humification process, which will shorten the time
required to attain compost maturity. A number of studies have demonstrated that
introducing biochar to compost can speed up the process of composting by
improving the stability and maturity of the finished product (Hassanzadeh et al.,
2023). Char and organic wastes can be co-composted to increase the retention of
nutrients, decrease nitrogen losses, and speed up the organic matter stabilization.
This improves microbial habitats during composting and provides compost with
higher quality (Nguyen et al., 2022). Biochar's properties and effects during
composting are greatly influenced by the kind of raw materials used to make it. The
effects of various biochar feedstocks on compost quality, microbial activity,
nutrient retention, and heavy metal immobilization have been investigated in a

number of researches which are discussed in Table 2.5.
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Table 2.5. Application of char during composting

Raw material for Pyrolys Dosage Time of Effects Reference
production of s study
temper
Char Compost  ature Char Compost
(°C) ing
material
Pine Poultry 400 5and 20% 95 and 213 Moisture (Steiner
chips litter 80% days content etal.,
decreased, 2010)
pH
increased,
and peak
COzand
temperatures
with higher
dosage of
biochar
Holm  Poultry 650 3% 90% 140 Reduction of (Moneder
oak manure Poultry  days volatile oetal,
and barley manure organic 2019)
straw and 10% compounds
barley
straw
Coconut Grain 700- 5-20% 5.5 kg 65 accelerated (Wang et
shells  waste 900 days the al., 2021)
microbial
activity
during
composting,
reduced
nitrogen loss
Corn Chicken 400 1lg Not 50 Reduced the (Chen et
straw  manure specified  days bioavailabili al., 2022)
ty of heavy
metals
Tobacco Food 600 10% 1:3:1.3 42 increase in (Liet
and waste days degradation al.,
bamboo mature rate during 2023)
compost composting
Wood Chicken  500- 10% of 4:1 42 Reduction of  (Dang
chips manure 650 the days gaseous etal.,
mixture pollutant 2024)

TH-3619_196145104
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2.10 APPLICATION OF CHAR FOR SOIL REMEDIATION

The potential of char generated from a variety of feedstocks to boost microbial
activity, improve soil structure, and adsorb pollutants has led to extensive research
on its use in soil remediation. The type of raw material used for biochar production
plays a crucial role in determining its properties and effectiveness in remediating
different soil pollutants. Some of the studies conducted on the application of
biochar for soil remediation have been shown in Table 2.6. Numerous researches
have indicated that using biochar for soil remediation has produced encouraging
outcomes. Biochar, made from a variety of raw materials, including wood,
agricultural residues, manure, sewage sludge, bamboo, coconut shells, and organic
waste, has been shown to be beneficial in lowering organic pollutants, promoting
soil health, and immobilizing heavy metals (Nguyen et al., 2023). The feedstock
utilized in the formation of the biochar greatly affects its properties, including
surface area, porosity, and nutrient content. These factors also affect the biochar's

capacity to absorb pollutants and improve soil fertility.

Table 2.6. Application of char in soil amendment

Raw Pyrolysis Char Duration  Effects Reference
material temperature dosage of study

()
Chicken 500 10% 14 days Reduction in (Meier et
manure availability of Cu al., 2017)
Cornstraw 300and 700 2% each 150days  Bioavailability of (Nietal.,
and bamboo PAHs was reduced 2017)
Rice husk 550 1,2and 5days Reduction in (O’Connor
(Sulphur 5% leachability of Hg etal., 2018)
modified
biochar)

Rice hull 480-660 and 24tand 120 days Reduced Hg mobility (Xing et al.,

and wheat ~ 350-450 72 t/ha in pore water of soil, 2019)
straw and Hg content in rice

grain
Sewage 600 5% 110 days Reduction in (Zhang et
sludge accumulation of al., 2019)

methylmercury in rice
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Casuarina

500

4%

Not
Defined

Reduced the

availability of Cd,

(lbrahim et

Co, Cr, Cu, Ni, Pb

and Zn

al., 2022)

As the char and compost work well together to improve soil quality, immobilize

pollutants, and increase microbial activity, applying them together has become a

potential technique for the rehabilitation of soil. While compost increases microbial

diversity and supplies vital nutrients, char uses its high porosity and surface area to

absorb pollutants and strengthen soil

structure.

By

lowering organic

contaminants and heavy metals and enhancing soil nutrients, this mixture helps

clean up polluted soils. Table 2.7 shows a review of the literature on the use of

biochar and compost in soil remediation.

Table 2.7. Remediation of soil with the combined application of char and compost

Raw material for Pyrolysis Dosage Study Effects Reference
production of temperature duration
Char Compost (°C) Char Compost
Orchard  Olive husk 500 10% 5% 28 days Decreased (Beesley
pruning metal etal.,
solubility in 2014)
mine soil and
reduced
toxicity,
assessed by
bio-assays.
Rice COW manure, Not 15t/ha 20t/ha Not Reduction of (Zu’ama
husk, “blotong”, plant  available available Cd and hetal.,
corn cob, litter, lime, bran, residue of 2024)
sugarcane and starter (EM- mancozeb in
bagasse  4) soil in shallot
cultivation
Willow  bagasse, green Not 25 25t/ha 140days Improvedthe  (Agegne
wood waste, and available  t/ha physicochemi  huetal.,
chicken manure cal properties  2016)
of the soil and
plant growth
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Palm Plant straw and 600 8t/ha 40t/ha 669 days Reductionof  (Cao et
fruit chicken manure nutrients al., 2018)
bunches leaching and
heavy metals
in excessively
fertilized soils,
suppress
plant-parasitic
nematode
infestation
Holm Rabbit and horse 400 5% 95%  45days Improved the  (Rodrigu
oakwood manure, fruit physicochemi  ez-Vila et
wastes, pruning cal properties  al., 2016)
residues, and and
seaweeds availability of

metals

2.11 CONCLUDING REMARKS

Various pyrolysis systems utilized for the thermal conversion of simulated or
individual fractions of MSW have been examined, including rotary, fixed-bed,
fluidized bed, auger or screw, and ablative reactors. Given the present trend of
escalating waste generation rates, pyrolysis emerges as a plausible solution to
address the challenge of landfill waste accumulation. Since MSW consists of a
diverse array of waste types, pyrolysis stands out as a robust method for managing
mixed waste. Among the various reactor options, rotary and fixed-bed reactors are
the most prevalent choices for MSW pyrolysis. The resultant pyrolysis products,
such as biochar and syngas, serve as readily usable and marketable fuels.
Particularly, polymer materials present in MSW vyield high-quality bio-oil, suitable
for employment as liquid fuel and chemicals. The char produced from pyrolysis
holds potential applications as an adsorbent and soil amendment due to its
significant surface area, pH, iodine number, and various surface functional groups.
Most existing research has centered on utilizing biomass or organic waste-derived
biochar for heavy metal adsorption. However, there's limited literature on the mixed
MSW-derived char for the adsorption of heavy metals. Additionally, there is a
noticeable absence of studies investigating the adsorption capabilities of activated
carbon derived from MSW char. The pyrolysis of MSW to generate char, coupled
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with heavy metal removal from wastewater using activated carbon derived from
MSW, not only helps in reducing waste volume in landfills but also presents a
viable approach for heavy metal remediation in wastewater, contributing to
resource utilization efforts. Co-composting of biochar, employed as a soil
amendment, has demonstrated excellent efficacy in enhancing soil properties and
promoting plant growth, as evidenced by studies (Awasthi et al., 2017; Oldfield et
al., 2018; Wang et al., 2019). Several studies have demonstrated the effectiveness
of biochar in remediating contaminated soils. Biochar has shown the ability to
adsorb and immobilize various contaminants, including heavy metals, organic
compounds, and pesticides (Nobile et al., 2022). The application of char in soil
remediation shows promising results, but several challenges and considerations
need to be addressed. Factors such as char type, pyrolysis conditions, particle size,
and application rate can influence its effectiveness (Albalasmeh et al., 2024).
Moreover, the long-term stability and persistence of char in the soil, as well as its
potential impact on soil microbial communities, require further investigation (Yang
et al., 2024). Standardized protocols and guidelines for char application in different
soil types and contamination scenarios are also needed. However, further research
is required to optimize char production, application methods, and long-term
stability in the soil. Additionally, the potential ecological implications and
economic feasibility of char-based soil remediation should be carefully evaluated.
The application of unsegregated MSW char and compost in remediating soil
presents a promising strategy for tackling soil contamination, improving nutrient
properties, and making better use of landfill waste. Therefore, considering the
heterogeneous composition of MSW, the prospect of energy production, the
generation of value-added materials, environmental compatibility, and economic
viability, pyrolysis stands as an innovative avenue to effectively tackle the MSW

disposal predicament.
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Chapter 3

MATERIALS AND METHODS

Various experimental techniques were employed to achieve the specified goals.
Using the designed fixed bed pyrolizer and unsegregated MSW as a feedstock for
the char production process, the study was conducted in three phases. The following

is a summary of the thorough methodology.

3.1 WORK FLOW CHART
The work was done in three phases to accomplish the objectives, which are

summarized in Fig. 3.1.

the season of the year

l | PHASEI

Characterization of the sample collected in premonsoon, monsoon,
and post-monsoon seasons

( Collection of MSW throughout W

[ Design and fabrication of the fixed bed pyrolizer }

l —| PHASE II

Operation of the pyrolizer by varying the operating parameters for
maximum yield of char

-
- ~ —

Characterization of the MSW char produced at different temperatures

. S

Ty r Ry

¢
Adsorption of k,: Application of the MSW char :){ i ‘ —| PHASEIII
L heavy metal ) L ) | mine tailing soil )

Co-composting of char ‘ Application in alluvial
L and vegetable waste ) soil and pots study

p

Fig. 3.1. Experimental flow chart of the work

In phase I, MSW (both fresh and legacy waste) was collected throughout the year
during three seasons, viz. pre-monsoon, monsoon, and post-monsoon season, and

physicochemical and thermal characterization was done to determine the feasibility
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of pyrolysis. In phase 11, a fixed bed pyrolizer of 3 kg capacity was designed and
fabricated. It was then operated by varying the pyrolysis process parameters for
maximum char yield. In phase 11, the char produced at different temperatures was
characterized to find the most potent MSW char for its application. The char was
then applied as an adsorbent for heavy metal removal from water, co-composted
with vegetable waste to enhance the properties of matured compost, applied in mine
tailing soil and alluvial soil for soil remediation, and pot study was done by mixing
char and compost at different ratios.

3.2 STUDY AREA AND SAMPLE COLLECTION

MSW and legacy waste were gathered from Guwabhati, an urban center in India,
characterized by a population of approximately 1,260,419 (as per the 2011 census).
This city produces 500 metric tons of waste, with a per capita daily generation of
0.39 kg (Joshi et al., 2016). Out of the entire waste generated, approximately 85%
to 90% is collected and directed to a dumpsite (Nithikul et al., 2007). The MSW
disposal site in Guwahati is situated in West Boragaon, as shown in Fig. 3.2, and is
adjacent to a wetland known as Deepor Beel, designated as a Ramsar site (Gohain
and Bordoloi, 2021). At the Boragaon dumpsite, MSW is deposited without
separation and in an exposed area, lacking compliance with the requirements
outlined in MSW Rules 2000. Also, the dumpsite does not have a geomembrane
lining beneath its base, leachate, or gas collecting system, causing an ecological
threat, and disposal of waste has been continuing for 15 years (Gohain and
Bordoloi, 2021). The solid wastes were collected from 10 locations within the
dumpsite, consisting of wastes from fresh to 13 years old in three seasons
throughout the year: pre-monsoon, monsoon, and post-monsoon. The waste in the
dumpsite that was 6 months to 13 years old was considered legacy waste. In Assam,
the pre-monsoon season starts in March-May, the monsoon season in July-
September, and the post-monsoon season in October-December. In total, 30 MSW
samples were collected, consisting of combustible and incombustible products. The
waste sample was sun-dried and shredded into different sizes of 5, 10, 20, and 50

mm by mechanical shredder and manual shredding for optimization study. These
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samples were then consistently utilized for physicochemical and thermochemical
analysis, and uniform composition was maintained throughout the analyses.

For co-composting, vegetable wastes were collected from the different hostel
messes of the Indian Institute of Technology Guwabhati (1ITG), and fresh cow dung
was used as an inoculum for enhancing the microbial activity in the study. The
moisture content of Vegetable waste and cow dung was very high, so to avoid the
probability of generation of leachate, a bulking agent such as grass cutting, dry
leaves (collected from the vicinities of 1ITG) and sawdust (collected from sawmill
located in Amingaon, Guwahati, Assam) were mixed during composting process
(Varma and Kalamdhad, 2015).

The alluvial soil was collected from the bank of the Brahmaputra River around
Amingaon, North Guwahati, in the neighborhood of the Indian Institute of
Technology Guwahati, Assam, India. The color of this soil ranges from moderately
deep to very deep with grey to molted grey color.

The mine tailing soil samples were collected from Ledo Coalfield of Assam,
India. The sample was manually examined, and undesirable particles like pieces of
rocks, stones, and bits of wood were separated. The soil was cleaned, dried,
crushed, and put through a mesh sieve of 2 mm before analysis. Oven-dried samples
were carefully stored in a dry area for testing and analysis. The samples that were
ready for various tests were kept in the lab refrigerator at 4°C until the analysis was

completed.
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Fig. 3.2. Sampling sites and collection of MSW from Boragaon dumpsite
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3.3 PHASE |: SEASONAL CHARACTERIZATION OF MSW

The composition and characteristics of fresh MSW and legacy waste change
with season, age of waste, and geographical location of sampling. Therefore,
sample preparation and characterization are critical steps for the end use of the
recovered material (Korai et al., 2016). A detailed physicochemical and thermal
characterization of MSW and legacy waste of North-East India (Guwahati, Assam)
was done to determine its potential to generate energy materials such as solid (char),
liquid (pyrolysis oil), and gaseous (syngas) fuel by using pyrolysis technology
(Reddy et al., 2016).

3.3.1 Physical composition of MSW

The composition analysis of MSW and legacy waste was done by the quartering
method. The waste collected was emptied on a horizontal surface of 4x4 m? to form
a heap. The sample was then mixed until it was homogenized. These were then
divided into four equal sections, and weight was taken. The waste in each section
was segregated into different fractions and the weight of each fraction was taken to
determine the percentage composition of MSW and legacy waste (Valencia and
Aguilar, 2012).

3.3.2 Physicochemical analysis

The proximate analysis was done to determine the moisture content, ash
content, volatile matter, and fixed carbon of the MSW sample collected in the three
seasons throughout the year using the standard methods of ASTM E949:1996,
ASTM E830:2004, ASTM E790:2015, and ASTM E897:1998, respectively, on a
dry basis. The ultimate analysis of MSW and legacy waste was determined using a
CHN analyzer (Perkin Elmer, 2400 Series-I1). The difference determined the
oxygen content. The theoretical high heating value (HHV) was determined through
C, H, N, S, and ash content in the sample (Kalivodova et al., 2022), and the
instrumental heating value of MSW and legacy waste was determined using Bomb
Calorimeter (LECO, AC 350 LECO model). The biochemical analysis determined
the composition of extractive, hemicelluloses, lignin, and cellulose in MSW and

legacy waste by gravimetric method (Ayeni et al., 2015). The bulk density of the
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MSW and legacy waste sample was determined by ASTM D-1895. The calculation
was done by using the expression as given in equation (1) and (2).

Mass of the sample
Bulk density = P )

Volume of the cylinder

The porosity was calculated as follows:

Volume of void (2)
Volume of the cylinder in which the sample is filled

Porosity,n =

Thermogravimetric-differential analysis (TG-DTA) was carried out on MSW
and legacy waste samples using a Thermal Analyzer (NETZSCH STA 449F3)
within an argon atmosphere at a flow rate of 100 mL/min and temperature range

spanning from 20 to 800°C, employing a heating rate of 10 K/min.

3.3.3 Kinetic analysis through the Arrhenius kinetic model

The reaction kinetics parameters were calculated from the TG/DTG profile. The
TG/DTG graph was divided into three stages based on different temperature ranges
through which combustion kinetics were studied. Stage I, which is <100°C, shows
the dehydration stage. The combustion of the MSW sample starts at stage I, and the
combustion of the char begins at stage I11. Based on the DTG curves, the onset of
stage 111 aligns with the temperature at the beginning of stage 11l (Ti), while the
conclusion of stage |11 corresponds to the point of maximum weight loss rate (Rmax)
observed at the peak temperature (Tmax). The activation energy (Ea), and pre-
exponential factor (A) for the MSW and legacy waste were determined using the

Arrhenius equation (3).

E
k =Aexp (— %) )
(4)
Ea
loghk = logA — 2.303RT
. ®
w

Where K is the specific reaction rate, A is the preexponential factor (s), R is the
universal gas constant (8.314 JKmol?), T is the instantaneous absolute
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temperature (K), W is the weight of unburned combustible (kg), dW/dt is the
instantaneous rate of weight loss per minute (%/min) from DTG curve.
The equation (4) can be expressed as

y=mx+c (6)

Where m is the slope and c is the y-intercept, m and c can be determined by the
Arrhenius plot of 1/T versus log k value from stage 11l of the TG/DTG graph (Weil
et al., 1980).

3.3.4 Thermodynamic analysis

The thermodynamic analysis of the MSW and legacy waste sample was done
by calculating the thermodynamic parameters such as change in enthalpy (AH
kJ.mol?), Gibb's free energy (AG kJ.mol™) and entropy (AS kJ.mol™ K1) by using
the following equations (7), (8) and (9) (Dhyani et al., 2017)

AH = E, — RT, (7

_ Kp T 8
AG = E4 + RT In=>~ 8
AS = (AH — AG) /Ty, (9)

Where T, is the final temperature (K) of stage Ill, Kg is the Boltzmann constant
(1.3819x102% JK1), h is the Plank's constant (6.6269x10734 Js), Tm is the peak

temperature.

3.3.5 Statistical analysis

The analysis results were contrasted utilizing OriginLab® OriginPro software
with the application of analysis of variance (ANOVA), and subsequently, the Tukey
test was employed, where a significance level of p<0.05 was considered indicative

of statistical significance.

3.4 PHASE II: DESIGN, FABRICATION, AND OPERATION OF THE
PYROLIZER
In this phase, a fixed bed pyrolizer was designed and fabricated with a feeding

capacity of 3 kg. The process parameter optimization of the pyrolysis of MSW
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through Response Surface Methodology (RSM) has been done. This study
considered four operational parameters during pyrolysis such as temperature, rate
of heat, feed particle size, and residence time. The interaction between the
processing parameters and optimization based on RSM for maximum yield of char

from mixed MSW pyrolysis has been studied in phase II.

3.4.1 Design and fabrication of the pyrolysis reactor

The pyrolizer designed for the pyrolysis of MSW was a lab-scale fixed-bed type
reactor. A schematic diagram of the pyrolysis setup and the pyrolizer is depicted in
Fig. 3.3 (a) and (d), respectively. The materials used for framing the furnace of the
pyrolizer setup were stainless steel sheet (1.5 mm thickness), stainless steel pipes,
grate, electricity conducting rods, and valves. The experimental design comprises
a PID controller, a nitrogen cylinder, and a condenser. The outer dimension of the
reactor is 900 mm x 400 mm x 400 mm, and the inner dimension is 700 mm x 200
mm x 200 mm with an insulation thickness of 200 mm, and the reactor is heated
electrically. A temperature controller with an Al/Rh thermocouple controlled the
temperature inside the pyrolizer. The sample feeding is done on the movable grate
inside the reactor. The maximum feed quantity in a batch was up to 3 kg, and char
formed from pyrolysis was collected from the grate, as shown in Fig. 3.3 (b). The
pyrolysis oil formed from condensable gas is collected in a glass apparatus, which
is connected to a gas outlet valve and is kept in ice-cold water for condensation,
and the non-condensable gas is collected through the outlet pipe as depicted in Fig.
3.3 (c).

Temperature controller Valve for

controlling
gas out-flow

Inlet pipe
for N> gas

Valve for
controlling
N; gas flow

oil
Ice bath

(@) (b)
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Fig. 3.3. (a) Schematic of the Pyrolysis setup (b) Inside view of the pyrolysis

reactor (c) Side view and (d) Front view of the experimental setup of the pyrolizer

3.4.2 Operation of the Pyrolizer

In the experimental process, 3 kg of mixed MSW sample was fed on the
movable grate inside the reactor. An inert atmosphere was maintained in the reactor
by purging nitrogen gas through a gas inlet valve, and the gas outlet of the reactor
was connected to a condenser. The reactor was powered on and adjusted to the
required temperature and ramp rate. The pyrolysis experiment was conducted at
four-terminal temperatures, i.e., 250, 350, 450, and 550°C and at a rate of heat 10
to 40°C/min according to the thermogravimetric analysis of MSW. The experiment
was done by varying the particle sizes of the feedstock and residence time from 30
to 180 minutes after reaching the required terminal temperature. The product
formed was char, gas, and condensate liquid-pyrolysis oil, which was
heterogeneous, consisting of a heavy and aqueous fraction. The aqueous solution
was brownish with the appearance of oil as a black, tarry substance floating in the
solution. The product was then collected for further analysis, and the temperature
at which the maximum char yield was found was considered for analysis and
characterization of the sample. The MSW waste conversion (%) through pyrolysis
to three products, viz; char, pyrolysis oil, and gas, was calculated as shown below
in equation (9), (10) and (11) (Mohamed et al., 2014):
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Char vield (%) = veight of the char produced _ - ' ©
aryield (%) = weight of the sample i

Yield of pyrolysis oil (10)
X 100%

. weight of the pyrolysis oil produced
(oil+aqueous) = ==& PyoyREol

initial weight of the sample

Yield of gas (%) =100 — (char% + pyrolysis 0il%) (11)

3.4.3 Optimization of the process parameters for maximizing the yield of
char
The current study used Response Surface Methodology (RSM) as a statistical
approach to optimize the operational parameters to generate maximum char,
pyrolysis oil, and gas vyield while using different factors as operating
parameters. The regression analysis and optimization of the independent factors
were done using Design Expert 11 software. The software recommends using
Face-Centered Central Composite Design (FCCCD) to analyze the influence of
independent factors on the responses. Table 3.1 lists the coded levels of the four

independent input parameters.

Table 3.1. Code of the independent factors and their range

Independent factors Code  Unit - alpha Low High + alpha

Temperature A °C 250 250 550 550
Rate of heat B  °C/min 10 10 40 40
Feed particle size C mm 5 5 50 50
Residence time D min 30 30 180 180

The RSM suggested that a quadratic and linear model fit the study best. Statistical
analysis was done using ANOVA, incorporating quadratic equations. Using FCCCD
in RSM, the process parameters were optimized. The parameters examined were
temperature, rate of heat, feed particle size, and time for holding after reaching the
desired temperature. The lowest and highest values of the independent factors are
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displayed in Table 3.1, as suggested by RSM. There were 31 experimental
runs recommended by CCD using different process parameter conditions as shown in

Table 3.2. Using ANOVA, all experiment findings were thoroughly examined.

Table 3.2. CCD experimental setup for pyrolysis experiment

Std Run Space Factor 1 Factor 2 Factor 3 Factor 4
Type A:Temperature B:Heating C:Feed D:Residence
°C rate particle size  time
°C/min mm min
1 6 Factorial 250 10 5 30
2 16 Factorial 550 10 5 30
3 7 Factorial 250 40 5 30
4 30 Factorial 550 40 5 30
5 24 Factorial 250 10 50 30
6 3 Factorial 550 10 50 30
7 15 Factorial 250 40 50 30
8 11 Factorial 550 40 50 30
9 25 Factorial 250 10 5 180
10 14 Factorial 550 10 5 180
11 5 Factorial 250 40 5 180
12 4 Factorial 550 40 5 180
13 27 Factorial 250 10 50 180
14 1 Factorial 550 10 50 180
15 2 Factorial 250 40 50 180
16 23 Factorial 550 40 50 180
17 8 Axial 250 25 27.5 105
18 29 Axial 550 25 27.5 105
19 10 Axial 400 10 27.5 105
20 28 Axial 400 40 27.5 105
21 26 Axial 400 25 5 105
22 17 Axial 400 25 50 105
23 20 Axial 400 25 27.5 30
24 19 Axial 400 25 275 180
25 9 Center 400 25 27.5 105
26 12 Center 400 40 27.5 180
27 21 Center 400 40 27.5 30
28 22 Center 400 10 27.5 30
29 18 Center 400 10 27.5 180
30 13 Center 400 40 5 105
31 31 Center 400 40 50 105
3.5PHASE III: CHARACTERIZATION OF MSW CHAR AND ITS
APPLICATION

In phase 111, pyrolysis of unsegregated and non-shredded MSW at four different
terminal temperatures and evaluating the quality of the resulting char through
physicochemical analysis and microplastic identification with the aim of potential

applications such as adsorption, combustible fuel, or as an amendment in soil. The
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most potent char was applied as an activated carbon for the adsorption of heavy
metals, co-composting with vegetable waste and for remediation of alluvial soil and

mine tailing soil.

3.5.1 Characterization of char produced at different temperatures

i. Proximate analysis

The proximate analysis was performed to determine the moisture content,
volatile matter, ash content, and fixed carbon on a dry basis of the four-char samples
produced by pyrolysis of MSW using ASTM E949:1996, ASTM E790:2015,
ASTM E830:2004, and ASTM E897:1998, respectively.
ii. Elemental composition and calorific value

The carbon, nitrogen, oxygen, hydrogen, and sulphur content in the MSW char
was analyzed by a CHN analyzer (maker: Perkin Elmer, 2400 Series-Il). The
calorific value was determined using the Bomb Calorimeter (LECO, AC 350 LECO
model). The theoretical heating value was calculated as shown in equations (12)
and (13) according to Schwanecke (1976) (Gétze et al., 2016):

Hhigh = Hiow + (W + H x 8.937) x 24.45 kJ/kg (12)

Hiow (KJ/kg) = 348 C + 939 H + 105 S + 63 N - 108 O - 24.5 H,0 (13)

Where C, H, N, S, O, and H2O are the percentage weight of Carbon, Hydrogen,

Nitrogen, Sulphur, Oxygen, and moisture content, respectively, in the MSW char.

iii. Fourier transform infrared (FTIR) spectroscopy

The functional group present in the MSW char was determined in the resolution
and range of 4 cm™ and 400-4000 cm?, respectively, by FTIR spectroscopy using
FTIR-system-2000, Perkin Elmer, USA.
iv. Determination of bulk density, porosity, pH, and iodine number

The bulk density of the MSW char samples was determined by ASTM D-1895.
The pH of the char was determined according to 1S:10158-1982 using a pH meter
of model p pH system 361. The iodine number of the MSW char was determined
using the Gimba and Musa (Adeolu et al., 2016) method. In this method, an iodine
solution was prepared using iodine (2.7 g) and potassium iodide (4.1 g) in 1 litre of
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distilled water. The standardization of the iodine solution was done using sodium
thiosulphate. An amount of 0.5 g of char was taken and mixed with 10 ml of 5%
VIV hydrochloric acid. The sample was then mixed with 100 ml of the iodine stock
solution and agitated quickly for 60 minutes. The mixture was then filtered and 20
ml of the aliquot portion was titrated with 0.1 M of sodium thiosulphate. The
concentration of iodine absorbed by char at ambient temperature was calculated by
equation (13).

(B—=S) Vxm (14)
Img/g = B X W x 253.81

Where,

B = thiosulphate solution required for blank (mL)
S = sample titrated (mL)

W = mass of char (g)

m = iodine solute (mol)

253.81 = iodine atomic mass

V = volume of aliquote (20 mL)

v. Brunauere Emmette Teller (BET) surface area

The specific surface area and size of the pore of char were determined by
Autosorb-1 (Quantachrome, USA) using low-temperature nitrogen adsorption. The
experiment was performed on dry char samples via N2 adsorption at 150K on a
Surface Area Analyzer. The degasified temperature was kept at 150°C for 5 hours.

vi. Field Emission Scanning Electron Microscope (FESEM) and Energy

Dispersive X-ray (SEM-EDX) analysis

The surface morphology of char was observed under by Gemini Field Emission
Scanning Electron Microscope (FESEM). The oven-dried char was placed on the
carbon tape, and the gold coating was done to prevent sample charging. The
chemical and elemental properties of char were analyzed using SEM-EDX analysis
in Zeiss-Sigma 300, which provides detailed insights into the composition of the
material. This study examined the EDX spectra of MSW char samples to

understand their chemical and elemental characteristics.
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vii. X-ray diffractometer (XRD)
The crystallographic characteristics were identified through X-ray diffraction.
The identification of different minerals present in the char was accomplished
through XRD analysis, employing a Single-crystal X-ray diffractometer with an
intensity range at 2-theta value from 0 to 80. The crystallinity index was computed

by using equation (15) (Rojith et al., 2013);

Crystal | inity index (%) — Area of all the crystalline peaks (15)

Area of all the crystalline and amorphous peaks

viii. Atomic Absorption Spectroscopy (AAS) analysis
The concentration of heavy metal in MSW char was determined through AAS

analysis, employing an Atomic Absorption Spectrometer (Varian-Spectra 55B).

iX. Microplastic analysis of MSW char

Over time, larger plastic materials undergo a process of degradation and
subsequent fragmentation, resulting in the creation of smaller fragments (Shah et
al., 2010). A specific category of plastic waste known as microplastics refers to
particles with sizes below 5mm, as defined arbitrarily. When plastic particles reach
sizes smaller than 0.1pum or 1 pum, they are called Nano plastics, although some
recent studies suggest that the lower limit for microplastics could be as small as 1
nm (Cutroneo et al., 2021). The commonly utilized polymer types, such as
polyethylene (PE) and polypropylene (PP), possess elevated molecular weights and
exhibit non-biodegradable characteristics (Shah et al., 2010). Microplastic
detection in every product produced is crucial for protecting the environment,
safeguarding human health, maintaining product quality, and complying with
regulations. It ropes to take proactive measures to minimize microplastic pollution,
ensuring a more sustainable and healthier future.
a. Microplastic analysis through FTIR

The functional group present in the char generated from MSW has been
analyzed to understand the presence of plastic by FTIR spectroscopy.
b. Density separation; flotation and elutriation

By exploiting the density differences, it is possible to distinguish plastics (with a

density range of 0.8-1.6 g cm™) from sediment (Tirkey and Upadhyay, 2021). The
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density separation method utilizing NaCl (1.2 g cm™) was employed to remove
microplastic from char. NaCl is a commonly used salt for density separation due to
its wide availability, cost-effectiveness, and environmentally friendly nature
(Cutroneo et al., 2021). In this process, the MSW char was mixed with 140 gLt of
NaCl and agitated for 10 mins. Then, the char was allowed to settle down at the
bottom of the beaker so that light-density microplastic particles floated on the
surface of the solution. To recover the floating plastic, the supernatant was filtered
out with Whatman ® GF/C with a pore of 1 mm and 47 mm diameter. The filtered
plastic was kept for drying in a glass-covered petri dish for 24 hours at room
temperature. The petri dish was then observed under a stereomicroscope, and

images were captured (Abidli et al., 2018).
3.5.2 Application of char as an activated carbon

i. Activation of MSW char

Chemical activation was employed to activate municipal solid waste (MSW)
char using ZnCl,, KOH, and NaCl, resulting in the production of three different
types of activated carbon. In the case of activation by ZnCl,, 70 grams of MSW
char was mixed with 100 cm® of a 10% w/v ZnCl; solution. The mixture was then
heated at a consistent 80°C using a heating mantle until it formed a paste.
Subsequently, the paste underwent further heating in a furnace for one hour at
300°C. The paste formed was washed after cooling with distilled water until it
reached a neutral state followed by oven drying (Ekpete et al., 2017). The resultant
dried sample was stored in an airtight moisture-free container for subsequent
analysis. The chemical activation using KOH involved blending 1 N KOH with
MSW char and subjecting it to heating for 2 hours at 200°C. After cooling, the
mixture was washed to neutralize and subsequently dried in the oven until reaching
a constant weight (Hendrawan et al., 2019). Activation with NaCl entailed mixing
char with 0.5 M NaCl and then heating it at 300°C in a muffle furnace.

ii. Adsorption study by using MSW-derived activated carbon (MSW-AC)
The heavy metal adsorption capacity by different activated carbon was studied

by batch adsorption experiment. In this study, one gram of the MSW-AC was added

55| Page



to 20 mL of heavy metal concentration, viz. 50, 100, 150, 200, 500 and 1000 mg/L
and sonication for 20 minutes at 150 rpm. The filtrate was collected by filtration
after the solids were allowed to settle down. The atomic adsorption spectroscopy
was used to find the metal concentration. The removal capacity of the heavy metal

was determined by the subsequent calculation using equations (16) and (17) (Zabihi

et al., 2009).
C;i—C
Removal % = — . £ x 100 (16)
i
(ci—ce)v (17)

Qe="——

Qe represents metal concentration uptake by MSW-AC in equilibrium (mg/g),
the initial and the final concentration of a metal ion in the solution is expressed as
ci and ce, respectively in mg/L, the volume of the solution denoted by v in litres, m

is the grams of adsorbent.

iii. Adsorption Kinetics of heavy metal adsorption by MSW-AC

The kinetics study offers an important understanding of both the mechanism
and effectiveness of the adsorption process. In this study, pseudo-first and second-
order kinetics models of Lagergren were employed to analyze experimental data
and determine their fit. The experiments were conducted under optimal parameters
such as pH, duration of contact, metal dosage, and activated carbon quantity. In this
experiment, different time intervals were considered with 1000 ppm Pb(II) solution
for kinetic modeling. One gram of the MSW-AC was added to 20 mL of metal
solution and was put into the horizontal shaker. The solution was observed for
Pb(I1) solution using atomic adsorption spectroscopy to find the capacity of
activated carbon against heavy metal. The linear forms of Lagergren's pseudo-first
and second-order kinetics equations were utilized, as shown in equation (18) and
(29), respectively (Buah and Williams, 2010).

(18)

k
10g(qe — q¢) =logqe—~5§%§t

1 1 1 (19)

+
g qe kpqit
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Where ge and q: represent the capacity of adsorption at equilibrium and at time t
(min) in mg/g, respectively, ki and k> is the pseudo-first-order and second-order

rate constant, respectively.

iv. Adsorption Isotherm

The quantitative assessment of metal adsorbed is conducted through
equilibrium isotherms (Puranik and Paknikar, 1999; Namasivayam and Kavitha,
2002). In the literature, two widely recognized linearized adsorption isotherm
models are commonly employed: Langmuir and Freundlich, as indicated by
equations (20) and (21), respectively. The Langmuir adsorption isotherm assumes
that the adsorbate is monolayerly covered over the adsorbent's surface and that each
adsorption site is identical. This model offers insights into uptake capacity,
reflecting the behavior of the equilibrium process (Langmuir, 1918). On the other
hand, the Freundlich model establishes an association between the capacity of metal
uptake (ge in mg/g) and the residual (equilibrium) concentration of metal ions (Ce
in mg/L) (Mushtaq et al., 2023). The objective of this research was to evaluate the
best interaction of MSW-AC for metal immobilization based on varying
concentrations and time. The Pb solutions were prepared with concentrations of 50,
100, 150, 200, 500, and 1000 mg/L. Then, activated carbon (1 g) was added to a 20
mL metal solution and put on a horizontal shaker. The solution was observed for

Pb solution using atomic adsorption spectroscopy capacity against heavy metal.

4 QmaxKLCe (20)
=y, -

1 21

ge = K C,” )

q. (mg/g) is the metal ion concentration adsorbed by MSW-AC, C. represents
the metal concentration in the solution at equilibrium (mg/L), the adsorption
capacity at the monolayer is denoted by gmax (Mg/g), Ki is the Langmuir constant
which relates the adsorption energy and capacity, the Freundlich constant is Kr, and

Y is the intensity of adsorption.

v. Cycle study
The cycle study allows to investigate the effectiveness of the adsorbent in
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removing target contaminants during repeated adsorption-desorption cycles. It
helps determine if the adsorbent retains its adsorption capacity and efficiency after
multiple cycles or if there is any loss in its performance. Cycle study in adsorption
studies is essential for understanding the long-term performance, reusability, and
regenerability of the adsorbent material, contributing to the development of
sustainable and cost-effective adsorption processes for wastewater treatment
(Badran et al., 2023).

vi. Desorption study

The desorption was conducted to evaluate how effectively contaminants could
be removed from the adsorbent material for potential reuse. Following the
adsorption process, pollutants become attached to the surface of the adsorbent.
Desorption entails releasing these pollutants from the adsorbent, typically achieved
through the use of a desorbing agent or altering environmental conditions. In this
particular study, desorption was performed using 0.1 M solutions of HNO3, H2SOg4,
and HCI. A desorbing solution of 20 mL was employed for a duration of 2 h (Vishan
et al., 2019). The pH level and duration of contact emerged as critical factors
influencing desorption efficiency (Badran et al., 2023). Consequently, optimization

of these parameters was also undertaken.

3.5.3 Application of MSW char during co-composting of vegetable waste

i. Co-composting of MSW char and vegetable waste

Co-composting was done utilizing in-vessel composting in the rotary drum
composter (RDC), which outperforms all other composting methods in terms of
degradation rate and waste materials stabilization (Singh and Kalamdhad, 2016;
Sharma et al., 2017). Therefore, a retention period of 20 days was selected for the
experiment. The lab-scale RDC had a volume capacity of 550 L and operated in
batch mode, as shown in Fig. 3.5. The apparatus is affixed to a metal frame with
four rubber rollers and is mechanically rotated using a handle. The main body of
the drum was made from mild steel and has dimensions of 1.022 meters in length
and 0.76 meters in diameter. Inside the drum, 40x40 mm angles are welded along

its length to facilitate proper blending, stirring, and aeration of feedstock during
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rotation. Additionally, two head-to-head holes, each 10 cm in diameter, are
positioned at the top to allow for the drainage of additional water. Rotation of the
RDC was done manually every 24 hours to ensure appropriate aeration. Three
different composting ratios of vegetable waste, sawdust, cow dung, and MSW char
were added in three different rotary drum composters comprising 100 kg of waste
materials. Vegetable wastes were cut into 2 to 5 cm in size by the mechanical
shredder for the uniform blending of the composting material. The optimal blend
consisting of cow dung, vegetable waste, and sawdust was prepared as shown in
Fig. 3.4, taking into account their respective mixing ratios as documented in
previous studies on the RDC of vegetable waste Varma and Kalamdhad, 2015). The
addition of more than 20% of the MSW char is not recommended as it may interfere
with the biodegradation of organic waste (Camps and Tomlinson, 2015). As shown
in Table 3.3, 2.5% and 5% (w/w) MSW char was added to the 100 kg of waste

material, and it was homogenized and mixed before it was put in the rotary drum.

(@ (b) (c) (d)
Fig. 3.4. (a) Vegetable waste (b) cow dung (c) saw dust (d) MSW char

Table 3.3. Mix proportion of composting material and MSW char

Trial  Mixed Vegetable Cowdung Sawdust Total MSW

Name proport waste (kg) (kg) (kg) (kg) char (%o)
ions added

Control 4:1 50 40 10 100 0

Trial1 4:1 50 40 10 100 2.5

Trial2 4:1 50 40 10 100 5
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Fig. 3.5. (@) Schematic diagram of Rotary Drum Composter and (b) and (c)
Rotary drum composter (Kalamdhad et al., 2008)

ii. Sampling

Sampling was conducted on even alternative days throughout the 20 days. From
each reactor, triplicate samples were collected at three specific locations, each 20
cm from the surface and distinct from one another. A portion of the samples was
kept at 4°C for immediate biological examination, while some were air-dried,
crushed, and sieved for subsequent physicochemical analysis.
iii. Physicochemical and Nutritional Parameters

The temperature was monitored every six hours with the help of a digital
thermometer. To measure pH and electrical conductivity, approximately 10 g of the

compost sample, which was sieved through a 0.22 mm sieve, was mixed with 100
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mL of distilled water in a 1:10 ratio (w/v). The mixture was then subjected to
horizontal shaking for 2 hours at 120 rpm. Subsequently, the pH of the suspension
was determined using the pH meter. The conductivity of the suspension was
measured using the EC meter. To measure volatile solids, approximately 10 g of
the compost was placed in a crucible (W1), which was subsequently placed in a
muffle furnace for 2 hours at 550°C. After this duration, the final weight of the
sample was recorded as W». The measurement of volatile solids in the sample was
calculated using equation (22) according to the APHA (2017) standard method.

_ (10-(w2-w1))

Vs = Lo=W2=Wh) o 449 (22)
10

Total Organic Carbon was determined by dividing the value of the volatile
solids by factor 1.8, according to the APHA (2017) standard method (Maturi et al.,
2022). The ash content and TKN was measured in similar method as done for MSW
char.

The Nitrate (NO3-N) and ammonical nitrogen (NH4-N) were determined
spectrophotometrically after extraction with 2 M KClI solution (Varma et al., 2018).
Determination of Awvailable phosphorus and Total phosphorus is done by
colorimetric method according to APHA (2017) standard method (Kauser et al.,
2020). The overall concentration of sodium, potassium, and calcium was assessed
using a flame photometer (Systronic 128) after digestion of the 0.2 g sample in a
block digester with 10 mL of mixed acid (H.SO4 and HCIO4 in ratio 5:1) (Kauser
et al., 2020).

iv. Heavy Metal Analysis

Total concentrations of heavy metals such as iron (Fe), lead (Pb), manganese
(Mn), zinc (Zn), chromium (Cr), copper (Cu), and nickel (Ni) were determined by
atomic adsorption spectrometer (AAS) (Varian Spectra 55B).

v. Biological Analysis
Evolution of CO2

According to Kalamdhad et al. (2008) the direct approach to assess the stability

of compost is CO evolutions measured by static measurement method. About 10

g of soda lime was oven-dried and mixed with 25 g of fresh compost inside a
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container. The evolution of CO, was calculated as given in equation (23)
(Kalamdhad et al., 2008):

CO; evolution (mg/gVS/day) = 2—2% x 1000 (23)

WXT

In equation (23), W1 and W represent the initial and final weight of the soda-lime
(in grams) after incubated at 25°C and oven-dried, respectively, W denotes the
weight of the compost sample (in grams), and T indicates the period of incubation
(in hours).
Soluble Biochemical oxygen demand (sBOD) (APHA, 2005)

The sample was diluted in a ratio of 1:10 and placed on a horizontal shaker for
2 hours. Following this, the solution was filtered, and the resulting supernatant was
collected for analysis of BOD using the BOD5 test and calculated using equation
(24).

sBOD = % x DF (24)

In this context, D1 and D represent the initial and final levels of dissolved oxygen
in the sample after 5 days of incubation, measured in mg/L, P denotes the volume
of the sample diluted to a total volume of 300 mL with dilution water, DF = Dilution
factor.

Soluble Chemical oxygen demand (sCOD) (APHA, 2005)

The sCOD analysis was conducted by diluting the compost in 1:10 ratio, and
the resulting filtrate was analyzed using closed reflux method. In this method, 1.5
mL of K2Cr207 and 3.5 mL of H.SO4 reagent were mixed with 2.5 mL of the filtered
sample in a COD vial. The mixture was then digested for 2 hours at 150°C and
subsequently cooled to ambient temperature. It was then titrated against ferrous
ammonium sulfate (FeHsN20gS) using a ferroin indicator until the color changed
from green to deep red hue (Kauser et al., 2020) and calculated as given in equation
(25).

(A-B) xMx8000 (25)
mL of sample

sCOD =
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In this scenario, A and B represent the volume of FeHgN20sS> used for the blank
and sample, respectively; M denotes the molarity of FeHgN20sS,, and 8000
signifies the milliequivalent weight of oxygen multiplied by 1000 mL/L.

vi. Microbial Analysis

10 grams of fresh samples were placed into 100 mL of sterile distilled water in
an Erlenmeyer flask. The solution is mechanically mixed at 220 rpm in a horizontal
shaker. The diluted samples were inoculated in culture media tubes to measure the
amount of total and Fecal coliform using the most probable number (MPN) (APHA
2012). Total counts of heterotrophic bacteria were determined by inoculation of
diluted samples in culture media Petri dish using the pour plate method (APHA,
2015).

3.5.4 Application of MSW char in alluvial soil and its effect on plant growth

i. Experimental setup

Table 3.4. Experimental setup for the study of the effect of char and compost in

alluvial soil
Treatment Weight of Weight of Weight of Total weight
soil (kg) vermicompost char (kg) (kg)
(kg)
1% char (C1) 4 0 0.04 4.04
5% char (C5) 4 0 0.2 4.2
10% char (C10) 4 0 0.4 4.4
20% compost + 4 0.8 0.04 4.84
1% char (CM1)
20% compost + 4 0.8 0.2 5
5% char (CMDb)
20% compost + 4 0.8 0.4 5.2
10% char (CM10)

The MSW char and a combination of MSW char and compost were applied to
the alluvial soil and to assess its effects, a quadrimester study was conducted in pots

of volume 0.012 m3. The MSW char was mixed with alluvial soil at rates of 1, 5,
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and 10%, respectively. In another three pots, the percentage of compost in the
alluvial soil was fixed, and then MSW char was mixed at a rate of 1, 5, and 10%
with the alluvial soil, as shown in Table 3.4. The pot study was conducted in the
hard-plastic material reactor. The bottom layer (10-20 cm) was filled with
aggregates having size (4-16 mm). The next layer (30-40 cm) was placed with a
homogenized mixture of soil mixed with the compost and MSW char. For soil

quality assessment, Abelmoschus esculentus (Okra) was grown.

ii. Sampling

For each reactor, sampling was carried out in duplicates immediately after
placing the reactors (referred to as day 0 samples) and then after 15, 30, 45, 60, 90
and 120 days. Sampling was done at a random depth of 10 cm with the help of a
soil auger. The collected samples are dried in a hot air oven for 24 hours at 105°C

and ground through a 212 pm sieve.

iii. Physiochemical and Nutritional Parameters

The pH and electrical conductivity (EC) were measured according to APHA
(2017). Total Kjeldahl nitrogen (TKN) was determined using the stannous chloride
method according to the APHA (2017) standard method (Jain and Kalamdhad,
2018). The Nitrate (NOs-N) and ammoniacal nitrogen (NHs-N) were determined
spectrophotometrically after extraction with 2M KCI solution (Varma et al., 2018).
Determination of available phosphorus was done using the colorimetric method
(Kauser et al., 2020). The total concentration of Na, K, Ca, and Mg was determined
by flame photometer (Systronics 128) and atomic adsorption spectrometer (AAS)
(\Varian spectra 55B) after digestion of the 0.2 g sample in a block digester with 10
mL of mixed acid (H2SO4 and HCIOys in ratio 5:1). The soil organic matter (SOM)
was determined in accordance with the ASTM D 2974. Soil organic carbon (SOC)
was determined using the Walkley and Black oxidation method (FAO, 2019). In
this procedure, 0.5 to 1 g of dried sample passed through a 0.22 mm sieve was
mixed with 10 mL of K>Cr.07, followed by mixing with 20 mL of concentrated
H2S04 and swirled until the soil and reagents were mixed. The mixture was allowed

to cool for 30 mins and diluted to 200 mL. The diluted sample was then mixed with
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10 mL of 85% H3PQOg4, 0.2 g of NaF, and 15 drops of diphenylamine indicator. The
solution was titrated with 0.5 N Ferrous Ammonium Sulfate (FAS). The soil

organic carbon is calculated by the formula given in equation (26):

100 (26)
Weight of dry soil

B = mL of standard 0.5 N ferrous ammonium sulphate required for the blank.

S= mL of standard 0.5 N ferrous ammonium sulphate required for blank sample

N = Normality of standard FAS (0.5 N)

The correction factor 1.3 is multiplied according to the Walkley and Black

oxidation method.

iv. Specific gravity of the sample
The specific gravity was measured according to ASTM-D854 and calculated

using equations (28).

_ (W3 — W1) X py (27)
Ps = Wy, — W) — (W, — W)
5, = 57 (28)

Where ps denotes the specific density of the sample (g/cm?), W1 is the weight of
the empty volumetric flask (g), W2 represents the weight of the volumetric flask
filled with distilled water up to the graduation mark (g), the density of water is
denoted as pw (g/cm?), W3 is the weight of the sample with the volumetric flask (g),
W represents the weight of the flask filled with sample and distilled water up to
2/3' of the flask (g), Sy is the specific gravity of the sample.

v. Water Holding Capacity (WHC)

A sample with a known moisture content (Si) was placed in a beaker and let to
soak in water for one to two days. After draining the extra water through Whatman
2 No. filter paper, the soaked sample's weight (Ss) was recorded. Equation (29) was
used to compute the amount of water that the dry sample absorbed. The following

formula can be used to calculate the WHC (g water/g dry material) (Klute, 1986)
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(Ss — Si) + MC x Si (29)

WHC = —0 "Wy xsi

Where,
W is the moisture content (g), Si denotes the initial weight (g), and Ss is the final
weight (g) of the sample.

vi. Exchangeable Cations

5 g of air-dried soil sample (passed through a 0.22 mm sieve) was taken in the
conical flask. 50 mL of 1 N ammonium acetate was added to the sample. The
mixture was kept in a horizontal shaker for 2 hours at 100 rpm. After shaking, the
extracted solution from the solid residue was separated using Whatman 42 No.
filter. The exchangeable cation was measured from the extraction using a Flame

photometer and atomic adsorption spectrophotometer.

vii. Bioavailability of Metals
Diethylenetriamine Penta acetic Acidic Fraction (DTPA)

About 40 mL of 0.1 M triethanolamine, 0.01 M CaCl, and 0.005 M DTPA of
pH 7.3 were added to 4 g of the sample shaking at 100 rpm (Kulikov, 2016). The

concentration of heavy metals in the extracted solution was measured using AAS.

3.5.5 Application of MSW char in mine tailing soil

i. Experimental setup for char, vermicompost, and mine tailing soil

The char prepared at 350°C and 10°C/min heating rate was used along with
vermicompost for application in mine tailing soil. To prepare the vermicompost
(VC), rotary drum composting followed by vermicomposting was done. In this
process vegetable waste was collected from hostels of the Indian Institute of
Technology Guwahati, Assam, India. Saw dust was applied as a bulking agent, and
cow dung was used for microbial inoculum. The proportion of shredded waste,
inoculum, and bulking agent were combined in a ratio of 5:4:1, respectively (Varma
and Kalamdhad, 2015). The composting process was mainly carried out in a 550 L
capacity RDC. The RDC received 100 kg of the feed, and aeration was maintained

by rotating the drum once a day during the process of composting. In the current
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combined method for vermicomposting, E. fetida was utilized. The earthworms
were obtained from Krishi Vigyan Kendra (KVK), Guwahati, and cultivated in the
laboratory before being applied to the waste that has been predegraded. Following
the RDC's first 7 days of operation, 2.5 kg of predegraded waste was extracted, and
VC was obtained after 20 days (Pottipati et al., 2022).

The MTS was air dried at 20-25°C for two weeks, sieved to <2 mm, and any
biological debris was removed. The soil was then homogenized and thoroughly
hand-mixed with MSW char and vermicompost in the following proportions, and
sampling was done on the 0", 30", and 45" day:

Control (MTS + 0% C + 0% VC)

MTS +10% C
MTS +20% C
MTS + 20% VC + 5% C
MTS + 30% VC + 5% C

Where MTS is mine tailing soil, C is the MSW char, and VVC is the vermicompost.

ii. Total heavy metals

The total metals were determined by using a 0.1 g sample and digested with 10
mL of H.SO4and HCIO4 (5:1) in a digester for 2 hours at 300°C. The sample that
was digested was used to determine the total concentration of heavy metals through

an atomic absorption spectrometer (AAS) (Varian Spectra 55B).

iii. Extraction of Water-Soluble Heavy Metals

To determine the water-soluble metals, the sample was extracted using distilled
water in the ratio of 1:20 (sample: distilled water) at room temperature using a bath
shaker for 2 hours at 100 rpm (Singh and Kalamdhad, 2012). The mixture was kept
for 5 mins at 10,000 rpm and filtered through the Whatman No. 42 filter paper. The

heavy metal analysis of the supernatant was done by AAS.
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iv. Extraction of Heavy Metals with Diethylene Triamine Penta-Acetic Acid
(DTPA)
Approximately 4 g of the sample was taken in powder form, and 40 mL of 0.1
M triethanolamine, 0.01 M CaCl,, and 0.005 M DTPA were added to the sample
with pH 7.3 shaking at 100 rpm (Kulikov, 2016). The concentration of heavy metals

in the extracted solution was measured using AAS.

v. Leachability of Heavy Metals

The standard toxicity characteristic leaching procedure (TCLP) method (US
EPA, 1992) was performed on the sample to find the leachability of heavy metals
from the MTS. In this procedure, 5 g of the sample was mixed with 100 mL of
acetic acid at pH 5, which was adjusted using 1 N NaOH, maintaining a sample-to-
solution ratio of 1:20 at ambient temperature using a bath shaker for 18 hours at 30
rpm. The remaining procedure was similar to the extraction of water-soluble heavy

metals.

vi. Metal Speciation

A sequential extraction of the heavy metals was carried out by the method of
Tessier et al. (1979). These authors reported the five forms of fractions as
Exchangeable fraction (F1), Carbonate fraction (F2), Reducible fraction (F3),
Organically bound fraction (F4), and Residual fraction (F5). The extraction was
performed with an initial oven-dried sample of 1.0 g in polypropylene centrifuge
tubes of 50 mL capacity. In the process of sequential extraction of F1, 8 mL of 1.0
M MgCl2 was used as an extractant, which is then agitated at 220 rpm for 1 hour at
25°C. The extraction of F2 was done by using 8 mL 1.0 M NaOAc (pH was adjusted
to 5 by concentrated HOAC) and was agitated for 5 hours. 20 mL of 0.04 M
NH20H.HCI in 25% HOACc (v/v) was used as an extractant for extraction of F3,
which was then put in a water bath shaker for 6 hours at 96°C with irregular
agitation. The F4 was extracted at first by using 3 mL 0.02 M HNO3z and 5 mL 30%
H20. (pH adjusted to 2 with concentrated HNO3), followed by heating at 85°C for
2 hours. After 2 hours, 3 mL of 30% H.0O. was added and then heated at 85°C for
3 hours with occasional stirring. As the mixture was cooled, 5 mL of 3.2 M
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NHsOAc in 20% (v/v) HNOs was added and agitated for 0.5 hours at 25°C. The F5
was extracted by using an extractant solution consisting of 10 mL of H2SO4 and
HCIO4 (5:1) mixture, followed by heating at 300°C for 2 hours. After each
successive extraction, the supernatant liquid was separated with a pipette after
centrifugation at 10,000 rpm for 5 minutes and diluted for heavy metal analysis.
The residue is washed (except residual fraction) with 20 mL of Milli Q water by
shaking for 15 minutes, followed by centrifugation without loss of solids. The
extracts are stored in plastic reagent bottles for heavy metal analysis by AAS.

The soil matrix actively holds some metals together in their certain chemical
forms, while some are weakly bound and are soluble in acidic solutions or through
basic redox reactions with the change in pH. The first three fractions of Tessier's
sequential extraction method, F1, F2, and F3, contain examples of such metals.
Based on the absolute and relative amount of metal fractions that are loosely
attached to the soil components, metal mobility in the soil matrix can be
ascertained. Equation (30) was used to calculate the metal mobility index as a
“mobility factor” as given below (Narwal et al., 1999)

| - (F1+ F2+ F3) x 100 (30)
" F1+F2+F3+F4+F5
where,

F4= Fraction 4
F5= Fraction 5

The level of risk based on the type of metal, chemical species, and ecological
risk is denoted by the Risk assessment code (RAC). RAC determines the
availability of metals in sediments and soils by considering the metal in the
carbonate and exchangeable fractions (%) (Amini et al., 2024). If the percentage of
metal in carbonate and exchangeable fraction is <1, then it is considered as no risk;
1-10is low risk, 11-30 is medium risk, 31-50 is high risk, and >50 is very high risk.
The RAC is calculated as given in equation (31) (Kabata-Pendias, 1984):

(F1+ F2) x 100 (31)

RAC =
F1+F2+F3+F4+F5
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Chapter 4

SEASONAL CHARACTERIZATION OF MSW

4.1 PHYSICAL COMPOSITION OF FRESH MSW AND LEGACY WASTE

The MSW of Boragaon dumpsite includes paper/cardboard, plastic, rubber,
leather, glass, metal, inert (street sweepings, stones, soil, and construction and
demolition waste), and biodegradable wastes (vegetable peels, leaves, wood, tree
branches, coconut husk, shells) as shown in Fig. 4.1. The legacy waste mostly
consists of plastics, textiles, and inert waste. The proportion of plastic waste in the
MSW was highest during the monsoon season (34.18%) and slightly lower in both
the pre-monsoon (30.74%) and post-monsoon (32.46%) season periods, as shown
in Fig. 4.1 (a). The paper/cardboard fraction remained relatively consistent across
the different seasons. The rubber/leather fraction sees a decrease during the
monsoon season (0.50%) and an increase during the post-monsoon (0.83%) period.
The proportion of clothes in MSW remains relatively stable, with a slight decrease
during the monsoon season (10.59%). The inert fraction decreases during the
monsoon season (17.65%) and slightly increases during the post-monsoon
(15.72%) period. The biodegradable and glass/metal fractions remain relatively
consistent, with a slight increase during the monsoon season (37.38% and 0.78%,
respectively). These prepared samples were then used for physicochemical analysis
to check the feasibility of the samples for pyrolysis.

In legacy waste, the plastic fraction constitutes the major proportion and
remains relatively consistent throughout the seasons, as shown in Fig. 4.1 (b). The
paper/cardboard fraction is minimal but experiences slight fluctuations across the
seasons. The rubber/leather fraction shows some variation, with a peak during the
monsoon season. The proportion of clothes in the legacy waste remains relatively
stable, with a slight increase during the monsoon season. The inert fraction shows
variations across the seasons, with a decrease during the monsoon season and an
increase during the post-monsoon period. The biodegradable fraction is minimal

and almost negligible, except for a slight increase during the monsoon season. The
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glass/metal fraction experiences fluctuations, with a notable decrease during the
monsoon season.

The overall data provides insight into how the composition of different waste
fractions within MSW and legacy waste changes during different seasons. From the
study, it was observed that plastic, clothes, and inert materials are the most
prominent components of this waste category, while other fractions, such as
paper/cardboard, rubber/leather, and glass/metal, exhibit varying levels of presence
with some seasonal fluctuations. The negligible presence of biodegradable waste in
this context is also noteworthy, whereas most of the studies have reported with
higher percentage composition of biodegradable waste, followed by paper,
cardboard, and plastic waste (Singhal et al., 2022). Therefore, the coexistence of
mixed flammable, biodegradable, textile, and inert waste within MSW can undergo
thermal treatment following the segregation of metal/glass components, resulting
in the production of energy resources. In contrast, the predominance of the
combustible portion in legacy waste indicates the potential use of waste with
limited preliminary processing and sorting. This investigation into physical
composition examined the viability of employing MSW and legacy waste as a solid
fuel in thermochemical procedures, providing an alternative approach to waste
management. Additionally, it aimed to spark innovation in finding alternative
avenues for utilizing rejected waste, thereby extending landfill lifespans, promoting
circular economy principles, and considering the socio-environmental

responsibilities associated with waste generation.
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Fig. 4.1. Physical composition (%) of (a) MSW and (b) legacy waste
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4.2 RESULT OF PROXIMATE ANALYSIS

The moisture content in different categories of MSW, namely plastics,
paper/cardboard, rubber/leather/clothes, and inert and biodegradable waste, were
analyzed for characterization, as shown in Table 4.1. The plastic portion within
MSW exhibited low moisture content because plastics are hydrophobic, a
characteristic stemming from the lower surface tension of their components
compared to that of water (Tiburcio et al., 2021). The inert portion of MSW
comprises street sweepings, soil, sand, construction and demolition waste, and
pebbles. Inert waste typically accumulates with fresh MSW, including clothes,
paper/cardboard, and organic waste, absorbing the moisture from other waste
fractions. As a result, the moisture level in the inert section of newly generated
MSW surpasses that found in the organic waste portion.
Table 4.1. Proximate analysis of individual fractions of MSW

Fraction Total moisture Ash content  Volatile matter Fixed Carbon
content (wt. %, (wt. %,dry  (wt. %, dry (wt. %, dry
wet basis) basis) basis) basis)

Plastic 1.11+0.02°2 349+106% 32.23+14.39% 25.16+11.25°%

Paper/cardboard 14.11+0.05% 13.87+0.16° 32.35+9.25% 27.34+7.312

Rubber/leather/

clothes 8.24 £0.13% 7.79+0.23%" 30.19+11.21% 26.23+8.532

Inert 33.40+0.54% 26.40+3.14°¢ 2798+218% 24.99+225°%

Biodegradable

waste 20.28+0.20% 11.59+3.89%P 32.61+10.81% 24.99+8.922

“Using the Tukey test, different letters show significant variation, p<0.05.

As depicted in Table 4.2, the variation in the range of moisture, ash content, volatile
matter, and fixed carbon values illustrates the diverse product compositions present
in the fractions of MSW, influenced by seasonal changes. During the pre-monsoon
period, there was an 83.84% reduction in moisture content across the sample years.
This decrease was primarily attributed to the degradation of the fresh organic waste

fraction within MSW over time. Conversely, in the monsoon season, the moisture
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content of the newly generated waste sample rose significantly to 51.09%,
markedly surpassing the moisture content of the fresh waste (8.29%) collected in
the pre-monsoon period. However, the moisture content also displayed a decline as
the waste aged during the monsoon season. A similar pattern was observed for
waste collection in the post-monsoon season, where the moisture content of the
freshly collected waste was 30.26%, which was much lower than that of studies
that have reported a moisture content of 65% during the post-monsoon season
(Singhal et al., 2022). Notably, the moisture content from fresh waste to legacy
waste exhibited a substantial decrease of 89.59%.

The trend in the ash content of the MSW was varying during the pre-monsoon
season mainly due to its more variation in the waste collected from different
locations. The percentage of ash content was less in the range of 4.42 to 7.12%
compared to monsoon (9.04 to 26.7%) and post-monsoon season (8.76 to 25.05%).
Higher ash content results in the corrosion of the reactor and affects the radiative
heat transfer (Patumsawad et al., 2002). Also, high ash content results in a slow
heating rate, which is favorable for char production, but the quantity of char yield
will be less. High ash content results in the disturbance of the combustion process,
resulting in higher emissions of CO (Verla et al., 2012). The higher ash content also
reduces the sample's calorific value and combustion efficiency (Verla et al., 2012).
So, the MSW collected during the pre-monsoon season is preferable for pyrolysis
technology due to low ash content for a high char yield.

The percentage of volatile matter during the pre-monsoon season was 53.23 to
64.64%, much higher than that of the MSW sample collected during monsoon and
post-monsoon season, which was in the range of 41.24 to 22.13% and 47.37 to
59.25%, respectively. In the present study, the percentage of volatile matter was
comparatively lower than that of a similar study which reported volatile matter of
79.5% (Singhal et al., 2022). The higher volatile matter of the sample for pyrolysis
indicates more formation of pyrolysis oil. It reduces the time of ignition required
for combustion and char production (Suriapparao et al., 2015).

The proportion of fixed carbon directly influences the quantity of char obtained

from pyrolysis. A greater fixed carbon percentage corresponds to increased char
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production (Charvet et al., 2021). In the pre-monsoon period, the fixed carbon
content of MSW and legacy waste (13 years old) was 20.06 and 40.87%,

respectively, which is quite comparable to the waste collected in the monsoon

season, measuring 10.19% and 44.87%, respectively. The results of the proximate

analysis of MSW and legacy waste were not similar and comparable with other

available studies conducted on the characterization of MSW in Guwabhati city. The

current study suggests that the MSW and legacy waste collected during the pre-

monsoon seasons and legacy waste collected during the monsoon period are

suitable for char production through pyrolysis.

Table 4.2. Proximate analysis of mixed MSW sample during pre-monsoon,

monsoon, and post-monsoon season from 10 locations.

Age of Moisture Ash content Volatile matter  Fixed carbon
waste content (%0) (%0) (%) (%)
collected
from
different
locations

Pre-monsoon season
0 day 8.29 £ 0.16* 6.84 + 0.66° 64.64 + 0.06 20.23+0.16°
7 days 8.13+0.15 6.82 + 0.60° 63.37+1.21 20.68 +0.14°
6 months 8.16 + 0.21° 7.05+0.51° 64.73+0.71 20.06 + 0.22?
1 year 8.24 £0.16* 7.17 £0.48*% 63.66 + 0.40 20.93 £ 0.143b.¢
3 years 5.55 + 0.24° 5.94 +0.22* 64.15+0.19 24.36 +0.24¢
4 years 5.15+0.15%" 5.76 £ 0.28* 63.68 + 0.20 25.41 +£0.21°
7 years 3.40 £ 0.22¢ 512 +0.78* 62.69 + 0.41 28.52 + 0.15f
8 years 3.46 +0.25%¢ 5.47 £0.92° 53.23+0.24 37.84 +0.208
10 years  2.39+0.21 5.01+1.18° 53.39 + 0.48 39.21 +0.22"F
13years 1.34+0.18¢ 442 +1.38° 53.37 £ 0.42 40.87 +0.18

Monsoon season

0 day 51.09+£0.12®  9.04 £0.212 29.65+0.17° 10.19 + 0.03?
7 days 50.29£0.07*  10.02+0.16* 28.94 + 0.09 10.69 + 0.06?
6 months 32.33+0.09*  11.16 £ 0.59* 28.16 £0.1° 28.40 + 0.05°
1 year 30.30+0.13*  13.19+0.41° 26.31 £ 0.09° 30.33+£0.13°

TH-3619_196145104
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3 years 2544 +0.21° 14.55 +0.23¢P 25.22 +0.01¢ 34.68 +0.12¢

4 years 23.38 +0.14° 15.25+0.21%" 24,62 + 0.34%¢ 36.86 + 0.11°

7 years 13.50 £ 0.19° 19.12 £ 0.15° 41.24 +0.21° 26.10 £ 0.05

8 years 11.85+0.11° 19.97 + 0.19"¢ 39.7 £ 0.149 28.36 +0.129

10 years  10.66 +0.06% 20.68 +0.13¢ 36.08 £ 0.12" 43.58 £ 0.15"

13years 6.30+0.02% 26.70 £ 0.04" 22.13+£0.13"" 44.87 +0.17'
Post-monsoon season

0 day 30.26 + 0.22% 8.76 £0.13% 59.25 + 0.26% 1.53 £ 0.08*

7 days 22.51 +0.26" 16.77 £0.21* 57.59 + 0.16° 3.14 £ 0.622

6 months  15.65 + 0.37¢ 18.17 +0.14° 55.03 £ 0.16° 11.16 £ 0.07°

1 year 10.43 £ 0.19¢ 19.52 +0.26° 54.75 + 0.194°¢ 14.80 + 0.40°

3 years 9.85+0.18%f 21.94 £0.22¢ 53.53 £ 0.25° 14.69 + 0.294 ¢

4 years 8.42 +0.15 20.59 +0.26%° 51.50 + 0.23' 19.50 £ 0.17¢

7 years 5.87 +0.119 24.86 £ 0.19 49.43 +0.219 20.10 + 0.34%¢

8 years 5.35+0.12"¢ 24.14 £ 0.249 1 49.30 + 0.14"¢ 21.23 +£0.2290.&f

10years 4.87 £0.20"%" 2428 +0.31""9  48.37 £0.23" "9 2250 £ 0.12ne.e T

13 years  3.15+0.12 25.05+0.29"Feh 4737 +0.20" "0 24.44 £ 0.36"

“Using the Tukey test, different letters show significant variation, p<0.05.

4.3 TANNER DIAGRAM

The evaluation of the combustion process of incinerated solid waste was
proposed by Tanner, (1965) by correlating the moisture, ash, and combustible
material contents. The Tanner diagram, as shown in Fig. 4.2, was used to evaluate
the potential of various types of waste for pyrolysis without requiring auxiliary fuel.
The data obtained from proximate analysis of MSW during pre-monsoon,
monsoon, and post-monsoon season was plotted in the Tanner diagram. It was
found that the pre-monsoon MSW sample was the most potent fuel for pyrolysis,
followed by post monsoon sample because the moisture content was <50%, ash
content <60%, and combustible material >25%, which were within Tanner's limits
as shown in Fig. 4.2 (a), (b) and (c).
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Fig. 4.2. Tanner diagram of MSW correlating between moisture, ash, and
combustible content (%) during (a) pre-monsoon, (b) monsoon, and (c) post-
monsoon season

4.4 ULTIMATE ANALYSIS AND CALORIFIC VALUE

The comprehensive examination of MSW and legacy waste collected in the pre-
monsoon period revealed that carbon and oxygen were the predominant elements
in both samples, while nitrogen and sulfur content were relatively low. This implies
that NOx and SOx emissions from the combustion of MSW could be low (Moron
and Rybak, 2015). In the case of legacy waste, it was found that the percentage of
carbon was higher than that in mixed MSW. This data is critical for designing the
treatment of flue gas and recirculation systems in pyrolizers (Moron and Rybak,
2015). The sulfur content is due to the combustible fraction constituted in the MSW
and legacy waste (Eze et al., 2021). The plastics investigated in this research were
sourced from practical applications, differing from pure polymer, and could
potentially contain additives within the samples. The MSW samples tested include
70.59% carbon and 11.96% hydrogen, while the legacy samples have 78.37%
carbon and 11.7% hydrogen, which was comparatively higher than that of similar
studies reported for MSW (Singhal et al., 2022). Such qualities enabled effective
pyrolysis and the production of high-quality solid residue char.

The elevated nitrogen content found in legacy waste compared to MSW can
lead to a decline in oxygen and carbon dioxide levels (Deng et al., 2017). The H/C
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ratio indicates the aromaticity and stability and O/C indicates the aging of the
sample. The study found that both H/C and O/C molecular ratios for MSW are
higher than legacy waste. The H and O-containing functional group in MSW
vanishes with the increase in the aging of waste due to decarboxylated
dehydrogenation (Wang et al., 2021). The molecular ratio of H/C in MSW and
legacy waste was 2.03 and 1.79, respectively, while the O/C ratio of MSW
compared to legacy waste decreased from 0.11 to 0.04. The higher H/C ratio
observed in MSW signifies the presence of aromatic organic components, which
tend to exhibit biological instability, whereas the opposite holds for legacy waste
(Yang et al., 2007). The decline in the O/C ratio from MSW to legacy waste
indicates the degradation of carbon compounds and also serves as an indicator of
waste half-life, with a half-life exceeding 1000 years when the O/C value is <0.2.
Both MSW and legacy waste exhibit an O/C molecular ratio of less than 0.2,
suggesting the non-biodegradability in the landfill (Wang et al., 2021).

The heating value assessment of the samples collected in the pre-monsoon
season was conducted both theoretically (Kalivodova et al.,, 2022) and
instrumentally, as outlined in Table 4.3. The heating value of legacy waste
surpassed that of MSW due to its higher carbon content and lower moisture levels.
The diminished heating value of MSW can be attributed to its heterogeneous
composition, which possesses elevated moisture and ash content. In contrast,
legacy waste is unsuitable for recycling but holds promise as a potential pyrolysis
feedstock, given its low moisture content and high heating value as compared to
MSW characterization reported by other studies (Chiemchaisri etal., 2010; Singhal
etal., 2022).

Table 4.3. Ultimate analysis and calorific value of MSW and legacy waste

Analysis Sample

MSW Legacy waste
C (%) 70.59 +0.01 78.37+0.13
H (%) 11.96 + 0.08 11.7 +0.09
N (%0) 0.15+0.04 0.86 £ 0.03
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S (%) 447 +0.25 0.30+0.01

O (%) 10.83 + 0.57 4.35+0.49

H/C 2.03+0.01 1.79 £ 0.02

o/C 0.11+£0.01 0.04 +0.00
Lower Heating Value (LHV) (kJ/kg) 34903.89 + 11.75 37835.14 + 15.85
High Heating Value (HHV) (kJ/kg) 37717.89 + 11.1 40432.84 + 4.42
Instrumental Heating Value 35216.82 + 6.27 39812.13 + 7.58

(H HVinstrumental) (kJ/kg)

4.5 BIOCHEMICAL ANALYSIS OF MSW

The biochemical analysis of the mixed MSW and legacy waste collected during
the pre-monsoon season is shown in Table 4.4. A higher percentage of lignin
content indicates high char production and a high percentage of hemicellulose and
cellulose content signifies a high pyrolysis oil yield (Rangabhashiyam et al., 2019).
The percentage of lignin content of the MSW sample collected was higher (47.6%)
than that of hemicellulose (13.4%) and cellulose content (24.12%) as compared to
most of the lignocellulosic biomass (Rangabhashiyam et al., 2019). This study
shows that the MSW sample can be a potential feedstock for char production
through pyrolysis. Similarly, the percentage of lignin content (44.16%) in the
legacy waste also reveals the feasibility of char production.

According to the linear correlation between absorbance and gas concentration,
as stated by Beer-Lambert’s law, it is possible to ascertain the gas production
resulting from the thermal degradation of both MSW and legacy waste. Typically,
the degradation of cellulose and hemicellulose leads to the creation of carbonyl
groups, which in turn gives rise to the production of CO and CO; (Yang et al.,
2007). There is also a likelihood that cellulose generates increased CO through
secondary reactions involving primary volatiles and the breaking of aldehyde
groups (Pasangulapati et al., 2012). In contrast, the breakdown of lignin has been
linked to the generation of methane due to the fragmentation of the methoxy groups

in the lignin molecule (Yang et al., 2007). Therefore, a higher presence of lignin in
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MSW compared to legacy waste results in a considerably elevated emission of

methane gas.

Table 4.4. Biochemical constituent of MSW and legacy waste

Biochemical constituent Percentage composition (%)
MSW (%) Legacy waste (%0)
Extractive 8.21+£0.27 7.47+0.21
Hemicellulose 13.4 £ 0.45 14.66 + 0.89
Lignin 47.6 +0.66 4416 + 0.45
Cellulose 24.12 £0.33 13.63£1.06

4.6 BULK DENSITY AND POROSITY

The bulk density of the MSW and legacy waste sample was determined by
ASTM D 1895 and was found to be 132.05 and 95.78 kg/m?, respectively. The bulk
density helps determine the space requirement for storing the feeding material. The
quantity of feedstock that can be fed inside the pyrolysis reactor can be determined
through bulk density (Shrivastava et al., 2023). The porosity of MSW and legacy
was 59.16 and 61.11%.

4.7 THERMOGRAVIMETRIC AND DERIVATIVE

THERMOGRAVIMETRIC ANALYSIS

Fig. 4.3 (a) and (b) depict the thermogravimetric (TG) and derivative
thermogravimetry (DTG) analyses of both MSW and legacy waste, respectively.
These curves were utilized to determine various parameters such as the maximum
rate of pyrolysis, initial temperature, peak temperature, termination temperature,
rate of weight loss during the reaction, and other pertinent values, extensively
detailed in Table 5. The point where the tangent intersects the horizontal curve on
the TG graph aligns with the peak on the DTG curve. The initial temperature is
identified as the point where the tangent line meets the flat horizontal curve line
(Lin et al., 2014). The termination temperature was identified as the temperature at
which the mass loss reached 68% for MSW and 82% of the overall quality loss for
legacy waste (Mu et al., 2015), also representing the temperature at the peak mass
loss rate in the DTG curves, outlining the three distinct pyrolysis phases for both
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waste types. The initial stage involves eliminating water content between room
temperature and 100°C. Stage Il shows the MSW sample undergoing thermal
degradation between approximately 240 and 310°C, while for legacy waste,
thermal degradation occurs between 100 and 370°C, accounting for about 10% of
the total quality loss. The third stage (stage I11) involves char combustion, occurring
around 315 to 425°C for MSW and 220 to 360°C for legacy waste. Considering
that MSW, excluding plastics, mainly comprises biomass components such as
cellulose, hemicellulose, and lignin (Zhou et al., 2015a), plastic components
contain higher levels of chlorine and hydrocarbon content (Li et al., 2005).
Hemicellulose decomposition happens within the range of 198 to 398°C, rapid
cellulose decomposition occurs between 300 to 350°C, and lignin decomposition
transpires approximately within the range of 410 and 540°C (Fisher et al., 2002).
Chlorine is released between 220 to 380°C, while hydrocarbon degradation starts

at temperatures ranging from 380 to 550°C (Fisher et al., 2002).
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Fig. 4.3. Thermogravimetric and derivative thermogravimetric analysis of (a)
MSW and (b) Legacy waste
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4.8 KINETIC STUDY THROUGH ARRHENIUS KINETIC MODEL AND
THERMODYNAMIC ANALYSIS
The Arrhenius plot of MSW and legacy waste sample showed a linear
correlation between log k and 1/T, where the r value for MSW and legacy waste
was 0.9862 and 0.9603, respectively, as shown in Fig. 4.4. According to Evans
correlation guide, if the r value is more significant than 0.8, it is considered a 'very

strong' correlation. But this linearity disappears when the r value ranges from
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0.0245 to 0.5753, indicating a 'very weak' to ‘'moderate’ correlation as per Evans
classification.

The results of the thermodynamic analysis are illustrated in Table 4.5. The
activation energy of the analyzed MSW and legacy waste sample was lower, about
5.72 and 14.96 kJ/mol, respectively, than that of fossil fuel like coal, which has an
activation energy of about 128-140 kJ/mol (Khare et al., 2014). The
lower activation energy of the sample indicates a higher reaction rate. This also
depicts that the energy required for thermal processing of MSW is lower than that
of legacy waste. It is beneficial for pyrolysis from an energy conservation point of
view but poses a risk of fire hazards at the elevated landfill temperature. Enthalpy
changes (AH) for the kinetic model under investigation were positive,
demonstrating the necessity for external energy for the system for the reactants to
enter a transition state. It was observed that the potential energy barrier between
AEa and AH in the case of legacy waste was considerably smaller (5.42 kJ/mol)
than MSW (113.86 kJ/mol), indicating the production of activated complexes and
the reactions will proceed more quickly (Kaur et al., 2018). The value of Gibb's
free energy denotes the useful energy available from the sample to perform the
work and convert it into an activated complex (Song et al., 2019). It also indicates
how favorable a chemical reaction is, whether spontaneous (when AG<0) or non-
spontaneous (when AG>0), according to the first and second laws of
thermodynamics (Liu et al., 2022). The MSW sample has a higher AG value
(170.37 kJ/mol) than legacy waste (2.45 kJ/mol), indicating that the reactions are
spontaneous and more useful energy is available for thermal conversion of MSW
to valuable products than legacy waste. The range of AG value for MSW was within
the range of lignocellulosic biomass (Song et al., 2019). Thermal cracking was
explored using positive and negative entropy (AS) values, and positive AS values
of legacy wastes show that the decomposition processes are not spontaneous,
indicating that the material underwent some physical and chemical changes (Kaur
et al., 2018). The negative AS value of MSW indicated that the sample was faster
in attaining its thermodynamic equilibrium because of its high reactivity and easier

generation of the activated complex.
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The preexponential factor (A) of MSW and legacy waste <10°, suggested the
possibility of a process involving highly branched and linear molecules. The
thermal cracking of legacy waste exhibits the highest value of A, which indicates
the highest value of Ea, leading to a slower and more challenging degradation
(Bhardwaj et al., 2021). From the thermodynamic study of the MSW and legacy
waste, it can be deduced that these wastes in the landfill can be used as potential

feedstock for pyrolysis with product (char, pyrolysis oil, and gas) valorization.
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Fig. 4.4. Arrhenius plot of (a) MSW and (b) legacy waste

Table 4.5. Combustion parameters and thermodynamic analysis determined from
TG/DTG profile

Thermodynamic parameter Sample

MSW Legacy waste
Ti (°C) 240 240
T. (°C) 400 380
Tb (°C) 620 500
Tm (°C) 430 480
Rmax (%6/min) 11.5 17
tp (min) 48.3 50
Total weight loss (%0) 68 82
Activation energy (AE.) (kJ/mol) 5.71 14.96
Enthalpy (AH) (kJ/mol) 119.57 9.54
Gibb's Free Energy (AG) (kJ/mol) 170.37 2.45
Entropy (AS) (kJ/mol) -0.072 0.009
Preexponential factor, A (s?) 8.54x10? 1.16x10°

*Tp is the burn-out temperature, Rmax is the maximum rate of weight loss, and ty is

burn-out time.
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The physical composition analysis of both MSW and legacy waste indicated
that the proportion of biodegradable waste was considerably lower in legacy waste
due to degradation with time. The elevated percentage of dry combustible materials
in both MSW and legacy waste suggests the potential for thermal treatment, such
as incineration and gasification. However, in the current unsegregated condition of
waste and considering environmental concerns related to flue gas emissions and
high energy consumption, this treatment method is not advisable. Pyrolysis stands
out as a significant technology for managing unsegregated dry waste, offering
opportunities for waste-to-wealth initiatives and addressing energy consumption
and environmental concerns.

In many developing countries, waste is typically segregated as dry and wet. The
sub-segregation of the dry waste poses significant challenges. The non-combustible
fraction of dry waste can be segregated within the dumpsite at a large scale. For the
unsegregated combustible dry waste, decentralized pyrolysis presents a viable
option for treatment. The uniqueness of the pyrolysis technology is its ability to
operate with samples from any season for the production of char, oil, and gas. The
MSW can be fed into a pyrolizer without the need for segregation and grinding.
Nowadays, pyrolysis technology is used in many industrial applications for
producing charcoal, activated carbon, and methanol. It curbs gas emissions arising
from landfills and dumpsites, lessens pollution, and emerges as a promising avenue
for waste valorization. The resultant pyrolysis products, such as char and syngas,
serve as readily usable and marketable fuels. Particularly, polymer materials
present in mixed MSW yield high-quality bio-oil, suitable for employment as liquid
fuel and chemicals. The char generated through MSW pyrolysis also holds potential
as fertilizer, soil conditioner, and activated carbon. Therefore, considering the
heterogeneous composition of MSW, the prospect of energy production, the
generation of value-added materials through pyrolysis, environmental
compatibility, and economic viability, pyrolysis stands as an innovative avenue to

effectively tackle the MSW disposal predicament.
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4.9 CONCLUSION FROM THE MSW CHARACTERIZATION STUDY
The critical findings of this study indicate that pyrolysis shows promise for
managing MSW and legacy waste, aiding resource recovery, and aligning with the
Tanner diagram for direct energy recovery. The high heating value of MSW
suggests suitability as a solid fuel, given its higher bulk density for easier
transportation. TGA indicates MSW's lower mass loss than legacy waste at
increasing temperatures. Lower activation energy, positive enthalpy, and Gibb's
free energy signify faster reactions and increased available energy. Despite limited
adoption in India, pyrolysis emerges as a cleaner alternative, evolving "third
generation” technologies and offering commercialized fuel options to reduce

landfill emissions.
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Chapter 5

OPERATION OF THE PYROLIZER

5.1 PRODUCT YIELD FROM PYROLYSIS OF MSW ACCORDING TO
EXPERIMENTAL SETUP OF CCD
Table 5.1 displays the results of the pyrolysis responses. The development of
regression equations and the ANOVA for char, pyrolysis oil, and gas yields were
discussed. To show the impact of process factors during pyrolysis, parametric
studies of all responses were thoroughly discussed.

Table 5.1. CCD experimental arrangement for pyrolysis of MSW

Std Factor 1 Factor 2 Factor 3 Factor 4 Response  Response Response
1 2 3
A:Temperature B:Heating C:Feed D:Residence Char Pyrolysis  Gas
°C rate particle time (%) oil (%)
(°C/min) size (min) (%)
(mm)

1 250 10 5 30 56.71 37.23 6.06
2 550 10 5 30 37.47 14.79 47.74
3 250 40 5 30 62.06 25.17 12.77
4 550 40 5 30 24.28 20.67 45.05
5 250 10 50 30 64.21 13.76 22.03
6 550 10 50 30 38.87 13.86 47.27
7 250 40 50 30 66.91 22.22 10.87
8 550 40 50 30 36.77 14.12 49.11
9 250 10 5 180 67.13 12.36 20.51
10 550 10 5 180 33.32 15.71 50.97
11 250 40 5 180 68.26 18.55 13.19
12 550 40 5 180 17.76 14.03 68.21
13 250 10 50 180 72.97 3.81 23.22
14 550 10 50 180 34.64 14.13 51.23
15 250 40 50 180 70.18 9.89 19.93
16 550 40 50 180 35.43 1455 50.02
17 250 25 27.5 105 65.21 15.68 19.11
18 550 25 275 105 22.22 16.02 61.76
19 400 10 215 105 49.02 15.11 35.87
20 400 40 271.5 105 47.17 15.25 37.58
21 400 25 5 105 38.25 25.67 36.08
22 400 25 50 105 51.67 14.18 34.15
23 400 25 27.5 30 52.98 15.22 31.8
24 400 25 27.5 180 47.16 14.76 38.08
25 400 25 27.5 105 49.66 15.77 34.57
26 400 40 27.5 180 47.02 15.25 37.73
27 400 40 27.5 30 52.43 14.28 33.29
28 400 10 27.5 30 52.05 15.11 32.84
29 400 10 215 180 47.54 15.63 36.83
30 400 40 5 105 44.28 14.8 40.92
31 400 40 50 105 51.32 14.21 34.47
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5.2 ANOVA FOR QUADRATIC MODEL FOR CHAR YIELD

Using CCD, a link was formed between the actual values of the parameters (A,
B, C, and D) and responses and the char yield (%) throughout the pyrolysis process.
ANOVA was utilized to assess a suitable model, and it was discovered that the
quadratic model best matched the empirical values. The following equation
(31) displays the regression equation for char production as a function of coded
process parameters:
Char (%) = 48.64 -17.39 A-1.48B +4.08 C-0.5195 D (31)

A is the operating temperature, B is the rate of heat, C is the feed particle size, and
D is the residence time. ANOVA was performed to determine how operational
conditions affect char yield, as shown in Table 5.2. A p-value of <0.0001 from
ANOVA indicated that each process parameter was statistically significant. The
operating temperature for pyrolysis was the most influential variable for achieving
the highest char yield based on the F-value derived from ANOVA. The p-value was

<0.0001, showing the model is statistically significant.

Table 5.2. ANOVA for Quadratic model (Response 1: Char)

Source Sum of df Mean F- p-value
Squares Square value
Model 5835.64 4 1458.91 82.15  <0.0001 significant
A-Temperature 5445.16 1 5445.16 306.62 <0.0001
B-Heating rate 52.03 1 52.03 2.93 0.0989
C-Feed particle 332.52 1 332.52 18.72  0.0002
size
D-Residence time  5.94 1 5.94 0.3344 0.5681
Residual 461.72 26 17.76
Cor Total 6297.37 30

The order of impact of the four operational parameters on the model for
maximum char yield was operating temperature (A) > feed particle size (C) > rate
of heat (B) > residence time (D). The p-values for temperature (A) and feed particle
size were <0.05, indicating that the independent parameters were significant. F-
value typically illustrates the effects of operating parameters on the responses,

whereas the p-value denotes the model's validity (Shahbaz et al., 2017). The
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operating temperature (A) has the highest F-value of 306.62. So, factor A was
considered the most influential parameter among all values for the significant
factors from ANOVA for maximum char production.

Fig. 5.1 shows the surface plot, demonstrating how operational factors affected
char production. From Fig. 5.1 (a), it can be seen that char yield increased to about
72.97% at the lowest operating temperature of 250°C and a heat rate of 10°C/min,
the feed particle size of 50 mm, and a residence time of 180 min. It decreased to
approximately 17.76% with a further increase of pyrolysis operating temperature at
550°C and an increase in rate of heat of 40°C/min. Fig. 5.1 (b) shows the interaction
between factor A and factor C on char yield. The percentage char yield was highest
at the lowest temperature of 250°C and the largest feed particle size of 50 mm. The
F-value was the largest for factor A, which signifies that residence time was the
most influential operating parameter and feed particle size was the second most
influential parameter to char production. The interaction between factors A and D,
B and C, B, and D, and C and D shows a significant effect on char yield, as shown
in Fig. 5.1. The char yield also showed a corresponding trend with rising operating
temperature, feed particle size, rate of heat, and residence time. The percentage of
char yield decreased with the increase in operating temperature, rate of heat, and
residence time. However, the percentage of char yield was increased with the
increase in feed particle size at low operating temperature (250°C), rate of heat
(10°C/min), and residence time (180 mins). A similar trend was observed with
Mohamed et al. (2014) and Kasim et al. (2018), which reported that temperature
and time were the most influential variables for pyrolysis product yield. The
multiple phases of lignocellulosic material breakdown may account for the decrease
in the proportion of char yield and the rise in gas yield with rising operating
temperature. Hemicellulose and cellulose begin to break down at temperatures
<400°C to produce light volatile compounds, whereas lignin breaks down at
temperatures >400°C, producing a more significant char production at lower
working temperatures (Sembiring et al., 2015). The results of this investigation may

be explained by the fact that pyrolysis vapour cracked at high temperatures and
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that, under these operating circumstances, the severity of the cracking was higher
(Ruengvilairat et al., 2012).
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Fig. 5.1. Surface plot of char yield and the following factors: (a) temperature and
rate of heat; (b) temperature and feed particle size (c) temperature and residence
time
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5.3 ANOVA FOR QUADRATIC MODEL FOR PYROLYSIS OIL YIELD

Equation (33) illustrates the regression equation created using CCD to generate
pyrolysis oil. ANOVA was used to examine the impact of independent factors on
the generation of pyrolysis oil. The quadratic model was the best fit for pyrolysis
oil production and is depicted using coded components in equation (33).

Pyrolysis oil % = 16.18 - 1.16 A + 0.0639 B —2.95C —2.97 D + 0.4863  (33)
AB +1.47 AC + 3.77 AD + 1.12 BC + 0.5455 BD +
0.8525 CD

A is the operating temperature for pyrolysis, B is the rate of heat, C is feed particle
size, and D is the residence time.

From the findings of the ANOVA analysis for the production of pyrolysis oil,
the F-value of 5.43 and p-value of 0.0007 infer that the model was significant, as
shown in Table 5.3. In this case, factor C influenced the pyrolysis oil yield because
of a larger F-value of 16.76, followed by a residence time (D) and temperature (A)
with an F-value of 12.29 and 2.33, respectively, and smaller p-value of <0.05. The
residence time (D) was insignificant for pyrolysis oil production. On the subject of
pyrolysis oil output, the actual values and expected responses were compared, and

it was discovered that the regression was statistically relevant.

Table 5.3. ANOVA for quadratic model: Response 2 (pyrolysis oil)

Source Sum of df Mean F- p- Remark
Squares Square value value

Model 686.35 10 68.63 5.43 0.0007 significant

A-Temperature 29.49 1 29.49 2.33 0.0424

B-Heating rate 0.0040 1 0.0040 0.0003 0.9860

C-Feed particle 206.35 1 206.35 16.76 0.0006

size

D-Residence 161.06 1 161.06 12.29 0.0019

time

AB 2.10 1 210 0.1662 0.6878

AC 40.64 1 40.64 3.21 0.0882

AD 212.72 1 21272 16.82 0.0006

BC 26.60 1 26.60 2.10 0.1625

BD 3.99 1 3.99 0.3153 0.5807

CD 15.25 1 1525 1.21 0.2852

Residual 252.94 20 12.65

Cor Total 939.28 30
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5.4 PARAMETRIC ANALYSIS OF PYROLYSIS OIL PRODUCTION

The four operating parameters (A, B, C, and D) and the pyrolysis oil production
have been examined using 3-D plots as shown in Fig. 5.2. According to the results
of ANOVA analyses for the process parameter as shown in Table 5.3, A, B, C, and
AD are found to be significant model terms in terms of production of maximum
pyrolysis oil. The pyrolysis oil yield obtained was a maximum of about 25.67% at
a temperature of 400°C, a rate of heat of 25°C/min, and a feed particle size of 5 mm
because of more significant primary decomposition of the sample followed by
secondary decomposition of the char into pyrolysis oil (Aysu et al., 2014). In
comparison, at the lowest operating temperature of 250°C, the pyrolysis oil was
produced with a minimum of 3.81% at the maximum feed particle size of 50 mm,
a lower rate of heat of 10°C/min, and a holding period of 180 min as shown in Fig.
5.2. The production of char is observed to rise, whereas the production of pyrolysis
oil and gas decreases because hemicellulose decomposes at lower temperatures of
pyrolysis (Anca et al., 2016). According to the findings, there is no apparent
influence of interaction between feed size, rate of heat, and residence time on the
output of pyrolysis oil. In contrast, there was an influence of interaction between
temperature and rate of heat, temperature, and feed particle size on pyrolysis oil

yield.
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Fig. 5.2. Surface plot of (a) temperature and rate of heat, (b) temperature and feed
particle size, (c) temperature and residence time, (d) rate of heat and feed size,
and (e) rate of heat and residence time, and (f) feed particle size and residence

time

55 ANOVA AND REGRESSION EQUATION DEVELOPMENT FOR
PYROLYSIS GAS YIELD

A mathematical model for pyrolysis gas production using a coded equation has

been built using RSM to ascertain the impact of independent factors on pyrolysis

gas yield. RSM suggested a linear model be the best fit for modeling pyrolysis gas

yield. Equation (34) displays the linear model equation. The F-value of this linear

model was 86.84, which implies that the model was significant, as shown in Table

5.4. A p-value of <0.0001 also validated a considerable model. The actual values

TH-3619 196145104 92 |Page



TH-3619_196145104

were compared with the predicted responses by the linear model for pyrolysis gas

generation, and the R? value of 0.9255 was obtained, indicating the model's fit.

Pyrolysis gas (%) = 34.95 + 18.12 A+ 1.10 B - 0.8435 C + 4.03 D (34)

The most influential operating parameters on pyrolysis gas yield were temperature,

with an F value of 325.26, and residence time, with an F value of 19.71.

Table 5.4. ANOVA for linear model: Response 3 (pyrolysis gas)

Source Sum of df Mean F-value p-value

Squares Square
Model 6309.29 4  1577.32 86.84 <0.0001 significant
A-Temperature 5908.21 1  5908.21 32526 <0.0001
1
1

B-Heating rate  28.74 28.74 1.58 0.2196
C-Feed particle 14.23 14.23 0.7834  0.3842

size

D-Residence 358.11 1 35811 19.71 0.0001
time

Residual 472.28 26 18.16

Cor Total 6781.57 30

56 PARAMETRIC STUDY OF PYROLYSIS GAS PRODUCTION

Using a 3D response surface plot, the impact of operating parameters on the
output of pyrolysis gas generation was examined, as shown in Fig. 5.3. A surface
plot was used to determine how the operating temperature and rate of heat affected
the generation of pyrolysis gas. Pyrolysis gas yield was a minimum of about 6.06%
at a lower operating temperature of 250°C and rate of heat of 10°C/min. However,
at the highest operating temperature of 550°C and rate of heat of 40°C/min, the gas
yield percentage was highest, approximately 68.21%. Due to subsequent cracking
processes of the pyrolysis vapour and degradation of the char during the process,
pyrolysis gas yields rise with increasing operating temperature and decreasing feed
particle size (Aysu et al., 2014). According to the surface plot, the lowest pyrolysis
gas yield (3.81%) was achieved at the lowest temperature of 250°C. Consequently,
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the findings showed that operating temperature (A) and residence time (D) have

more impact on pyrolysis gas yield.

Pyrolysis gas (%)

lysis gas (%)

Pyrol

B: Rate of heat (*C/min)

A: Temperature (*C)

(@)
Pyrolysis gas (%)
g
s £
) E
2> o
3
2
@
a: Temperature (°C)
rolysis gas (%)
3
S 2
2 2
2
€ g
§
&
<
30 60 % | 2¢ 50 80
D: Residence time (min)
(©)

Fig. 5.3. Surface plot of (a) temperature and rate of heat; (b) temperature and feed
particle size; (c) temperature and residence time.
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57 CONFIRMATION TEST OF THE PREDICTED VALUES OF THE
MSW PYROLYSIS EXPERIMENT

From RSM experimental findings, the optimization of the pyrolysis operating
parameters for MSW in the fixed bed pyrolysis reactor was accomplished. Using
an ANOVA, it was determined that the optimal operating conditions for maximum
char yield were a temperature of 250°C, a rate of heat of 10°C/min, a feed particle
size of 50 mm, and a residence time of 180 min. Through these conditions, the
predicted values of the three responses were 72.77% of char, 4.8% of pyrolysis olil,
and 20.89% of gas. The optimization condition recommended by RSM was carried
out along with three confirmation experiments, and the mean and standard
deviation were determined, as shown in Table 5.5. The percentage of pyrolysis
product char, pyrolysis oil, and gas yield were 72.62%, 5.25%, and 22.13%,
respectively. The standard deviation between the confirmation experiment of char
yield and the predicted char yield was 0.11, which implies that the model was
significant.

Table 5.5. Validation experiment of the optimized parameter

Factors

Temperature (°C) Rate of heat Particle size of Residence

(°C/min) feed (mm) time (min)
250 10 50 180

Responses
Char (%) Pyrolysis oil (%) Pyrolysis gas
(%)

Predicted value 72.77 4.8 20.89
Confirmationtest1  73.03 5.15 21.82
Confirmation test2  72.16 5.37 22.47
Confirmation test3  72.67 5.22 22.11
Mean 72.62 5.25 22.13
Std dev. 0.11 0.32 0.88
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5.8 ENERGY CONSUMED DURING PYROLYSIS, EFFICIENCY AND
COST OF OPERATION OF THE PYROLIZER

5.8.1 Energy consumed during the pyrolysis process
The energy consumed during the pyrolysis process at a terminal temperature of
250°C, heating rate of 10°C/min, and holding time of 180 minutes was calculated
as follows
Initial temperature, Ti = 25°C
Terminal temperature, Tf = 250°C
Heating rate, HR = 10°C/min
Holding time = 180 mins
ﬂ

=22.5 mins

So, the time required to reach 250°C = -
Total time = 22.5 + 180 = 202.5 mins

Given, power of the heating coil = 4 kW
Therefore, energy during heating for 22.5 mins = 4000 Wx (22.5%60) s = 5.4 MJ
Energy consumed during the holding time = 4000 W X (180x60) = 43.2 MJ

The total energy consumed = 5.4 + 43.2 = 48.6 MJ

The energy consumed during pyrolysis was 48.6 MJ, which corresponds to 16.2 MJ
per kg of MSW processed in the fixed-bed reactor at 250°C, 10°C/min heating rate,

and 180-minute residence time.

5.8.2 Efficiency of the Pyrolizer
The efficiency of the fixed bed pyrolizer for pyrolysis of MSW can be
calculated as follows:
Energy consumed during the pyrolysis process = 48.6 MJ
Energy output in terms of the heating value of the pyrolysis product: char (72.66%
of 3 kg), pyrolysis oil (5.25% of 3 kg), and syngas (22.13% of 3 kg).
Heating value of char = 5.025 MJ/kg
Heating value of pyrolysis oil = 10 MJ/kg
Heating value of syngas = 8 MJ/kg
Therefore, total energy output = (5.025x72.66% of 3 kg) + (10x5.25% of 3 kg) +
(8x22.13% of 3 kg) = 17.84 MJ
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Energy output _17.48 MJj

X 100% = —— x 100% = 36.7%

Efficiency, n = Energy input 48.6 M]

Thus, if all the products are considered, the efficiency of the fixed bed pyrolizer is
36.7%.

5.8.3 Cost of operation of the pyrolizer

Cost of 1 unit or 1 kWh of electricity = Rs. 5.25

Energy consumed in kwWh = 48.6 MJ x 0.2778 kWh/MJ = 13.5 kWh

Total cost of electricity for the production of MSW char = 13.5 kWh x Rs 5.25/kWh
=Rs. 71.25

The market price of biochar is Rs 25 to 40/kg (www.amazon.in).

So, the cost of production of MSW char in the fixed bed reactor is Rs. 31.67/kg.

5.9 CONCLUSION FROM THE OPTIMIZATION STUDY

The pyrolysis of commingled MSW in a fixed bed reactor with varying
operational factors was performed successfully, and the optimum condition of
operating factors for maximum char yield was determined using CCD in RSM.
From ANOVA, the ideal condition was obtained at a temperature of 250°C, rate of
heat at 10°C/min, particle feed size of 50 mm, and residence time of 180 min for a
high yield of char of about 72.62% with 5.25% of pyrolysis oil, and 22.13% of gas
through pyrolysis of 3 kg of commingled MSW. The ANOVA indicated that the
operational parameters best fit the quadratic model for char and pyrolysis oil yield.
But for pyrolysis gas yield, RSM suggested the linear model best fit. The order of
most influential process parameters on char yield was found to be temperature (A)
> feed particle size (C) > rate of heat (B) > residence time (D). A high char yield
could be achieved at low operating temperature, low rate of heat, large feed particle
size, and low residence time. Moreover, the char produced at 250°C consumes less
energy and is more economically feasible than conventional biochar production at

higher temperatures.
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Chapter 6

CHARACTERIZATION OF MSW CHAR

6.1 TG AND DTG ANALYSIS OF MSW-DERIVED CHAR

The TGA of MSW char produced at 250°C, as depicted in Fig. 6.1, showed a
mass reduction of 0.64% from room temperature to 100°C, primarily due to
evaporation of moisture content. Subsequently, at 220°C, the degradation of
cellulose and hemicellulose began, leading to a 1.54% reduction in char mass
(Amalina et al., 2022). Interestingly, within the temperature range of 219 to 221°C,
there was a consistent mass loss, indicating a buffer phase in which complete char
formation occurred. However, beyond 222°C, the MSW char underwent thermal
degradation, resulting in the loss of carbonaceous material and the production of
gas.
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TG /% DTG /(%/min)

)Aeh_vdranox Constant mass [1] M250.ngb-ds3 lex
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Fig. 6.1. Thermogravimetric and derivative thermogravimetric analysis of (a)
MSW and (b) char

6.2 PROXIMATE ANALYSIS OF CHAR

The moisture content of the char produced at 250°C was 1.17%, which
decreased to 0.68% at 550°C. The volatile matter decreased from 27.80 to 6.90%,
while the ash content increased from 1.90 to 30.91%. The fixed carbon decreased

from 70.13% to 61.51%. Results show that the parameters of the proximate analysis
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of char were within the limit and resembled the properties of biochar (Enders et al.,
2012). When the temperature at which the MSW char was produced increased,
moisture content, volatile matter, and fixed carbon decreased, whereas the ash
content increased. The higher moisture content of char results in higher energy
consumption, for which the feasibility of the material to be used as combustible
material decreases. Also, higher ash content results in a decrease in the adsorption
capacity (Ambaye et al., 2021). Char with higher volatile matter is a good source
of fuel for combustion due to low energy consumption to start ignition (Miao et al.,
2021). The higher fixed carbon content in char is a potential source for combustion,
but the capacity of the char as an adsorbent decreases (Sun et al., 2017). The result
of the proximate analysis of the char produced is shown in Table 6.1. It was
observed that the moisture content and ash content of the four types of char were
within the limit of the tanner diagram, as shown in Fig. 6.2 (moisture content<50%
and ash content<60%), but the combustible matter was less for char produced at a
temperature of 350, 450 and 550°C which should be >25% (Lombardi et al., 2015).
So, it can be deduced from this study that MSW char produced at 250°C is a
potential material to be used as a combustible material without the requirement of

auxiliary fuel for combustion.

Table 6.1. Proximate analysis of MSW char

Sample  Moisture Ash content  Volatile matter Fixed carbon
content (%) (%) (%) (%)
250°C 1.17 £ 0.202 1.90 + 0.092 27.80 £ 0.03? 70.13 £ 0.20?

350°C 1.15 £ 0.02% 16.88 +0.30° 18.73 +0.08° 64.24 + 0.30°
450°C 0.96 + 0.06° 22.69 +0.13" 12.48 +0.10° 63.87 + 0.50°
550°C  0.68 £ 0.08% 30.91+0.09* 6.90 £ 0.05* 61.51 £ 0.20*

Note: “Significant variation, indicated by different letters, was observed using the
Tukey test at a significance level of p < 0.05. The data is presented in xx + yy format
where xx denotes the average value yy denotes the standard deviation.
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Fig. 6.2. Tanner diagram of MSW char

6.3 ELEMENTAL STUDY AND HEATING VALUE OF CHAR

The ultimate analysis and heating value of the char is presented in Table 6.2.
The elemental analysis of MSW char generated at different temperatures shows that
the percentage of C content in the char decreased from 9.91 to 3.68% as the
temperature increased from 250 to 550°C. The percentage of H decreased from
1.79 t0 0.36%, and N from 0.36 to 0.03% in char with the increase in temperature
due to the degradation of weaker bonds in char (Sun et al., 2014). The char with
higher N content can reduce oxygen and carbon dioxide. In contrast, the carbon
content in char can be used for adsorption (Deng et al., 2017). The O/C specifies
the aging of char, and the H/C ratio designates stability and aromaticity (Moiseenko
etal., 2021). The study found that H/C molecular ratios decreased from 2.17 to 1.17
with the increased temperature at which the char was produced. The higher H/C
molecular ratio of char prepared at 250°C indicates the occurrence of aromatic
organic matter, which tends towards biological variability, whereas vice versa for
char produced at 550°C (Yang et al., 2007; ). As the temperature increases the H
and O-containing functional groups in char vanish due to decarboxylated
dehydrogenation (Windeatt et al., 2014).

The O/C ratio increased from 0.74 to 2.30 as the temperature of the char
produced increased from 250 to 550°C, representing higher oxidation and
instability, which predicts the potential of MSW char for its application in soil and
agriculture (Bakshi et al., 2020). Char produced at 250°C has higher carbon

compounds than char prepared at 550°C. The O/C molecular ratio also depicts the
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half-life of char. When the O/C is <0.2, half-life is more than 1000 years, 100 to
1000 years when the O/C value is from 0.2 to 0.6, and <100 years when the O/C
value is > 0.6. The O/C molecular ratio of prepared char was > 0.6, indicating the
potential of MSW char for carbon sequestration (Crombie et al., 2013; Wang et al.,
2021).

The theoretical Low Heating Value (LHV) and High Heating Value (HHV)
were determined from elemental analysis and compared with the instrumental
HHV. It was found that there was not much difference between the values obtained
from theoretical and instrumental HHV. The LHV and HHV decreased with the
increase in temperature of the produced MSW char. The LHV and HHV of the char
produced at 250°C were the highest, with heating values of 4199.43 and 4830.89
kJ/kg, respectively, and the instrumental HHV was 5025.46 kJ/kg. The heating
values of MSW char were much lower than those of biochar produced from slow
pyrolysis (Himbane et al., 2022; Rathod et al., 2023). The decreasing heating value
with the increase in temperature synchronized the decreasing fixed carbon value of
MSW char. The char derived from MSW does not meet the necessary criteria for
combustion because, according to the Municipal Solid Waste Management manual,
a material should have a minimum heating value of 6276 kJ/kg (1500 kCal/kg) to

utilize it as a combustible material (Ministry of Urban Development, 2016).

Table 6.2. Ultimate analysis and heating value of char

MSW char produced at

Analysis 250°C 350°C 450°C 550°C

C (%) 9.91+0.03 9.15+0.21° 6.19 + 0.022 3.68 +£0.25°%
H (%) 1.79+£0.06* 0.97 +0.00° 0.77 +0.02% 0.36 £ 0.03%
N (%) 0.36 +0.04* 0.34+0.03* 0.27 £0.04° 0.03+0.01%
S (%) 1.33+0.01* 0.92+0.012 0.99 + 0.00? 0.81+0.00%
O (%) 9.83+0.02® 12.33+0.02° 9.76 + 0.00? 11.68 +0.00%
H/C 2.17+0.06*° 1.27 +0.03* 1.5+0.03% 1.17+0.17¢
o/C 0.74£0.00* 1.01+0.02? 1.18 +0.0% 2.39+0.17°

101 |Page



LHV (kJ/kg) 4199.43 +71.46* 2853.30 + 74.69° 1926.42 + 31.47* 427.36 + 64.19°

HHV (kJ/kg) 4830.89 + 83.32% 3366.51+73.9° 2334.22 +35.71* 791.36 +58.28?

HHVinstrumentar 5025.46 + 9.982
(k/kg)

3574.75+£7.59% 2621.22 +11.95% 849.83 + 10.84?

6.4 FTIR SPECTROSCOPY OF MSW CHAR
The functional group present in char produced at different temperatures has
been determined using FTIR analysis and is shown in Fig. 6.3. It was observed
that there were peaks between 3600 to 3000 cm™ representing the presence of the
-OH group in carboxylic acids, phenols, and alcohols (Qiu et al., 2022). However,
the peaks were weaker with the increase in the final temperature of the char
produced, indicating the vanishing of the hydroxyl and carbonyl functional group
in the char produced at 350 to 550°C. The peak at 2927.57 cm™ in char produced
at 250°C depicts C-H groups in methylene (CH2) and methyl (CHs), which is
absent in char formed at higher temperatures at 350, 450, and 550°C (Qiu et al.,
2022). The peaks 1421.05, 1415.74, 1429.74, and 1422.24 cm™ in char produced
at 250, 350, 450, and 550°C indicated the presence of -CHs stretching (Qiu et al.,
2022). These peaks were stronger with the increased temperature of the char
produced. The peaks at 1010.18, 1007.96, 1007.15, and 1021.29 cm™* showed the
existence of C-O groups. The peaks below 1007.15 cm™ specified the occurrence
of esters and ethers in char. Because of the existence of hydroxyl and carbonyl
groups in MSW char produced at 250°C can be used as an adsorbent (Qiu et al.,

2022).
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Fig. 6.3. FTIR Spectroscopy of char produced at (a) 250, (b) 350, (c) 450, and (d)
550°C

6.5 BULK DENSITY, POROSITY, PH, IODINE NUMBER, AND BET

SURFACE AREA OF MSW CHAR

The bulk density, porosity, and pH of the MSW char produced at 250, 350, 450,
and 550°C were found and presented in Table 6.3. The bulk density of char
decreased while the porosity increased with the temperature at which char was
produced. The bulk density was 0.63 to 0.67 g/cc, resembling biochar's bulk density
< 0.6. The porosity of the MSW char was 74 to 86%, which was within the range
of porosity of biochar (70 to 90%) (Blanco et al., 2017). This implies the potential
of MSW char for soil application, like biochar, having its wide application in soil
conditioning (Blanco et al., 2017). Moreover, some literature reported that the
higher the bulk density of char, the higher the adsorbing capacity (Nuraisyah et al.,
2020).

The pH of the MSW char increased from 7.44 to 7.85 with the increased
temperature of the char produced. The more the basic nature of char, the higher the
adsorption (Nuraisyah et al., 2020). The application of char in the soil increases the
soil's pH and microbial activity, reducing the exchangeable capacity of aluminium,
hydrogen, and acidity of the soil (Geng et al., 2022) and emissions of greenhouse
gas (Chandra et al., 2019). Thus, from bulk density, porosity, and pH study, it can
be inferred that just like biochar, MSW char produced at temperatures 250, 350,

450, and 550°C has the potential for application in the soil and as an adsorbent.
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The iodine number of chars decreased with the increase in temperature at which
char was produced and was in the range of 243.66 to 101.52 mg/g, which was within
the range of iodine number of biochar (214.67 to 154.16 mg/g) (Powar et al., 2015).

The BET surface area of the char produced at 250, 350, 450, and 550°C is
shown in Table 3. The specific surface area decreased, and the pore volume and
pore diameter of the char increased with the increase in temperature. The specific
surface area was in the range of 5.38 to 9.4 m?/g, and the pore volume was in the
range of 0.027 to 0.086 cm®/g. The larger the specific area of the char surface
ensures a larger quantity of active sites for adsorption (Lu et al., 2018). The char
produced at 250°C has the highest surface area of 9.4 m?/g as the volume and
diameter of the pore is the smallest. The pore diameter of the MSW char was 3.74
to 3.99 um, within the range of pore diameter of biochar, which is 1.5 to 15 um (Lu
et al., 2018). These characteristics of MSW char resemble the characteristics of
biochar, which was within the range of surface area and pore volume of biochar
(Leng et al., 2021). Thus, the char produced from pyrolysis of mixed MSW can be
applied as an adsorbent and used for soil amendment.

Table 6.3. Bulk density, porosity, pH, iodine number, and BET surface area of

MSW char

Parameters 250°C 350°C 450°C 550°C
Bulk density (g/cc) 0.66 £0.03* 0.64 +0.01* 0.63 +0.042 0.63 +£0.01?
Porosity (%) 74+0.01° 79+0.01° 83 +£0.02* 86 £ 0.012
pH 744 +£0.11* 755+0.022 7.56 +0.01? 7.85+0.042
lodine number 243.66 + 142.13 + 121.83 +0.08* 101.52 +0.30?
(mg/g) 0.56° 0.16°
Specific surfacearea 9.4+0.32% 9.12+0.29° 8.79+0.13? 5.38 £ 0.73?
(m?/g)
Pore volume (cm®g)  0.027 + 0.043£0.01* 0.058 +0.00®  0.086 £0.012

0.012
Pore diameter (um)  3.74+0.01° 3.81+0.06° 3.94+0.06% 3.99 £ 0.012

TH-3619_196145104
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6.6 FESEM AND SEM-EDX ANALYSIS OF MSW CHAR

The FESEM images of the char produced at 250, 350, 450, and 550°C are
shown in Fig. 6.4. It was observed that the char produced at different temperatures
shows different topography of the surface. Among the four char types, the char
produced at 450 and 550°C had more porous structures than that produced at 250°C
as most organic volatiles evolved, leaving behind the ruptured char surface. The
rough surfaces of char images were mostly due to the heterogeneity of the
components of MSW. However, as shown in Fig. 6.4 (a) and (b), there were fewer
micropores but had a large surface area compared to char produced at 450 and
550°C.

The EDX analysis of MSW char is shown in Fig. 6.4 (e), (f), and (g) to
determine the concentration of elements such as O, C, Si, Fe, Ca, Al, and K in MSW
char. It was observed that the char contains higher carbon and oxygen
concentrations, indicating the possibility of C-O bond formation. The C-O bond is
commonly found in organic compounds, including plastics, but this does not
necessarily indicate the presence of plastic (Kondoh et al., 2018). This also inferred
the presence of compounds such as carbohydrates, alcohols, ethers, and esters (Qiu

et al., 2022), further confirmed by FTIR spectroscopy.
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Fig. 6.4. FESEM images of MSW char produced at (a) 250°C, (b) 350°C, (c)
450°C and (d) 550°C and SEM-EDX of char produced at € 250°C, (f) 350°C and

(g) 450°C
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6.7 XRD ANALYSIS OF CHAR
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Fig. 6.5. XRD analysis of MSW char produced at different temperatures

The XRD spectroscopy of char produced at 250, 350, 450, and 550°C was
analyzed and shown in Fig. 6.5. The chemical composition, crystallography, and
physical properties of char were determined through XRD analysis. The peaks at
20°, 26°, 29°, 36° and 39° indicates the presence of SiO> (Mészaros et al., 2007).
There was an increase in the crystallinity of the MSW char formed at high
temperatures. With the increase in temperature, the amorphous silicates were
converted into crystalline silicates (Hidayat et al., 2023). The peaks at 24° in char
produced at 250 and 350°C represent the (002) crystallographic planes, and 42° and
43° represent the (100) crystallographic planes of graphite carbon. These planes
inferred the amorphous carbon structure of MSW char (Zhang et al., 2022). The
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crystallinity index was calculated for all four types of MSW char, and it was found
that the crystallinity index increased by 53.36%. Thus, due to the amorphous nature
of MSW char produced at a lower temperature (250 and 350°C), it can be used for

heavy metal removal as an adsorbent from wastewater and as a carbon precursor
for soil amendment.

6.8 HEAVY METAL ANALYSIS BY AAS

The AAS study was to determine the heavy metal concentration of the four
MSW chars since MSW comprised heterogeneous waste. Heavy metal such as Pb,
Ni, Fe, Mn, and Cd was determined in this analysis. It was found that there was
some concentration of Pb (6 to 25.5 mg/kg), Fe (196.24 to 166.88 mg/kg), and Mn
(154.87 to 196.24 mg/kg), whereas no traces of Ni and Cd were found in the MSW
char as shown in Fig. 6.6. These heavy metals were within the permissible limit (Pb
250-500 mg/kg, Ni 75-150 mg/kg, Fe 400-500 mg/kg, and Cd 3-6 mg/kg) for soil
application (Alghobar et al., 2017).

200
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100 -

Heavy metal concentration (mg/kg)
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Char produced at 250, 350, 450 and 550 C

Fig. 6.6. Heavy metal analysis of MSW char produced at different temperatures

6.9 IDENTIFICATION OF MICROPLASTIC IN MSW CHAR

The FTIR spectroscopy identified three distinguish peaks in the char produced
at 250°C, as depicted in Fig. 6.3 (a). The peak 1492 cm™ indicates C=C stretching
vibrations, which reveals the presence of aromatic structures (Stefanidis et al.,

2014). The peak at 1004 cm™ defines the functional groups that contain oxygen,
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such as methoxy or hydroxyl, that are formed during the pyrolysis process
(Gopinath et al., 2021). Most of the literature demonstrated that the presence of
microplastics was identified through peaks such as CH stretching ranging from
2980-2780 cm-1, CO stretching from 1760-1670 cm-1, and CH deformation from
1480-1400 cm™ (Xu et al., 2019). The non-appearance of these peaks in the MSW
char specified no trace of microplastic.

After the density separation test using NaCl, the filtered particles were
subjected to microscopic examination. Fig. 6.7 (a) and (b) display the microscopic
images obtained by the density separation process. Notably, the microscopic
investigation did not reveal any evidence of the plastic presence in the char
produced at 250°C. Therefore, the likelihood of microplastic presence in the char
produced at a temperature exceeding 250°C is negligible.

(b)

Fig. 6.7. Stereomicroscopic images after density separation

6.10 CONCLUSION FROM CHARACTERIZATION OF MSW CHAR

PRODUCED AT DIFFERENT TEMPERATURES

The pyrolysis of mixed MSW for char production in a fixed-bed reactor was
comparable to biomass pyrolysis for biochar production. About 72.66% of MSW
char was produced at 250°C. According to the characterization research employed
on MSW char, it was identified that, like biochar having diverse applications as a
natural resource, mixed MSW char can also be used for various applications as an
adsorbent and soil amendment. The properties of MSW char, such as lower
moisture content, ash content, high fixed carbon, and presence of hydroxyl and
carbonyl group in char produced at 250°C, marks a significant character as an
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adsorbent. The morphological analysis, bulk density, porosity, iodine number,
surface area, and elemental analysis of the char produced at 250°C and 350°C can
be compared with biochar produced from biomass, which made a remarkable
contribution in the area of heavy metal adsorption study as well as in soil
application. Moreover, no trace of microplastic was identified in the char.
Consequently, producing a substantial quantity of high-quality char from MSW at
low temperatures can be beneficial due to its versatility as a carbon precursor for
various applications. This study approach is a way to produce char by utilizing

waste resources and reducing waste dumped in landfills.
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Chapter 7

APPLICATION OF CHAR AS AN ACTIVATED CARBON

7.1 PROXIMATE ANALYSIS OF ACTIVATED CARBON

The proximate analysis was conducted on activated carbon derived from MSW
char produced at temperatures of 250 and 350°C, as detailed in Table 7.1. The
moisture content of AC_NaCl_250°C was initially 1.27% and decreased to 0.24%
at 350°C. Volatile matter decreased from 20.74 to 10.39%, while ash content
increased from 8.5 to 9.05%. Fixed carbon increased from 69.5 to 80.33%. For
AC_KOH_250°C, moisture content was 1.21% at 250°C, decreasing to 0.86% at
350°C. Volatile matter decreased from 22.66 to 10.21%, and ash content increased
from 5.71 to 9.23%. Fixed carbon increased from 70.42 to 79.71%.
AC_ZnCl>_250°C had a moisture content of 1.43%, decreasing to 0.38% at 350°C.
Volatile matter decreased from 15.5 to 11.23%, and ash content increased from 9.4
to 12.12%. Fixed carbon increased from 73.68 to 76.27%. Compared to commercial
activated carbon, these samples generally exhibited similar properties with values
falling within the range. Increasing char production temperature led to decreased
moisture content and volatile matter, with a corresponding increase in ash content
and fixed carbon. Higher ash content and fixed carbon reduced adsorption capacity
(Sun et al., 2017; Ambaye et al., 2021). Additionally, while higher fixed carbon
content suggests combustion potential, it diminishes adsorption capacity.
Consequently, activated carbon produced at 250°C with NaCl and KOH shows

promising results as an adsorbent for heavy metal removal.
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Table 7.1. Proximate analysis of MSW-AC

Sample Moisture Ash content Volatile matter  Fixedcarbon
content (%) (%) (%) (%)

AC_NaCl_250°C  1.27 £0.09 85+0.13 20.74 £ 0.09 69.5+0.05
AC_NaCl_350°C  0.24 £0.06 9.05+0.21 10.39+0.12 80.33+0.04
AC_KOH_250°C 1.21+0.16 571+0.15 22.66 +0.27 70.42 +0.27
AC_KOH_350°C  0.86 +0.08 9.23+0.25 10.21£0.16 79.71£0.01
AC ZnCl;_250°C 1.43+0.18 9.4+042 15.5+0.32 73.68 £ 0.08
AC ZnCl;_350°C 0.38+0.16 12.12+£0.31 11.23+£0.24 76.27 £ 0.09
AC (Commercial) 1.66 +0.22 8.5 +0.14 19.15 £ 0.07 70.69 +£0.16

TH-3619_196145104

7.2 FTIR SPECTROSCOPY OF MSW CHAR-ACTIVATED CARBON

FTIR spectroscopy reveals the presence of functional groups on the surface of
activated carbon, as depicted in Fig. 7.1. Notably, three prominent adsorption bands
appear within the ranges of 1421-1427, 1000-1010, and 460-535 cm,
accompanied by a broad peak at 3464 cm™ indicating the presence of the O-H
stretching mode of hydroxyl groups (Al-Qodah and Shawabkah, 2009). Peaks at
1421, 1442, and 1427 cm™ suggest -CHj stretching, while those at 1000, 1004,
1007, 1009, and 1010 cm™ indicate the presence of C-O groups. Within the 460-
535 cm! range, vibrations depict in and out-of-plane aromatic ring deformations,
with the 535 cm™ band corresponding to out-of-plane C-H bending (Al-Qodah and
Shawabkah, 2009). The presence of hydroxyl and carbonyl groups suggests the
potential utility of MSW char-activated carbon as an adsorbent (Qiu et al., 2022).
This analysis by FTIR spectroscopy provides clear evidence of activated carbon
formation.
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Fig. 7.1. FTIR spectroscopy of MSW char-activated carbon (a) AC_NaCl (b)
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7.3 pH, IODINE NUMBER, AND BET SURFACE AREA OF MSW CHAR-

ACTIVATED CARBON

When MSW char undergoes activation, its pH tends to lean towards alkalinity.
Similar to commercially available activated carbon, all activated carbon produced
tends to be alkaline. According to Table 7.2, AC_KOH_250°C exhibits a high pH
value, making it effective as a cationic pollutant adsorbent. This is because higher
pH results in a decrease of H+ ions and, hence, fewer positively charged particles
on the activated carbon, reducing repulsion with cationic pollutants and allowing
for increased adsorption (Nizam et al., 2021).

The iodine number indicates the capacity of adsorption in the micropores of the
carbon. The adsorption capacity of MSW char-derived activated carbon at 250 and
350°C was determined by calculating the iodine number. The iodine number of the
activated carbon was found to decrease with the increase in the MSW char produced
at higher temperatures. At high temperatures, the pore volume becomes high due
to the destruction of pores. This causes a decrease in the specific surface area and
iodine number (Maulina and Iriansyah, 2018). The iodine number of MSW char-
activated carbon was compared with that of commercial-activated carbon. It was
observed that the activated carbon produced with KOH at 250°C closely resembled
commercial activated carbon. Among the tested samples, the highest iodine number
was recorded for the char produced at 250°C and activated with KOH.
Consequently, based on the findings in Table 7.2, it can be inferred that
AC_KOH_250°C is the most suitable adsorbent for Pb(Il) adsorption compared to
other MSW char-activated carbon samples.

From BET analysis, as detailed in Table 7.2, it was found that with an increase
in the temperature of MSW char production, there was a corresponding decrease in
specific surface area, alongside an increase in pore volume and diameter of the
activated carbon. The specific surface area ranged from 5.99 to 15.52 m?/g, while
pore volume and diameter ranged from 0.020 to 0.026 cm®g and 3.45 nm,
respectively. A larger surface area of the char implies a greater number of active
sites available for adsorption. Notably, activated carbon produced from MSW char
at 250°C using KOH exhibited the highest specific surface area of 15.52 m?/g.
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However, it's worth mentioning that the surface area of this activated carbon was
relatively smaller compared to commercial activated carbon and activated carbon
derived from biochar (Lu and Zong, 2018). While increasing the pyrolysis
temperature can augment the surface area of activated carbon, it comes at the
expense of reduced char yield and heightened energy consumption (Leng et al.,
2021). Therefore, considering its lower energy consumption and higher quantity of
activated carbon produced, AC_KOH_250°C emerges as the most promising
activated carbon for further adsorption studies.
Table 7.2. Characterization of MSW char-activated carbon

AC _KOH AC_NacCl AC_ZnCl, Commercial
250°C  350°C 250°C 350°C  250°C 350°C Activated
carbon
pH 76+ 693+ 815+ 805+ 7.00% 694+ 7.94+0.03
0.09 0.08 0.01 0.05 0.04 0.04
lodine 467.45 325.05 47439 346,52 142.15+ 101.30 503.52+
number +059 +023 +025 +036 0.03 +0.33 0.36
(mg/g)
Specific 1552 10.62 8.02 7.13 6.60 5.99 590
surface area
(m?g)

Pore volume 0.024 0.025 0.022 0.020 0.026 0.023 0.466
(cclg)

Pore 3.05 334 3.06 3.45 3.24 3.06 5.26
diameter
(nm)

TH-3619_196145104

7.4 FESEM ANALYSIS OF MSW-AC

The surface texture and morphological structure of activated carbon are shown
in Fig. 7.2. The images reveal the presence of rough and tumble heterogeneous
surfaces in the composite. The AC_KOH_250°C had the largest pore compared to
other activated carbon. Based on the size of its pores and morphology, the largest
pore should be the most effective in the study of heavy metal adsorption (Nizam et
al., 2021).
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7.5 XRD ANALYSIS OF MSW-AC

18300
12200
6100

0k W . " A FRY )
11700 | AC_ZnCI2_250
7800
3900

0F
18900 (- AC NaCl_350
12600

|
6300 I
0 - J I . " NN .
17700 AC_NaCl_250
11800 |-
5900
0k e ) 1 P T A | .
54000 R —— AC_KOH_350
36000 F =

AC_7nCI2_350

26.72

T T
20.96
2096 2572

26.74

20.94

42.52

I
-

29.54

L A

26.82
26.58

T
21.04
68.64

68.44

Intensity (cps)
= 4262
503

- 27.62

26.62

2944

1
26.76

18000 &
0

33000

22000

11000
ok

———20.96

| AC_KOIH_250

I 1
.6

g
o~
i T

P P P P e AP AP T P PO AR PO N NPT WP B

osmwm%w%wmwww%mnw%
2 theta (degree)

- ﬁ—29 4

Fig. 7.3 XRD spectroscopy of activated carbon

The XRD analysis of activated carbon derived from MSW char was examined
and depicted in Fig. 7.3. Using XRD analysis, the chemical composition,
crystallography, and physical characteristics of MSW char-derived activated
carbon were determined. The presence of SiO2 was indicated by peaks observed at
20°, 21°, 22°, 26°, 27°, 28°, 29° and 36° (Meészaros et al., 2007). As the
temperature of MSW char production increased, there was a noticeable
enhancement in the crystallinity of the resulting activated carbon. This rise in
temperature facilitated the transformation of amorphous silicates into crystalline
silicates (Hidayat et al., 2023). The peaks observed between 20° and 26° in the
activated carbon correspond to the (002) crystallographic planes, while those
between 40° and 43° represent the (100) crystallographic planes of graphite carbon.

These planes suggest the amorphous carbon structure of the activated carbon
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(Zhang et al., 2022). The crystallinity index was found to be highest for
AC _ZnCl>_350 and lowest for AC_KOH_250. Consequently, due to the
amorphous nature of AC_KOH_250, produced from MSW char at a lower
temperature (250°C), it can be effectively utilized as an adsorbent for the removal

of heavy metals from wastewater.

7.6 AAS ANALYSIS OF ACTIVATED CARBON

The AAS analysis aimed to evaluate the concentration of heavy metals in
activated carbon due to the diverse composition of MSW. Analysis revealed the
presence of Pb, Fe, and Mn. Specifically, concentrations of Pb ranged from 6.22 to
22.49 mg/kg, Fe from 101.4 to 175.85 mg/kg, and Mn from 90.32 to 117.49 mg/kg.
Notably, no detectable amounts of Ni and Cd were found in the MSW char, as
outlined in Table 7.3. The presence of heavy metals such as Ni and Cd in char can
pose significant risks, particularly in applications related to environmental
remediation, agriculture, and soil amendments (Angon et al., 2024). When Ni is
present in high concentrations, it is regarded as toxic. It can accumulate in water
and soil, where it is absorbed by plants and moves up the food chain (Hassan et al.,
2019). Ni exposure can also increase the likelihood of adverse health outcomes in
people, such as allergic responses, respiratory problems, and possibly even cancer
(Genchi et al., 2020). Even in minute quantities, Cd poses a serious threat to both
humans and the environment. As a Group 1 carcinogen linked to lung and prostate
cancer, Cd is also known to harm bones and kidneys (EI-Naggar et al., 2022).
Environmental factors affect the bioavailability of Cd in char. Acidic environments
increase the mobility and bioavailability of Cd, which raises the possibility that it
may be absorbed by plants or seep into water supplies. Food crops and groundwater
may thus get contaminated by the Cd in char that is employed as a soil supplement
or water filter (EI-Naggar et al., 2022). Excessive Pb levels are regarded as
hazardous in most environmental uses, such as soil additions, wastewater treatment,
and agricultural usage, whereas Fe can have conflicting effects (Akhilesh Kumar
and Agrawal, 2020). Char with high quantities of Pb is hazardous and should not
be used in most environmental applications unless treated since it poses health

hazards, can contaminate the environment, and poison plants (Xiang et al., 2021).
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Depending on the situation, elevated Fe concentrations can have both positive and
negative impacts. Although Fe can improve the removal of pollutants and provision
of nutrients from char, too much Fe can cause iron toxicity in plants and complicate
the dynamics of heavy metals in the environment (Harish et al., 2023). Moreover,
the capacity of char to adsorb heavy metals can be strongly impacted, both
favorably and adversely, by high Fe concentrations. These concentrations of heavy
metals fell within the acceptable range for char application in soil amendment,
heavy metal remediation in wastewater and composting, with Pb (250-500 mg/kg),
Ni (75-150 mg/kg), Fe (400-500 mg/kg), and Cd (3-6 mg/kg) according to the
standard permissible limits set by International Biochar Initiative (IBI), European
Biochar Certificate (EBC) and US Environmental Protection Agency (EPA)
(Alghobar and Suresha, 2017).

Table 7.3. Heavy metal analysis of activated carbon

Sample Pb (mg/kg)  Ni Fe (mg/kQg) Mn (mg/kg) Cd
(mg/kg) (mg/kg)
AC _NaCl 250 13.05+0.02 ND 126.65+0.46 92.21+0.11 ND
AC _NaCl_350 14.68+0.02 ND 154.75+0.16 90.32+0.04 ND
AC_KOH_250 6.22+0.04 ND 101.4+0.09 103.49+0.05 ND
AC KOH 350 7.13+0.04 ND 105.51+£0.22 107.6+0.04 ND
AC _ZnCl;_250 20.3+0.03 ND 168.13+0.11 113.44+0.08 ND
AC ZnCl, 350 2249+0.06 ND 17585+ 0.09 1175+0.11 ND

*ND: Not Detected

7.7 BATCH ADSORPTION STUDY BY USING MSW-AC

The analysis of the MSW char-activated carbon revealed that AC_KOH_250
demonstrated the characteristic of the highest efficacy in adsorption experiments.
This activated carbon, prepared by chemical activation using KOH, was selected
for further examination as an adsorbent for the adsorption of Pb(Il). An

optimization study was conducted to identify the ideal pH, dosage of activated
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carbon, concentration of Pb(I1), and duration of contact to maximize the efficiency

of heavy metal removal.

7.7.1 Optimization of pH

The batch adsorption experiment involved using 0.5 g of AC_KOH_250, a
heavy metal concentration of 100 ppm (Pb(l11)), a contact time of 1 h, and a rotation
speed of 150 rpm. The pH of the solution was adjusted using 0.1 N HCI. Results
indicated that as the pH rises, the soluble Pb(ll) gradually decreases, as depicted in
Fig. 7.4 (a). However, precipitation initiates once the pH reaches 6.5. Therefore,
the optimal pH for Pb(I1) removal is determined to be 6.

7.7.2 Effect of contact time

The percentage removal of heavy metal by varying the contact time was studied
by keeping the conditions of pH at 6, 0.5 g of AC_KOH_250, 100 ppm (Pb(Il))
metal concentration, and 150 rpm rotation speed. As shown in Fig. 7.4 (b), it was
clearly found that the contact time does not exert a notable influence on the
adsorption process by using the activated carbon. Effective removal of the target
substance is observed even at zero contact time, indicating that the adsorption
capacity of the activated carbon is highly efficient and instantaneous adsorption

capacity.

7.7.3 Effect of MSW-AC dose for Pb(Il) removal

The effect on the percentage of heavy metal removal was studied by varying
the dosage of activated carbon, provided the pH was kept at 6, the metal
concentration was 100 ppm, the duration of contact was 1 h, and the agitation speed
of 150 rpm, as shown in Fig. 7.4 (c). This allows to identify the optimal dose that
provides the best balance between adsorption efficiency, cost-effectiveness, and
practical considerations. As the dose of MSW-AC increases, there is a
corresponding increase in the removal of lead until reaching a dose of 1g. At this
specific dose, a 99% removal efficiency for Pb(ll) has been achieved. The ion
exchange, in which cations on char surfaces (such as Ca?* and K?* ions) are
swapped out for Pb?" ions, and electrostatic attraction between the negatively
charged char surface and positively charged lead ions are two of the several
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processes that contribute to the adsorption of Pb(11) from water. Stable metal-ligand
interactions with functional groups (-COOH and -OH) cause surface complexation,
whereas precipitation results in the development of insoluble lead compounds on
the surface of the char. Along with the possible reduction of Pb(ll) to elemental
lead on char with redox-active sites, physical adsorption caused by van der Waals
forces and cation interactions with aromatic structures also contribute. The efficacy
of Pb(1l) adsorption is greatly influenced by variables such pH, char characteristics,

and the presence of competing ions.

7.7.4 Effect of heavy metal dose

According to the data presented in Fig.7.4 (d), the heavy metal removal
efficiency of over 90% can be achieved for Pb(Il) with concentrations up to 1000
ppm when pH is kept constant at 6, activated carbon dosage of 1 g, contact time 1

h, and rotation speed of 150 rpm.

7.7.5 Collective impact of pH, metal dosage, and activated carbon dosage
Analyzing the combined effect of metal dose, activated carbon, and pH provides
valuable insights into the intricate relationship among these factors and their
impact on the adsorption process. This knowledge is essential for optimizing the
adsorption process and devising efficient strategies for metal removal. Fig. 7.4 (e)
indicates that a pH of 6.5, an activated carbon dose of 1 g, and a metal dose of 500
mg/L represent the most suitable conditions for heavy metal adsorption by using
MSW char-activated carbon. These conditions strike a balance between high
adsorption efficiency and the cost-effectiveness of heavy metal removal from

water.
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Fig. 7.4. Effect on the percentage of heavy metal removal at varying (a) pH, (b)
contact time, (c) activated carbon dosage, (d) metal concentration on removal
efficiency by using activated carbon and with respect to pH and activated carbon

dose at a metal concentration of (e) 1000 mg/L and (f) 500 mg/L

7.8 ADSORPTION KINETICS AND ISOTHERMS

To evaluate the efficacy of the adsorption, the linearized versions of both first
and second-order kinetics were computed and are detailed in Table 7.4. Table 7.4
presents a comparison of the outcomes from the two models, revealing that the
second-order model, with an R? value of 0.99, demonstrates a superior fit compared
to the first-order model, as depicted in Fig. 7.5 (a) and (b). Consequently, the
kinetics analysis suggests that equilibrium was attained within an hour.

Adsorption isotherms provide insights into the concentration of adsorbate
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adsorbed and the concentration in the solution at equilibrium and constant
temperatures (Al-Ghouti and Da’ana, 2020). This visual representation offers
valuable insights into the suitability of the adsorbent. Table 4 summarizes the
parameters of Langmuir and Freundlich found from analyzing experimental data.
The results indicate that the adsorption pattern of the prepared carbon sample for
Pb(I1) aligns well with the Langmuir model (R? = 0.956), as shown in Fig. 7.5 (c)
and (d), suggesting effective adsorption of Pb(Il) onto MSW char-activated carbon
in a monolayer based on optimized parameters. According to the Langmuir
isotherm hypothesis, the adsorption process is confined to the first layer of the
adsorbent, where all existing sites on the surface are identical and bind one

molecule of the adsorbate each (El-Bery et al., 2022).

Table 7.4. Comparison of Pseudo-first and second-order models

Initial Pseudo-first-order Kkinetics Pseudo-second-order
concentration of kinetics
Pb (1) (mg/L) 9. (Mg/g) kq R? ge (mglg) ko R?
1000 3.27 5.34x107 0.821 2.98 1.232 0.99
Langmuir isotherm Freundlich isotherm
Omax (mg/g) KL R? Kk 1/n R?
51.07 0.65 0.95 0.18 0.93 0.70
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Fig. 7.5. (a) Pseudo First order (b) Pseudo Second order (c) Langmuir and (b)
Freundlich isotherm model plot

7.9 VALIDATION OF ADSORPTION STUDY

The FTIR spectra, SEM micrographs, and EDX spectra of MSW-AC were
taken before and after the Pb(Il) adsorption, as represented in Fig. 7.6. Fig. 7.6 (a)
and (b) illustrate shifts occurring in the functional groups of the activated carbon.
These shifts indicate alterations in the chemical environment or bonding of these
functional groups due to the interaction with Pb(Il) ions. Additionally, the peaks
corresponding to the functional groups display both increases and decreases in
intensity. This could be attributed to the participation of specific functional groups
in the adsorption process or changes in their concentration on the surface of the
activated carbon. The SEM micrographs revealed that the activated carbon
possessed a highly porous and regular shape prior to its interaction with Pb(ll).
However, after the removal of Pb(ll), the surface of the activated carbon appeared
rough. The EDX analysis further supported this observation, as shown in Fig. 7.6
(e) and (f). The EDX spectra displayed peaks in the energy range of 2 to 16 KeV
and a significant presence of peaks corresponding to Pb (I1). This indicates that Pb
(1) ions were adsorbed onto the activated carbon, leading to the appearance of
distinct peaks in the EDX spectra.
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Fig. 7.6. (a) and (b) FTIR spectroscopy, (c) and (d) FESEM, and (e) and (f) EDX
spectroscopy of activated carbon before and after adsorption, respectively

7.10 CYCLE STUDY USING ACTIVATED CARBON

The cycle study was conducted under precise parameters, comprising a pH level
of 6, a rotation speed of 150 rpm, a contact duration of 1 h, a metal concentration
of 1000 ppm, and 1 g of activated carbon. It was observed that a total of three cycles
could be executed with an efficiency of 80%, as shown in Fig. 7.7, with two of
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these cycles surpassing an efficiency of 90% and a decline in the removal
percentage of Pb (11) during the fourth cycle.
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Fig. 7.7. Cycle study for Pb (1) removal using activated carbon

7.11 DESORPTION, RECOVERY, AND REUSE STUDY

The desorption study revealed that HNO3z emerged as the most efficient eluent
for removing contaminants, as shown in Fig. 7.8. Optimal desorption outcomes
were achieved under acidic conditions with a pH of 1 across all eluent types.
Interestingly, when using HNOs3, the duration of contact had a relatively minimal
impact, possibly due to a higher recovery rate associated with HNOs. Notably, after
2 h, the recovery rate in HNO3z remained fairly constant. Conversely, H2SO4
demonstrated slower desorption Kinetics, necessitating a longer desorption period
for effectiveness. The recovery rates of activated carbon after desorption were
43.05, 50.60, and 64.89% for HNOgz, HCI, and H2SOs4, respectively.
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Fig. 7.8. Effect of (a) pH and (b) Contact time in desorption study
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7.12 CONCLUSION OF ADSORPTION STUDY USING MSW-AC

The activated carbon derived from MSW char displayed similar properties to
commercially available activated carbon. Various analyses, including proximate
analysis, FTIR spectroscopy, pH, iodine number, FESEM, and XRD spectroscopy,
indicated that MSW char produced at 250°C and chemically activated with KOH
was highly effective in the adsorption of Pb(ll). In batch adsorption tests, more than
90% of Pb(Il) could be removed from water under optimized conditions using
KOH-activated carbon. Kinetic studies suggested that the adsorption followed
Lagrange's pseudo-second-order model, and equilibrium was reached within an
hour. The adsorption isotherm supported the Langmuir model, indicating
monolayer adsorption. Validation studies using FTIR, FESEM, and EDX
confirmed the adsorption of Pb(ll) ions onto the activated carbon. The activated
carbon could be reused for about two cycles with a removal efficiency of more than
90%. Desorption experiments showed that the highest metal recovery rate was
achieved using HNOs as an eluent. Given its impressive performance in adsorption,
desorption, and cycle studies, MSW char-activated carbon appears to be a viable
option for removing heavy metals from wastewater. This study not only highlights
the effectiveness of MSW char-activated carbon but also presents a cost-effective
and sustainable solution for waste minimization at dumpsites and wastewater

treatment by utilizing MSW.
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CHAPTER 8

APPLICATION OF MSW CHAR IN COMPOSTING

8.6 INITIAL CHARACTERIZATION OF SUBSTRATE

The preliminary characterization of the composting material char is shown in
Table 8.1. The moisture content of vegetables was very high (89.23 %), whereas
the moisture content of MSW char was very low, about 1.14%. To avoid leachate
formation during the composting process and to optimize the C/N ratio, bulking
agent sawdust was used. The presence of optimum moisture is significant for
regulating temperature within the compost pile. Composting is characterized as an
exothermic phenomenon, signifying its capacity to produce thermal energy. The
presence of appropriate moisture levels promotes the effective dispersion of heat
inside the pile, hence sustaining the optimal temperature range required for
decomposition. The initial pH values of vegetable waste, cow dung, sawdust, and
MSW char were 5.87, 6.2, 6.35, and 7.10, respectively. These values fell within the
optimal range for fungal growth (5.0-8.5) and bacterial development (6.0-7.5)
(Meena et al., 2021). The electrical conductivity of vegetable waste measured at
1.93 mS/cm indicates a low presence of soluble salts, reflecting the material salinity
arising from exchangeable chloride, sodium, sulfate, nitrate, potassium, and soluble
salts or due to the presence of highly conductivity metal ions (Feng et al., 2021).
The sBOD of vegetable waste was higher than cow dung, indicating more
degradable carbonaceous materials (Mangkoedihardjo et al., 2006). Vegetable
waste also contained 79.84% volatile solids, 2.45% TKN, and 18.51 g/kg of total
phosphorus, which resembles nutrient richness and is a feasible option for
composting. The C/N ratio of sawdust indicated a higher amount of carbonaceous
matter. The Fecal coliform of cow dung was 2.4x10%, which determines the high
concentrations of pathogenic bacteria (Hazarika and Khwairakpam, 2018). The
concentration of Ca, K, Mg, and Na was in the order of Ca>K>Mg>Na for control,
trial 1, and trial 2. The initial concentration of metals in MSW char was observed
to be high, as depicted in Table 8.1.
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Table 8.1 Initial characterization of substrate

Parameters Vegetable waste Cow dung  Saw dust MSW Char

Moisture Content %  89.23 +0.23 90.08+1.24 132%0.2 1.14+0.13

pH (1:10) 5.87+0.09 6.2 +0.12 6.35+0.14 7.10+0.04

EC (1:10) 1.93+0.08 293+0.11 1.29+0.08 3.57+0.15

Oxygen uptake rate  30.4 +0.7 21.9+0.61 8.90+0.9 -

CO; Evolution rate 21+1.12 13+1.30 9+1.23 -

Volatile matter % 79.84 £1.23 848+278 91.27+125 21.13+0.31

Ash Content % 20.16 £1.11 152+233 8.73+0.98 2.83+0.36

TOC % 44.36 +£1.23 4711+279 50.71+121 183+0.67

TKN % 245%0.14 0.84+0.14 0.28+0.07 0.42 £0.02

C/N Ratio 18.1 £0.45 56.1+0.23 181.1+387 5.07+£0.03

Ammonia (mg/kg) 106.26 + 0.41 1794+15 8893+0.11 18.91+0.23

Nitrate (mg/kg) 20.54 +0.12 246019 17.07x0.67 61.78%+0.13

sCOD (mg/l) 2880 + 17 1152 +23  768+12 .

sBOD (mgl/l) 1020 + 19 645 + 14 195+ 19 -

Total phosphorus 18.51 £ 0.32 1225+04 25%0.2 7.23+£0.29

(9/kg)

Available 1.04 £0.23 245101 0871042 3.14+£0.13

phosphorus (g/kg)

Fecal Coliform - 2.4 x 10" - -

Mg (g/kg) 2,75+ 0.65 312+04  1.28+03 4.25+0.28

K (g/kg) 5.23+0.8 0.16+0.12 0.8+0.14 9.18+0.3

Ca (g/kg) 39.39 +2.21 30.23+340 21.9+176  7.46+0.12

Na (g/kg) 3.72+08 3.23+07  167+0.9 3.05+0.3

Mn (mg/kg) 996.15 + 3.2 521.55+4.5 48355+2.1 204.12+05

Fe (mg/kg) 10229 + 7.67 954775+  6439.4+7.43 223481+
8.98 61

Cr (mg/kg) 78.3+0.97 142.8+0.87 40.8+0.78 83.42 +2.65
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Pb (mg/kg) 996.5 +1.23 525+3.12 483.55+5.23 345+2.12

Cd (mg/kg) <BDL <BDL <BDL <BDL

Cu (mg/kg) 101.8 + 1.67 575+212 2051+234 117.63%
0.12

Ni (mg/kg) 365.1 +4.23 3209+6.12 24425+2.89 213.45%
1.45

Zn (mg/kQg) 213+2.10 156.7+755 14354+597 419.24+
4.12

Note: The data is presented in xx + yy format where xx denotes the average value
yy denotes the standard deviation, BDL: below detection level

8.7 VARIATION OF TEMPERATURE AND MOISTURE CONTENT

DURING THE COMPOSTING PROCESS

The vegetable waste, which contains the highest quantity of organic content,
triggers the activity of microbes at the onset of the composting process, resulting in
a rise in temperature. This temperature increase was observed during the initial
phases of composting, i.e., within 12 hours in Control, Trial 1, and Trial 2. The
highest temperature of 53.8°C was observed when 5% MSW char was applied in
Trial 2, followed by 50.8°C in Trial 1 and 46.8°C in Control, as shown in Fig. 8.1
(a). The thermophilic phase lasted longer in Trial 2 due to the cumulative increase
of MSW char, which was comparable to biochar amendment during composting
(Jain et al., 2018). The rise in temperature during the composting process is
attributed to the destruction of pathogenic bacteria and a higher rate of
decomposition of biodegradable carbon. The introduction of MSW char elevates
the maximum temperature and accelerates the timeframe to attain high
temperatures. This is attributed to the increased porosity caused by the addition of
MSW char during the composting, facilitating greater oxygen availability.
Consequently, the heightened porosity boosts the metabolic activities of
microorganisms, leading to increased heat release. Additionally, the incorporation
of char extends the duration of the high-temperature phase, as MSW char

effectively sustains elevated temperatures owing to its microporous structure.
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However, excessive MSW char can elevate temperatures excessively, leading to
undesirable moisture loss, which is unfavorable for composting (Jain et al., 2018).

The moisture content of vegetable waste (89%) and cow dung (90%) was very
high. To avoid leachate formation due to organic waste with high moisture content
and for proper circumferential degradation, bulking agents such as grass cutting,
dry leaves, sawdust, and MSW char were minced with inoculum and the substrate.
(Kalamdhad et al., 2008) reported that microbial activity decreases at low moisture
content, and at high moisture content, the composting process slows down to
anaerobic conditions. The rise in temperature was observed in a few days due to
readily biodegradable matter, and there was no formation of leachate during the
process of composting. The heat produced due to biological decomposition results
in vaporization or moisture loss due to the rise in the rate of the decomposition
process (Jain etal., 2018). The inclusion of MSW char led to a decrease in moisture
content, as depicted in Fig. 8.1 (b). This occurred as the addition of char lowered
bulk density, promoting improved aeration and enhanced microbial activity.
Consequently, there was increased heat loss, leading to greater moisture
evaporation comparable to the moisture loss with biochar application during
composting (Jain et al., 2018). Additionally, char contributed to the loosening of
the compost structure, facilitating enhanced ventilation. This, in turn, boosted

microbial activity, resulting in increased water absorption by the microbes.
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Fig. 8.1. Changes in (a) Temperature and (b) Moisture content during the process
of composting
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8.8 VARIATION OF PH AND ELECTRICAL CONDUCTIVITY

The pH has a significant impact on microbial activity, and it has been observed
that a neutral pH is optimal for the composting process. Metabolic process is more
at 7.5-8.5 (Wong et al., 2009). The initial pH of mixes was recorded as 6.6, 6.72,
and 6.84, which was increased to 7.5, 7.87, and 8.2 in Control, Trial 1, and Trial 2,
respectively, as shown in Fig. 8.2 (a). The introduction of MSW char in the process
of composting elevates the pH values in all treatments during the initial warming
stage compared to the control. The pH of the final compost with the addition of
MSW char was within the range of the pH of the biochar-added compost (7.4-8.5)
(Jain et al., 2018). In the warming phase, NHs is generated, facilitating the
breakdown of organic matter by bacteria and fungi. Subsequently, the pH gradually
decreases in the middle and concluding stages of composting as bacteria and fungi
convert some organic matter into organic acids, aiding the breakdown of
lignocellulosic structures. During the cooling period, the pH stabilizes.
Additionally, the ash content of char, containing Na*, Ca*, K*, and Mg*, undergoes
ion exchange with H* ions, further contributing to an increase in pH.

The EC value higher than 4 mScm™ causes a toxic effect on plants after its
application (Qu et al., 2022). At the beginning of the composting process, the EC
value was maximum, resulting from the release of ammonium ions and salts due to
increased biodegradation of organic matter during the thermophilic phase. As
shown in Fig. 8.2 (b), with the application of MSW char in Trial 1, it was detected
that the EC values reduced in the later stage of composting as compared to control
due to precipitation of mineral salts, volatilization of ammonia and conversion of
NH." into nitrate. Moreover, humification might bind small molecules during the
maturation phase, lowering their abundance in the solutions obtained from solid

samples through water extraction for EC analysis (Feng et al., 2021).
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Fig. 8.2. Variation of (a) pH and (b) Electrical conductivity

8.9 VARIATION OF VOLATILE SOLID, TOTAL ORGANIC CARBON,

AND ASH CONTENT DURING THE COMPOSTING PERIOD

The greater the volatile solids concentration, the higher the content of organic
matter. When MSW char was introduced, Trial 2 exhibited a maximum reduction
of 21.02% in volatile solids, in contrast to 19.11% in Trial 1 and 17.67% in the
Control, as shown in Fig. 8.3 (a). Maximum reduction of volatile solids was
observed in the thermophilic phase as thermophilic bacteria decompose the organic
matter rapidly (Jain et al., 2018). Initially, TOC was in the range of 27.28, 33.26
and 26.82%; after the application of MSW char, it finally reduced to 22.35, 26.17
and 21.18% in Control, Trial 1, and Trial 2, respectively, during the co-composting
process, as depicted in Fig. 8.3 (b). Consumption of organic carbon as an energy
source by microbes and CO; produced by bacteria during the metabolic process are
causes of the decrease of TOC during the process of composting (Daga et al., 2018).
As shown in Fig. 8.3 (c), the ash content increases by 14.82, 26.65 and 19.62% in
Control, Trial 1, and Trial 2, respectively, due to organic matter degradation and
high ash content of MSW char. The decrease in volatile solids synchronized with

an increase in ash content in all three treatments.
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Content during the process of composting

8.10 NITROGEN DYNAMICS (TKN & NHs-N) AND PHOSPHORUS
(TOTAL PHOSPHORUS AND AVAILABLE PHOSPHORUS)
DYNAMICS DURING THE COMPOSTING PERIOD
Nitrogen and Phosphorus are the essential macronutrients that are required by

the plant for its growth. The TKN was observed in the range of 0.96, 1.12 and

1.19% on day 0, increases to 2.17, 2.24 and 2.35% on day 20 in Control, Trial 1,

and Trial 2, respectively, as shown in Fig. 8.4, which was in the range of increase

in the percentage of TKN value with the amendment of biochar during composting

(Jain et al., 2018). Because of the overall loss of dry mass caused by CO emission

and water loss due to evaporation resulting from the heat generated during the

oxidation of organic material, TKN increased during the rotary drum composting
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process. In the cooling phase, there is a gradual rise in TKN content. The inclusion
of MSW char facilitates the breakdown of cellulose, supplying nutrients to the
composting process. Additionally, char contributes to nitrogen fixation, serving as
a source of nitrogen for the growth and reproduction of microorganisms (Qu et al.,
2022). The NH4 was observed in the range 94.12, 102.49, and 93.41 mg/kg on day
0, reducing to 34.1, 38, and 32.37 mg/kg on day 20 in Control, Trial 1, and Trial 2,
respectively, which was comparable to the biochar application during composting
of various substrate (Guo et al., 2020). The result shows that the concentration of
NHa-N has significantly decreased throughout all treatments, and the decrease was
greater when 2.5% MSW char was added in Trial 1. As the temperature increases
rapidly with the addition of MSW char, the composting enters the high-temperature
phase where volatilization of NH3z takes place, which results in a decrease of the
NH4*-N content, which is similar to the case of biochar amendment (Agyarko-
Mintah et al., 2017). The organic nitrogen transforms to ammoniacal nitrogen in
the initial period of the composting process. Due to intense aeration, a significant
rise in pH, and the loss of CO2 during the process, NH4"-N decreases during the
maturation stage (Kauser et al., 2020). The high amount of Total Phosphorus was
observed on the initial day, which may have been caused by a higher concentration
of vegetable waste, cow dung, and MSW char (Kalamdhad et al., 2008). During the
process of composting, total phosphorus increased from 14.13, 14.1, and 16.79
mg/kg to 20.1, 20.89, and 23.48 mg/kg in Control, Trial 1, and Trial 2, respectively.
The percentage increase of total phosphorus was highest about 6.7%, when 5% of
MSW char was applied. Available phosphorus increased from 0.84, 0.95 and 1.02
mg/kg to 2.28, 2.38, and 2.49 mg/kg in Control, Trial 1, and Trial 2, respectively,
as shown in Fig. 8.4. The maximum increment of available phosphorus and total
phosphorus was observed in Trial 2, when 5% MSW char was co-composted with
vegetable waste, compared to Trial 1 and Control which was comparable to biochar
addition with compost (Doan et al., 2015). Bacterial mineralization and the
decomposition of organic biomass during the composting process lead to an

increase in phosphorus (Kauser et al., 2020).
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Fig. 8.4. Nitrogen Dynamics (TKN & NHs-N) and Phosphorus (TP and AP)

dynamics during the co-composting period

8.11 VARIATION IN C/N RATIO DURING COMPOSTING PERIOD
Another important parameter that is crucial for nutrient balance and microbial
growth during the composting process is the C/N ratio. Microorganisms mostly
obtain their resources from carbon, while nitrogen is crucial for the synthesis of the
protozoa that make up cells. Analyzing the alterations in the C/N ratio allows for
the measurement of organic matter decomposition and the stabilization of compost.
A C/N ratio exceeding 30/1 could lead to a reduction in the activity of microbes,
and below 18/1 may result in nitrogen loss to the atmosphere as ammonia.
Therefore, the C/N ratio between 19-30 is ideal for microbes during composting
(Kauser et al., 2020). In the present study, C/N reduced from 28.55, 28.9, and 22.54
to 11.83, 12.09, and 10 in Control, Trial 1, and Trial 2, respectively, as shown in
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Fig. 8.5. Final Compost with a C/N ratio between 10-15 indicates good degree of
maturity (Varma and Kalamdhad, 2015). It was observed that when 2.5% of MSW
char was added during the co-composting of vegetable waste, the final product had
much better maturity as compared to 5% MSW char and control. The range C/N
ratio for a matured compost was within the range when MSW char was applied

during composting akin to biochar (Guo et al., 2020).
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Fig. 8.5. Variation in C/N ratio during composting

8.12 VARIATION OF MACRONUTRIENTS DURING THE

COMPOSTING PERIOD

Potassium is the third most important macronutrient required by the plants for
its growth whereas magnesium is required by the plants for chlorophyll production.
Calcium is the secondary macronutrient required by the plant for the cell division.
It was observed that with the addition of MSW char, the total potassium increased
from 3.08, 3.01, and 3.12 g/kg to 5.86, 6.9, 6.13 g/kg in Control, Trial 1, and Trial
2, respectively, as shown in Fig. 8.6. The other macronutrients such as total Na,
Mg, and Ca exhibited an upward trend during composting for all trials. The final
values found to be 4.23 g/kg (Control), 4.73 g/kg (Trial 1), 4.58 g/kg (Trial 2) of
sodium, 40.89 g/kg (Control), 44.9 g/kg (Trial 1), 51.79 g/kg (Trial 2) of Calcium
and 3.14 g/kg (Control), 3.3 g/kg (Trial 1), 3.32 g/kg (Trial 2) of Magnesium. The
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highest concentration of macronutrients was observed in Trial 2 when 5% of MSW
char was added, which also indicated the highest reduction of volatile solids and
was comparable with the co-composting of biochar (Jain et al., 2018). The
concentration of total Mg, Na, Ca, and K increased due to the loss of dry mass of
materials caused by the decomposition of Organic matter and subsequent

mineralization during the composting process.
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Fig. 8.6. Variation of Macronutrients: Potassium, Sodium, Calcium and

Magnesium during composting period

8.13 sCOD, sBOD, AND VARIATION OF CO: EVOLUTION RATE
DURING THE COMPOSTING PERIOD
Composting involves the aerobic decomposition of organic matter. Changes in
sBOD and sCOD levels depend on the organic material degradation. The sBOD
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and sCOD decreased in all trials during the composting process due to vegetable
waste degradation, as shown in Fig. 8.7. In Trial 2, there was a maximum reduction
in sBOD (89.33%) followed by Trial 1 (84.68%) and Control (83%). There was no
significant difference in the reduction of the body after 18 days of composting in
Trial 1 and Trial 2. Initially, sSCOD was in the range of 505, 568, and 450 mg/I,
finally reduced to 90, 87, and 48 mg/l in Control, Trial 1, and Trial 2, respectively,
during composting. The degradation of organic matter by microbes during the
composting reduces sBOD and sCOD, which in turn lowers carbon dioxide
emissions. The emission of CO» decreased because of a decrease in sSBOD and

sCOD, indicating that the compost had stabilized.
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Fig. 8.7. sCOD and sBOD during composting period

The most accurate method for assessing the stability of compost is CO>
evolution, as it detects carbon that comes directly from the compost under
evaluation. Aerobic respiration has a direct relationship with CO2 emission. As
shown in Fig. 8.8, CO, emission decreases at the final stages of composting due to

a decrease in degradable organic matter and lower microbial activity.
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Fig. 8.8. Variation CO; Evolution rate during composting period

8.14 VARIATION OF HEAVY METALS (Fe, Pb, Mn, Zn, Cr, Cu, and Ni)
DURING THE COMPOSTING PERIOD
Throughout composting, an increase in heavy metal concentration has been
noted, attributed to material loss resulting from organic matter mineralization. Fig.
8.9 illustrates the total concentration of heavy metal during rotary drum composting
in Control, Trial 1, and Trial 2. According to Singh and Kalamdhad, (2012), the
increase in total heavy metal content is the result of mass degradation during

composting due to organic matter breakdown, CO2, and moisture emission.
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Fig. 8.9. Variation of Heavy Metals (Fe, Pb, Mn, Zn, Cr, Cu, and Ni) during
composting period

8.15 MICROBIAL COUNTS

The hygiene of compost can be determined by the presence of coliform bacteria.
The recommended value of Fecal density for compost hygienization are 5x10? and
5x10° MPN/g dry weight (Sudharsan Varma and Kalamdhad, 2015). The average
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number of total coliforms was observed in the range of 2.1x107, 1.7x10’ and
3.3x10” MPN/g dry weight and finally reduced to 3.3x10% 2.4x10* and 2.4x10*
MPN/g dry weight in Control, Trial 1 and Trial 2, respectively, as shown in Table
8.2. However, Fecal coliform was in the order of 2.1x10°, 1.4x10° and 2.0x10°
MPN/g dry weight reduced to 2.0x10%, 2.1x10° and 1.1x10% MPN/g dry weight in
Control, Trial 1 and Trial 2. Maximum reduction of total coliform and Fecal

coliform was observed in Trial 2 due to high temperature (53.8°C).

Table 8.2. Total and Fecal Coliforms count during composting

Trials Total coliform Fecal coliform

0hday 10" day 20" day 0"day 10"day 20" day
Control 2.1x10" 1.1x10° 3.3x10* 2.1x10%° 2.1x10*  2.0x10*
Trial1  1.7x107 2.0x10° 2.4x10* 1.4x106 1.7x10*  2.1x10°
Trial 2 3.3x107 2.2x10° 2.4x10% 2.0x10° 1.0x10° 1.1x108

8.16 HETEROTROPHIC PLATE COUNT

Due to the high amount of initial waste composition, the microbial population
was very high during the initial phase of composting. The mesophilic heterophilic
bacteria utilize the highly biodegradable organic matter for cell energy and cell
division, thereby increasing the temperature of the composting environment.
Therefore, there is a gradual decrease in heterotrophic bacteria after the
thermophilic phase. The number of heterotrophs was detected as 1.84x10%%,
2.12x10% and 2.72x10'? CFU/g dry weight and finally reduced to 2.1x10°,
1.23x10% and 1.04x10° CFU/g dry weight in Control, Trial 1 and Trial 2
respectively, as shown in Table 8.3. Maximum reduction of total heterotrophic was
observed in Trial 2 due to high temperature (53.8°C).

Table 8.3. Total Heterotrophic colonies during composting

Trials Total Heterotrophs (CFU/qg)

0-day 20-day
Control 1.84 x 10% 2.1x 10°
Trial 1 2.12x10%2 1.23 x10°
Trial 2 2.72 x101? 1.04x10°
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8.17 CONCLUSION FROM CO-COMPOSTING STUDY OF CHAR

The findings of the study suggest that utilizing rotary drum composting for
vegetable waste, in conjunction with MSW char, has proven to be a successful
approach in terms of biodegradation, nutrients, and heavy metals adsorption. This
process allows for the production of nutrient-rich compost in just 20 days. The
introduction of MSW char into the mix enhances the aeration of the composting
materials, which accelerates the decomposition process. During the initial
composting stages, there was a noticeable increase in temperature, with Trial 2
reaching the highest temperature recorded at 53.8°C. Trial 2 also exhibits a
prolonged thermophilic phase due to the higher quantity of MSW char, signifying
greater organic matter degradation during this phase. Additionally, incorporating
MSW char into the composting process raises the pH levels in all treatments
compared to the control, indicating strong buffering capacity. Trial 2 demonstrates
a more pronounced increase in electrical conductivity compared to the control and
Trial 1, although it decreased in the later stages of composting. furthermore, all
trials exhibit improved nutritional properties when MSW char is added during
composting, and there is a reduction in the concentration of heavy metals compared
to the control. Therefore, the inclusion of MSW char not only enhances the quality
and speed of composting but also encourages the transformation of mixed MSW
into valuable products.

143 |Page



Chapter 9

CHAR APPLICATION IN ALLUVIAL SOIL

9.6 ALLUVIAL SOIL, MSW CHAR, AND COMPOST

CHARACTERIZATION

The Initial characteristics of alluvial soil, MSW char, and compost are given in
Table 9.1. The alluvial soil used in the study was characterized as nutrient-deficient
soil. The moisture content of alluvial soil was 13.37%, which was comparatively
less than that required for agriculture (Nepal et al., 2023). The moisture content of
compost was 63%, which can be added to the alluvial soil to maintain the ideal
moisture content, promoting plant growth. The percentage of volatile matter in
alluvial soil was very low, which specifies that it was unbefitting for microbial
activity and resulted in slow bio-oxidation (Beesley et al., 2010). The ash content
in char and compost was 2.9 and 55.27%, respectively, which is beneficial as it
encompasses essential nutrients such as calcium, magnesium, potassium, and trace
elements that promote soil fertility (Demeyer et al., 2001). The fixed carbon content
of MSW char was 65.8%, which can be amended in the soil to improve its structure
by enhancing the porosity, water, and nutrient retention capacity by adsorbing the
nutrients and making them available to plants for longer periods of time (Lehmann
et al., 2011a). The SOM in the alluvial soil was very low (0.41%), whereas MSW
char and compost had 43.66 and 50.21%, respectively. Amendment of char and
compost can improve the organic matter by reserving the essential nutrients in soil
which are gradually released through microbial activities. Also, SOM improves soil
porosity, penetration to roots, and water infiltration (Malone et al., 2023). The
initial pH values of alluvial soil, char, and compost were 6.22, 7.53, and 6.9,
respectively, which were within the ideal range for fungal growth (5.0-8.5) and
bacterial development (6.0-7.5) (Meena et al., 2021). The EC of alluvial soil
measured at 0.71 dS/m indicates a low presence of soluble salts. However, the
addition of char (2.09 dS/m) and compost (2.30 dS/m) can enhance the EC of the

soil, which indicates material salinity arising from exchangeable salts or due to the
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presence of highly conductivity metal ions (Feng et al., 2021). The SOC was very
low in the soil, approximately 0.22%, while char and compost had 57.23 and
26.31%, respectively. The SOC in soil plays a significant role in carbon
sequestering by reducing the carbon dioxide in the atmosphere as a carbon sink
(Lal, 2004). The amendment of mixed MSW char and compost can enhance the
SOC in the soil, which in turn sustains buffer soil pH, thus maintaining soil health
and fertility (Torsvik and @vreas, 2002). The WHC must be high to retain moisture
in the soil, as it will lessen the frequency of irrigation (Patra et al., 2022). The
WHC of alluvial soil (13.5%) can be enhanced with the addition of char and
compost.

Bulk density serves as a measure of soil compaction and overall soil health. It
influences infiltration, rooting depth limitations, water-holding capacity, soil
porosity, the availability of plant nutrients, and the activity of soil microorganisms,
all of which play a crucial role in soil processes and productivity (USDA NRCS,
1998). Generally, loose soil, which is aggregated in a well and porous structure with
high organic matter, generally has low bulk density. The bulk density of alluvial
soil was high, about 1.35 g/cm?, with a low porosity of 49.05%. Meanwhile, char
and compost had bulk densities of 0.51 and 0.6 g/cm® and porosity of 79 and 63%
porosity, respectively. Incorporating char and compost into the soil reduces the bulk
density by enhancing its porosity. Earlier studies have indicated that the optimal
porosity range for aerobic decomposition is between 85 and 90%, with the
minimum required being 30% (Ruggieri et al., 2009). Therefore, having less dense
soil is beneficial for effective agricultural practices. The specific gravity of the
alluvial soil was higher than that of char and compost, with an approximate value
of 2.65. Specific gravity plays a significant role in the movement of solutes,
supports water retention, and contributes to aeration in the soil. Increased specific
gravity in the soil can negatively affect plant development, which can be reduced
by applying char and compost (Rai and Chatrath, 2019). The nitrate concentration
of the alluvial soil was 54.58 mg/kg. A healthy soil must have nitrate concentration
so as to promote plant growth without leaching into the environment. A nitrate

concentration of more than 30 mg/kg can risk the environment by leaching into the
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groundwater (Sanchez et al., 2003). The concentration of ammonia in the tested soil
was 16.75 mg/kg, which was more than the concentration in natural, undisturbed
soil ranging from 1-5 mg/kg (ASTDR, 2004). The higher concentration of ammonia
can lead to toxicity in the plant (chlorosis) (Britto and Kronzucker, 2002), inhibition
of microbial activity (Yenigln and Demirel, 2013), and leaching into groundwater
causing water pollution. The CEC of the soil was 14.67 meq/100 g, which was
much lower than clay and organic soil, which have 26 to 40 meq/100 g of CEC
(Raty et al., 2021). The high CEC in the soil can hold the essential nutrients for a
longer period of time without the requirement of frequent application of fertilization
(Raty et al., 2021). The available phosphorus in the alluvial soil was 0.41 mg/kg,
whereas MSW char and compost had 2.05 and 2.26, respectively. The available
phosphorus in natural soil is generally 0.94 to 32.56 mg/kg (Tian et al., 2021). The
deficiency of phosphorus has an adverse impact on plant growth. Also, high
concentration of available phosphorus leads to nutrient imbalance, hindering the
uptake of essential nutrients such as iron and zinc (Grant et al., 2005). The TKN in
alluvial soil was 0.14%, but this can be improved by adding char and compost,
which have TKN values of 0.46% and 0.88%, respectively, to support plant growth.
The TKN of alluvial soil was 0.14%, which can be enhanced by the addition of char
and compost with TKN of 0.46 and 0.88%, respectively. The alluvial soil tested
had a deficit of nutrients such as total Na, K, Ca, and Mg as compared to the
requirement of nutrients for physiological functions, building of cell walls and
stability, and photosynthesis (Kang et al., 2023). The exchangeable metals in the
soil were within the range required for plant growth, except for Mg (Niu et al.,
2021). The balance in the exchangeable metals for plant uptake can be maintained
by amendment of char and compost in the soil for healthy plant growth and to avoid
antagonistic interaction. The concentration of Fe, Cr, and Ni in the soil was much
higher than the optimal concentration of essential micronutrients required for the
healthy growth of plants, avoiding toxicity (Vondrackova et al., 2014). The DTPA-
extracted metals in the soil, such as Pb, Cr, Zn, Cu, and Cd, were within the limit
to prevent the leaching and uptake of metals by plants, whereas Fe and Ni

concentrations were high (Wang et al., 2018). The MSW char and compost used in
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the study depicted a higher value of the mineral nutrients. The amendment of char

and compost can enhance nutrient uptake and promote plant growth by storing the

nutrients for longer periods in the soil and reducing the metal availability in the

soil.

Table 9.1. Initial characterization of the samples
Parameters Units Alluvial soil MSW char  Compost
Moisture content (%) 13.37+£0.2 1.17+£0.10 63 +0.22
Volatile matter (%) 0.16 £0.11 29.80+0.12 36.43+0.1
Ash content (%) - 2.90 £ 0.06 55.27 £0.26
Fixed carbon (%) - 65.80+£0.03 0.13+£0.1
SOM (%) 0.41+0.08 43.66 £1.01 50.21+0.27
pH - 6.22 £ 0.01 753+0.01 69+0.1
EC dS/m 0.71+£0.04 209+0.04 230+0.45
SOC (%) 0.22 £ 0.07 57.23+0.16 26.31+1.05
Water holding (%) 135+0.4 26.39+1.28 46.16+0.2
capacity
Bulk density glcm? 1.35+0.1 051+1.1 0.6 £1.07
Specific gravity - 2.65 +0.01 2.13+0.12 1.1+04
Porosity (%) 49.05+3 79+15 63 +1.26
Nitrate mg/kg 5458+0.12 - -
Ammonia mg/kg 16.75+0.17 1524+1.09 21.66+1.27
CEC meg/100g 14.67+0.9 26.05+0.88 59.61+0.25
Available phosphorus  mg/kg 0.41 +0.09 2.05 +0.09 2,26 £1.10
TKN (%) 0.14+£0.00 0.46 £0.0 1.88 +1.16
Total sodium mg/kg 15+£0.15 2.25+0.23 4.25+0.32
Total potassium mg/kg 89+114 8.05+1.74 57521
Total calcium mg/kg 1798+0.87 825+194  40.12+0.83
Total magnesium mg/kg 5.04 £0.67 3.87x1.27 3.14 £ 0.58
Exchangeable Na mag/kg 50+1.21 982 +2.23 645+ 0.7
Exchangeable K mag/kg 121 +£2.35 1182 +£0.30 7940.24 +0.23
Exchangeable Ca mg/kg 330 £0.65 3636 +0.55 11392.1+1.06

TH-3619_196145104
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Exchangeable Mg mag/kg 325.46 +0.00 545.78 4839.41+0.5
2.38
Zn mg/kg 165 £ 0.67 719.25 + 326 £ 0.87
13.24
Cu mg/kg 63.75+0.24 67.86+4.13 353.03+0.25
Fe mg/kg 3300.25 + 1392.75 £ 17480.26 + 1.2
0.98 0.98
Cr mg/kg 1985+ 11.78 94.45+7.27 88.4+0.53
Ni mg/kg 304.67+1.24 21345+ 320+ 1.11
1.45
Cd mg/kg <DL <DL <DL
DTPAPb mg/kg 3.019+0.55 18.08+055 15+04
DTPA Fe mg/kg 1311.76 + 1202.88 + 1168 + 0.56
0.98 0.87
DTPA Ni mg/kg 7.28 £0.92 790+0.87 6.21+0.32
DTPACr mg/kg 1.23+0.21 1.85 +0.02 1.03+0.6
DTPA Zn mg/kg 2.185+0.024 1454+112 69.44+0.73
DTPA Cu mg/kg 474+£1.24 356+0.28 11.07+1.02
DTPA Cd mag/kg <DL <DL <DL

Note: The data is presented in xx +yy format where xx denotes the average value, yy denotes the standard

deviation

9.7 EFFECT ON SOIL PHYSICAL AND CHEMICAL PROPERTIES

TH-3619_196145104

The soil with lower bulk density (< 1.5 g/cm®) is generally preferred for
agriculture purposes (Jain and Kalamdhad, 2020). Insufficient aeration can occur
in wet conditions when the bulk density rises, while excessive strength in the soil
can occur in dry conditions. As a result, root penetration and elongation get
restricted in dry conditions, while the microbial decomposition of soil organic
matter and supply of oxygen to roots get decreased under reduced aeration
conditions (Tomobe et al., 2023). Therefore, bulk density is important for plant
growth. The bulk density of alluvial soil was 1.41 gm/cm?, but with the application
of char and compost, it was decreased by 4.26% on the Oth day, as depicted in Fig.
9.1. The rate of decrease of bulk density of the soil increased with the rate of the

application of the compost and MSW char. MSW Char generally enhances soil
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structure by expanding pore spaces and decreasing bulk density because of its
porous nature. It makes voids and channels in the soil, which improves water
infiltration, root growth, and general soil health (Nguyen et al., 2023). The addition
of compost and MSW char increased the total porosity of the soil. The soil bulk
density decreased by 12%, and total porosity increased by 14% on adding a
combination of 10% MSW char and 20% compost to the soil by the 120" day. The
bulk density of all the treatments was less than 1.5 g/cm?. There was an inverse
effect seen on the total porosity of the soil compared to the bulk density of the soil.
It increased with the rate of application of char. In short, the addition of MSW char
and compost in the soil increases water and air circulation and improves the
porosity and bulk density of the soil. The addition of char and compost initially
reduces bulk density due to their lower density compared to mineral soil. Over time,
microbial decomposition and humification lead to structural rearrangements,
influencing aggregation and compaction dynamics. Increased microbial activity
may enhance soil aggregation and increase porosity, while subsequent
mineralization of organic matter may cause compaction, leading to fluctuations in
bulk density.

The nutrient-holding capacity of soil increases after the addition of char and
compost due to the increase in cation exchange capacity in all the treatments.
Treatment with a higher percentage of MSW char has higher CEC due to a greater
amount of negative charge that developed on the surface of organic matter and char.
The CEC of soil increased by 6.14-folds when amended with 10% char and 20%
compost on the 120" day. The pH is one of the most important parameters in the
soil as it affects the CEC and nutrient availability in the soil. With the decrease in
pH, the CEC of the soil decreases as most of the negative adsorption sites available
for exchangeable cations, such as Na*, K*, Mg?*, Ca?*, and A" in soil, are taken
away by H" ions (Yadav et al., 2023). The available phosphorus in the soil is also
affected by the soil pH. At pH below 6, phosphorus precipitates as solid Al or Fe
phosphate mineral, while at pH above 7, phosphorus precipitates as Ca or Mg
phosphate mineral (Wolka and Melaku, 2015). The pH also affects the mobility,

concentration, and availability of micronutrients in the plant. The pH of the alluvial
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soil was 6.74, which was slightly acidic in nature. The pH of the MSW char and
compost was between 7-8 and its alkaline character directly affects soil pH after its
application. The pH of the soil roses on the 120" day by 11.3% when 20% compost
and 10% MSW char was applied due to the release of cations. Due to the increase
in pH, the bioavailability fraction of metal decreased. The EC of the alluvial soil
was 0.71 mS/cm. The specific crop and its tolerance to salt determine the ideal EC
range for plant growth. High EC values, which indicate excessive salinity, might
harm plant development and output by reducing water intake and nutrient
availability. The EC in all treatments increased with the application rate of MSW
char with compost. After 120 days, the EC of the soil in all treatments was below
1.5 mS/cm, indicating less presence of water-soluble salt (USDA (United States
Department of Agriculture), 2011).

The SOC accounts for over 70% of the worldwide terrestrial carbon stock
(Jobbéagy et al., 2001). The addition of MSW char in the soil can enhance carbon
sequestration due to the abundance of carbon. The addition of 10% MSW char and
20% compost increases SOC of the soil by 5.68-fold on the 0™ day but decreases
with time, resulting in an increase of 2.27-fold on the 120" day, due to the intricate
balance between input of carbon from char and compost and the dynamic microbial
activity that directs the SOC level (Ding et al., 2023). The percentage increase in
SOC of alluvial soil with the amendment of mixed MSW char and compost was
quite higher than that reported on the application of biochar and compost in soil
(Nobile et al., 2022). The high variability in SOC could be due to differential
decomposition rates of organic amendments. Char is relatively stable, while
compost is more biodegradable, leading to variations in carbon loss and
accumulation. Microbial community composition, enzyme activity, and soil
moisture variations could also contribute to the observed fluctuations. Initially,
SOM of the alluvial soil increased by 5.49-fold with the amendment of 10% char
and 20% compost but decreased with time due to mineralization and leaching (Jain
and Kalamdhad, 2020).
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Fig. 9.1. Variation in the soil physical properties
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9.8 EFFECT OF MACRO AND MICRONUTRIENTS WITH THE
APPLICATION OF MSW CHAR AND COMPOST IN ALLUVIAL SOIL
Nitrogen, phosphorus, potassium, magnesium, and sodium are the most

important macronutrients that are required by plants. Amino acids, proteins,

enzymes, and chlorophyll are all vital for plant growth and contain nitrogen as one
of their main constituents (Wany et al., 2020). The application of compost and

MSW char together influences the TKN value by increasing 3.57-fold on 0-day, as

shown in Fig. 9.2. The TKN of alluvial soil increased by 43% with the addition of

10% MSW char and 20% compost. Decline in TKN with time occurs due to

nitrification or leaching process. Throughout 120 days, the TKN was higher in all

treatments compared to the control. Available phosphorus increased with the rate
of application of compost and MSW char. CM10 shows the maximum increase in
available phosphorus by 4.63-fold, and the availability decreases with time. This is
because the available phosphorus is converted to unavailable phosphorus due to
rapid phosphorus fixation. The mineralization and leaching process also affect the
available phosphorus with time (Johan et al., 2021). Potassium is the third most
important macronutrient required by the plant after nitrogen and phosphorus

(Hasanuzzaman et al., 2018). The amendment of compost and MSW char in the

soil increases the total potassium concentration of the soil. The treatment CM10

shows a maximum increase in the concentration of potassium (2.09-fold) by the
120th day as compared to the studies reported on the amendment of biochar in soil

(Bekchanova et al., 2024). Magnesium is essential for the production of

chlorophyll, which is needed for the photosynthesis process. It reduces the crop

stress caused by exposure to sunlight (Verbruggen and Hermans, 2013). The
amendment of compost and MSW char in the soil increases the total magnesium
concentration of the soil. With time it reduces due to mineralization of organic
matter in soil. The CM10 shows an increase in total magnesium in the alluvial soil
by 2.6-fold on the 120" day. Thus, the combined application of 10% MSW char
and 20% compost was effective for enhancing the essential macro and

micronutrients in alluvial soil for the growth of plants.
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9.9 EFFECT ON THE TOTAL HEAVY METALS IN ALLUVIAL SOIL

WITH THE AMENDMENT OF MSW CHAR AND COMPOST

The concentration of total heavy metals availability decreased with the sole
application of MSW char but then increased when char and compost were applied
together in the alluvial soil, as shown in Table 9.2. The availability of Cr dropped
by 90% in C1, whereas the availability increased with the rate of application of char
and compost, which was beyond Indian standards (Rajkumar et al., 2019) but was
lesser than control. Similarly, the availability of Pb reduced with the C1 treatment
by 31% and was within the Indian standards until the treatment CM5 and CM10.
The availability of Cd was below detection level (<DL) in control as well as in all
the treatments. The availability of heavy metals initially decreased in the soil when
1% MSW char was applied due to the high surface area and CEC, which
immobilized metals by precipitation and adsorption. However, the availability
increased with the increase in the rate of char application as it altered the organic
matter and pH which releases back the previously adsorbed metals in the soil
(Alaboudi et al., 2019). When the combination of MSW char and compost was
amended in the soil, the metals availability increased due to the addition of organic
matter, which binds the heavy metals, creating more competition for sites of
binding, releasing metals back into the soil (Cheng et al., 2023). The increase in the
rate of the combined amendment also tends toward the pH level that triggered the
availability by increasing the solubility of heavy metals in soil (Oustriere et al.,
2017). Also, the addition of both char and compost not only increases the nutrients
in the soil but also forms complexes with heavy metals, which enhances mobility
(Zheng et al., 2022). Thus, a 1% MSW char dose was effective in reducing the

availability of heavy metals in alluvial soil.
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Table 9.2. Variation in heavy metals in alluvial soil with different treatments

Metals Control C1 C5 C10 CM1 CM5 CMI10 Indian

standard
(Rajkumar
etal., 2019)
Cr 1980+ 202.30 2345 27356 305.56 329.63 333.56 <150
(mg/kg) 9.66 +5.12 +723 +167 +821 +6.89 +7.21
Pb 412 + 2855 308.25 247.80 415.75 508.25 662.23 250-500
(mg/kg) 5.23 +237 +931 +6.62 +378 +46 +128
Cd <DL <DL <DL <DL <DL <DL <DL 3-6

(mg/kg)

TH-3619_196145104

9.10 BIOAVAILABILITY OF METALS

The availability of exchangeable Na and K was reduced by 6 and 43%,
respectively, with the C1 treatment, but there was an increase in Mg and Ca with
all the treatments, as given in Table 9.3. The reduction in the exchangeable metals
with the application of 1% MSW char was due to the high CEC of char, which
promotes adsorption initially and retains cations, reducing the immediate
availability of Na and K in soil. Due to the difference in hydration energy and radii
of ions, the adsorption of Na and K is stronger than Ca and Mg (Garau et al., 2024).
The implementation of char increases the pH of the soil, which makes Ca and Mg
more soluble and available than Na and K, which remain on the exchange site
(Hailegnaw et al., 2019). Moreover, the compost and char together contribute to
organic matter, which enhances microbial activity through organic acid production
and mineralization (Nobile et al., 2022). Initially, the availability of DTPA
extractable Fe, Pb, and Cu was reduced by 99, 52, and 15%, respectively, with the
sole application of 1% char. The availability of Ni and Cr was reduced, with Cd
being below the detection level, and the availability of Zn increased with all the
amendments. The decrease in the availability of DTPA metals was due to the high
surface area and functional groups in char, which helps in the adsorption and
formation of heavy metal complexes that immobilize metals (Ma et al., 2022).
There was precipitation of heavy metals as carbonates and hydroxides due to the

increase in pH of the soil with the addition of char, which reduces their
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bioavailability (Vithanage et al., 2017). Whereas the combination of char and
compost releases organic acid and nutrients that mobilize and chelate heavy metals,
increasing their bioavailability (Ma et al., 2022). The C1 treatment showed a

significant reduction in the bioavailability of the metals in the alluvial soil.

Table 9.3. Bioavailability of metals and macronutrients in the soil after MSW char

and compost application

Metals Control C1l C5 C10 CM1 CM5 CM10
Exchangeable 50+1.21 47+ 69 + 97+4.23 235+ 302+ 446
Na (mg/kg) 1.3 2.45 2.10 35 3.45
Exchangeable 121 + 69 + 109+ 162+ 547 + 797 + 682 +
K (mg/kg) 2.35 1.65 1.27 1.21 2.21 2.23 2.1
Exchangeable 325.46 367 2788 383+ 609.78 687.23  717.93
Mg (mg/kg) 1.65 +1.70 1.95 +3.08 +151 +2.79
Exchangeable 17.98 + 1768+ 1986 2565 + 1879+ 2130+ 3438
Ca (mg/kg) 0.87 2.42 +0.84 3.09 13.11 15.89 +2.03
DTPA Fe 1311.76 1868+ 14.68 16.56+ 19.22+ 203% 22.69
(mg/kg) +0.98 0.17 +0.39 042 0.06 0.49 +0.23
DTPA Pb 3.02+ 145 + 356+ 4.02+ 453+ 505+ 521+
(mg/kg) 0.55 0.14 0.09 0.06 0.04 0.01 0.01
DTPA Cu 474 + 402 + 38+ 493+ 512+ 454+ 5.09 +
(mg/kg) 1.24 0.04 0.12 0.06 0.28 0.07 0.06
DTPA Ni 7.28 + 211+ 354+ 380+ 404+ 395+ 435+
(mg/kg) 0.92 0.04 0.05 0.01 0.7 0.3 0.05
DTPA Zn 2.19 + 237+ 514+ 12.84+ 1151+ 1033+ 1183
(mg/kg) 0.02 0.02 0.01 0.17 0.61 0.21 +0.24
DTPA Cr 1.23 + 0.55 + 054+ 0.68+ 060+ 048+ 0.43 +
(mg/kg) 0.21 0.02 0.04 0.01 0.05 0.02 0.03
DTPA Cd <DL <DL <DL <DL <DL <DL <DL
(mg/kg)

9.11 RESULTS OF THE POT STUDY
Plants absorb essential nutrients and metals through their roots via various

uptake pathways such as passive diffusion and active transport processes. Nutrient
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uptake is facilitated by specific transporters and channels present in the root
membranes that selectively absorb essential elements from the soil solution. These
nutrients are then transported through the plant's vascular system to different plant
parts, including fruits. Plants regulate nutrient uptake based on their physiological
needs and the availability of nutrients in the soil. Excess nutrients can be stored in
different plant tissues, including fruits, serving as reserves for future growth and
development. This regulatory mechanism helps plants maintain nutrient
homeostasis and ensures the proper accumulation of metals and nutrients in fruits
(Clemens, 2006). In the pot study of Abelmoschus esculentus (Okra) using different
amendment percentages of MSW char and compost in alluvial soil, it was found
that the concentration of heavy metal uptake by the fruit of Okra was less than that
of control, as shown in Table 9.4. The concentration of Cr, Zn, K, and Mg in the
fruit was reduced by 15, 13, 16, and 10%, respectively, with the only application of
MSW char, as shown in Table 9.4. Whereas, the concentration of Cd in the fruit
was in the undetected level with all the treatments. The heavy metals such as Pb,
Mn, Cu, Ni, and Fe were reduced by 22, 91, 47, 29, and 55% with the increase in
the rate of application of MSW char and compost. The metal uptake by fruit was
reduced with the application of MSW char due to the high surface area and
functional groups in char that can adsorb heavy metals, reducing their
bioavailability in the soil (Choppala, et al., 2011). The differential reduction in the
uptake of metals by fruits with increasing rates of char and compost, as opposed to
char alone, can be attributed to the synergistic effects of char and compost on soil
properties and metal availability. The MSW char and compost together enhance the
soil's capacity to adsorb heavy metals more effectively than char alone. The
compost adds organic matter, which increases the formation of metal-organic
complexes, while char provides additional adsorption sites (Choppala, et al., 2011).
Both char and compost increase the soil's CEC. The addition of compost further
enhances this effect, leading to greater retention of cations such as Pb, Mn, Cu, Ni,
and Fe on soil particles and char surfaces (Lehmann and Joseph, 2009). Moreover,
compost is rich in organic acids and humic substances that form stable complexes

with heavy metals, reducing their free ionic forms and, thus, their bioavailability
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for plant uptake (Izilan et al., 2022). Compost and char addition stimulate microbial
activity, which can lead to increased microbial immobilization of metals. Microbes
can uptake and sequester metals, reducing their availability to plants (Lehmann et
al., 2011a).

Table 9.4. Concentration of heavy metals and nutrients in Fruits of Abelmoschus
esculentus (Okra) in different treatment

Metals Control C1 C5 C10 CM1 CM5 CM10
Pb (mg/kg) 419.59+ 37820+ 3709+ 37590+ 330.45z 3280+ 32591+
0.4 1.2 2.31 2.9 1.1 1 1.67
Cd (mg/kg) <DL <DL <DL <DL <DL <DL <DL
Cr(mg/kg) 806+ 7395+ 68.45+ 7655+ 754+ 745+ 736+
0.4 0.09 0.3 0.41 0.81 0.55 0.01
Mn (mg/kg) 174.65+ 19.95 + 2055+ 21.3+ 23.59 + 20.34+ 1645+
0.3 0.1 0.1 1.9 11 0.6 0.9
Cu(mg/kg) 852+ 66.45+ 529+ 5189+ 5735+ 49.08 + 45.20 +
2.3 1.5 0.4 0.9 0.7 0.5 0.16
Zn (mg/kg) 251.7+ 2182+ 220.75 22578+ 2393+ 2417+ 23198+
0.8 2.9 +0.78 0.3 14 0.17 0.02
Ni (mg/kg) 3265+ 310.7% 2968+ 2879+ 291.76+ 273.25 2321+
0.05 0.15 0.22 0.11 0.5 +0.2 2.31
Fe (mg/kg) 1162.35 1071.3+ 532.67 5769+ 927.8+% 51775 6375%
+947 7.23 +356 15 4.12 +6.25 1.3
K (g/kg) 204+ 2293+ 198+ 17.1+ 245 + 2423+ 2127+
0.4 0.01 0.08 0.014 0.021 0.7 0.14
Ca (g/kQ) 156+ 213+ 222+ 249+ 3.76 + 342+ 350+
0.01 0.03 0.01 0.05 0.01 0.4 0.8
Mg (g/kg) 357+ 348+0.2 322+ 342+ 3.67+ 354+ 373+
0.68 0.03 0.04 0.12 0.2 0.05
Na (mg/kg) 478+ 538z 583+ 542+ 5.82 + 598+ 6.16+
0.07 0.21 1.29 0.41 0.012 0.05 0.03
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9.12 MORPHOLOGICAL RESULT

The application of MSW char and compost in alluvial soil affected the growth
of plants, as shown in Fig. 9.3. The addition of compost and MSW char decreases
the bulk density. As a result, roots are deeper in all treatments compared to the
control. CM5 shows a better morphological parameter compared to all treatments.
The root length increased by 63% vertically and 60% horizontally on the 120" day
when 5% MSW char and 20% compost were applied together. The plant height
increases by 31 cm on the 120" day with CM5 treatment. C5 gave a maximum
number of leaves on the 90th day, and then the shedding of leaves started, whereas
CM1 had the maximum number of leaves on the 120" day. It is worth noting that
the shape and size of fruits on treatments with biochar alone were more uniform
during the trials. The increase in root length with the combined application of
biochar and compost, compared to biochar alone, can be attributed to several
synergistic effects that enhance soil quality and root growth. Compost addition
improves soil aggregation and structure, which enhances soil aeration and water
infiltration. Char contributes to these benefits by providing a porous structure that
helps maintain soil porosity (Lehmann et al., 2011a). Compost provides a slow-
release source of essential nutrients that are crucial for root development. Char,
while enhancing nutrient retention, also improves the efficiency of nutrient use. The
combined use of char and compost enhances the availability of nutrients through
increased microbial activity and improved nutrient cycling (Agegnehu et al., 2016).
The presence of diverse microbial communities facilitated by compost can interact
with char to enhance root growth-promoting processes (Lehmann et al., 2011b).
The combined application of char and compost enhances plant height and the
number of leaves more than char alone due to improved soil structure, increased
nutrient availability, enhanced microbial activity, better water retention, reduced
soil toxicity, and stabilized pH. These synergistic effects create an optimal
environment for plant growth, leading to taller plants with more leaves (Lehmann
etal., 2011a).
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Fig. 9.3. Effect on plant morphology with the amendment of char and compost in

alluvial soil

9.13 HEAVY METALS IN FRUITS OF ABELMOSCHUS ESCULENTUS

(OKRA)

The surface physicochemical features of MSW char has an affinity for certain
heavy metals. The decrease in the heavy metal uptake by the plant grown under the
influence of MSW char and compost is related to the diluting impact of enhanced
plant growth, heavy metal immobilization in soil, and the development of stable
metal-organic complexes. When more MSW char and compost were added, the
metal's bioavailability decreased, which can be explained by raising the pH of the
soil and the action of MSW char in reducing metal uptake. The bioaccumulation

factor (BF) is defined as the ratio of the concentration of metals in fruits to the
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concentration of metals in the soil. BF of Zn, Pb, Ni, and Mn decrease in all
treatments, as shown in Fig. 9.4 with the application of compost and MSW char as
compared to control due to a decrease in the bioavailable concentration of heavy
metals in soil with the addition of MSW char, resulting in lower uptake by the roots
(lbrahim et al., 2022). Char adsorbs metals on its surfaces, reducing their
concentrations and mobilization in the soil as well as their translocation in plants.
There was no significant BF of Fe and Cu.
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Fig. 9.4. Variation of bioaccumulation factor in fruit

9.14 CONCLUSION FROM THE APPLICATION OF MSW CHAR IN

ALLUVIAL SOIL

The study demonstrates that amending alluvial soil with a combination of MSW
char and compost significantly improves soil nutrients and physicochemical
properties, leading to healthier plant growth. By the 120th day, the physical and
chemical properties of the alluvial soil, such as bulk density, porosity, CEC, pH,
EC, SOM, and SOC, were significantly enhanced with the combined application of
10% MSW char and 20% compost. This improvement was attributed to the
synergistic effects promoting the healthy growth of plants. The essential micro and
macronutrients in the soil increased with higher doses of the amendments. The

application of MSW char solely proves effective in reducing the bioavailability of
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heavy metals in the soil, thereby minimizing their uptake by plants. These findings
suggest that utilizing MSW char, either alone or in combination with compost, can
be a viable strategy for enhancing soil quality and promoting sustainable

agriculture, especially in soils prone to heavy metal contamination.
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Chapter 10

APPLICATION OF MSW CHAR IN MINE TAILING SOIL

10.1 PRELIMINARY CHARACTERIZATION OF SUBSTRATE

The characterization of the MTS, MSW char, and VC is shown in Table 10.1.
The initial pH values of MTS, char, and VC were 3.25, 7.11, and 6.7, respectively.
The value of MTS is very low, but the pH of char and VC were within the ideal
range for bacterial development (6.0-7.5) and fungal growth (5.0-8.5) (Meena et
al., 2021). The material salinity resulting from exchangeable sodium, potassium,
sulfate, chloride, nitrate, and soluble salts or because of the existence of highly
conductivity metal ions is reflected through the electrical conductivity of MTS,
which was found to be 0.29 mS/cm (Feng et al., 2021). Whereas the addition of
char (3.55 mS/m) and VC (2.2 mS/m) can enhance the EC of the mined soil. Bulk
density is a sign of both healthy and compacted soil. It has an impact on plant
nutrient availability, soil porosity, available water capacity, infiltration, rooting
depth/restrictions, and soil microbe activity, all of which are important soil
processes and productivity (USDA NRCS, 1998). Generally, loose soil, which is
aggregated in a well and porous structure with high organic matter, generally has
low bulk density. The bulk density of MTS was high at about 1.20 g/cm3, with a
low porosity of 48%. Whereas char and VC had 0.6 and 0.67 g/cm? bulk density
and 78 and 71% porosity, respectively. The addition of char and VVC will lower the
bulk density by improving the porosity of the soil. Previous researchers have
reported that the optimum and minimum range of porosity for aerobic
decomposition was 85-90%, and 30%, respectively (Ruggieri et al., 2009). Hence,
it is desirable to have less dense soil for good agricultural practices. The moisture
content of MTS was maximum (12%), whereas MSW char was very low, about
1.16%. The moisture level of good soil is in the range of 20 to 60% (Nepal et al.,
2023). Thus, adding VC, which has a moisture content of 62%, can enhance the
moisture content in the soil. Appropriate moisture content encourages heat to be

dispersed effectively throughout the pile, maintaining the ideal temperature range
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needed for decomposition. The specific gravity helps in the movement of solute,
supports water, and provides aeration in the soil. Higher specific gravity in the soil
affects plant growth (Rai and Chatrath, 2019). The application of char and VC can
improve the specific gravity of MTS, thus making it more suitable for plantation.
The volatile solid of MTS was very low, which indicates unsuitable for microbial
activity, resulting in slow bio-oxidation. Whereas char and VVC have volatile solids
of 30.31 and 36.27%. To counteract the lower volatile solids, char and VC can be
amended in MTS. The TKN of MTS was 0.13%, which can be enhanced by the
addition of char and VC with TKN of 0.2 and 0.56%, respectively, for plant growth.
TOC specifically refers to the carbon content in organic compounds, while OM
encompasses the entire range of organic materials in soil (Bisutti et al., 2004). Both
TOC and OM are critical for soil fertility, nutrient cycling, soil structure, and
overall soil health. Monitoring and managing these parameters can help optimize
agricultural productivity, support sustainable land management practices, and
mitigate environmental challenges. The TOC of MTS was 0.11%, which can be
improved by the application of char and VC. The WHC is desirable to be high
because it will retain the moisture in the soil, and the irrigation frequency required
will not be very high if the WHC is good enough. The WHC of MTS (18.5%) can
be enhanced with the addition of char and VC.

Table 10.1. Initial characterization of soil, MSW char, and VC

Parameters Units Soil MSW Char VC

pH - 3.25+0.02 7.11+0.1 6.7+0.2
EC dS/m 0.29 £0.01 355+0.14 2.2+0.15
Bulk density g/cm® 1.20 £ 0.02 0.60 £ 0.04 0.67 £0.12
Porosity % 4804 78 £ 0.02 67 +0.3
Moisture content % 12 £0.02 1.16 £0.03 62 = 0.05
Specific gravity - 2.56 +0.01 2.1+0.01 1.06 £0.22
Volatile solids % 53+0.11 30.31+0.02 36.27 £ 0.06
TKN % 0.13+£0.02 02+0.1 0.56 £ 0.07
TOC % 0.11+£0.02 8+0.22 43+0.2
WHC % 185+£2.12 25+0.02 45.12+ 0.6

TH-3619_196145104

164 |Page



TH-3619_196145104

10.2 EFFECT OF THE PHYSIO-CHEMICAL PARAMETERS OF MTS

WITH THE APPLICATION OF CHAR AND VC

With the application of MSW char (10 and 20%) and a combination of char
(5%) and VC (20 and 30%) in MTS, there was variation in the physiochemical
parameters from the 0™ day to the 45" day, as shown in Fig. 10.1. The pH of the
MTS, which was initially 3.25, increased with the amendment of char and VC. The
maximum pH of MTS was 6.4 when 10% char was applied, followed by the
combination of 5% char and 30% VC in MTS, which was 6.2. But with the due
course of time, the pH of the MTS decreased to 5.25 on the 45" day. The average
increase in the pH of MTS was 45.44% on the 0™ day with the application of 10%
char, and the trend was similar to the studies on the application of biochar and VC
in soil (Wang et al., 2021). The char produced at lower temperatures generally
increases the EC of soil on its application (Singh et al., 2022). In this study, the char
produced at 350°C was used, and the EC significantly increased in the 0" day by
76% with the amendment of the combination of 5% char and 30% VC, and then a
decrease in EC was observed with the increase in time to the 45" day, which had
the lowest average values of 0.65 dS/m in the 10% and 20% char treated soil. A
similar trend was observed with the implementation of biochar produced at 550°C
on soil (Singh et al., 2022). The bulk density of MTS was observed to be increasing
with the number of days but with the amendment of char and VVC, the bulk density
declined as compared to control. The bulk density was decreased by 3.3% on the
0" day with the application of 30% VC and 5% char, and the value obtained was
1.17 g/cm?®, which was comparable to the bulk density obtained with the addition
of biochar in soil (Blanco-Canqui, 2017), thus improving the MTS properties. The
specific gravity of soil is a significant index attribute that is intimately related to its
chemistry or mineralogy (Oyediran and Durojaiye, 2011). In terms of the physical
characteristics of soil, it is quite significant and helpful for classifying soil minerals;
iron minerals, for instance, have a higher specific gravity level than silicas (Tuncer
and Lohnes, 1977). It gives an idea about the suitability of the soil as a construction
material; the higher value of specific gravity gives more strength to roads and

foundations. Typically, soil with iron, inorganic clay, and silty sand has a specific
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gravity of 2.67-3 (Roy and Bhalla, 2017). In this study the value of specific gravity
was less as compared to healthy soil. With the implementation of 10% MSW char,
the specific gravity of the MTS increased by 4% on the 45" day. The volatile solids
in the MTS decreased over time but increased by 2.45-fold with the application of
a combination of 30% VC and 5% MSW char on the 0" day, as VC and char itself
are high in volatile solids of 36.27 and 30.31%, respectively. The increase in
volatile solids enhances microbial activity in the soil, thus making MTS suitable
for agriculture (Ameloot et al., 2013). The WHC of untreated MTS was 18.25%
which was comparatively less than sandy and sandy loam soil (21 and 25%,
respectively). The WHC decreased from the Oth to the 45" day but increased by
2.96 fold in the MTS with the application of a combination of 5% MSW char and
30% VC, which was much higher than unsorted biochar prepared at 550°C when
applied to sandy loam soil (Verheijen et al., 2019). The application of VC and char
can have a positive impact on TKN in soil by improving nitrogen retention,
enhancing microbial activity, and acting as a slow-release fertilizer. In this study,
it was observed that the TKN of MTS reduced with the increase in time but
increased on the initial day by 2.79-fold with the amendment of 30% VC and 5%
MSW char. Studies have shown that the application of biochar to soil can increase
TKN by enhancing nitrogen retention and reducing losses due to leaching and
volatilization. For instance, research has demonstrated that biochar-amended soils
can exhibit higher TKN levels compared to unamended soil (Zhang et al., 2021).
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Fig. 10.1. Variation in physiochemical parameters with the amendment of char

10.3 TOTAL METALS

and VC in MTS

The amendment of char and VC in soil has a synergistic effect which reduces

the availability of total metals (Munir et al., 2020). The availability of Fe was

decreased with the increase in time when a combination of 30% VC and 5% char

TH-3619_196145104
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were applied to MTS, as depicted in Fig. 10.2. The amendment of VC and char
reduced the availability of Fe in soil by 28% on the 30" day. The availability of Ni
was reduced by 22% with the addition of 20% VC and 5% char on the 45" day. In
the case of Pb, the highest reduction was by 9% on the 45" day with the application
of 20% char. The reduction of available total metals with the amendment of char
and VC was primarily due to the large surface area, porosity, and presence of
functional groups that adsorb heavy metals (Beesley et al., 2011). Meanwhile, the
availability of Zn and Mn increased with time because of the presence of these
metals in higher concentrations in compost and char and mineralization with the
increase in the number of days. Also, the increasing pH of MTS with the application
of MSW char led to the precipitation of metals and reduced solubility, thus limiting
the availability to plants (Wei et al., 2023).
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Fig. 10.2. Variation in the availability of total metals in MTS

10.4 WATER SOLUBLE METALS

The application of char and VC to soil can significantly affect the behavior of
water-soluble metals by reducing the mobility and bioavailability of metals in soil.
Fig. 10.3 illustrates the amendment of char and VC, and it was observed that the
bioavailability of the water-soluble metals decreased with the increase in time. The
availability of water-soluble fraction of Fe with the amendments increases than that
of control but later reduces with the application of 30% VC and 5% char from O™
day to 45" day by 19%. The data shows that biochar alone can significantly increase
the availability of a water-soluble portion of Fe, indicating that char can enhance
the solubility of iron in the soil. Adding VVC along with char also increases the metal
availability, though to a slightly lesser extent compared to char alone. This suggests
that while VVC contributes to the increase in water-soluble Fe, its effect might be
moderated when combined with MSW char. Over the 45-day period, the
availability of Fe tends to decrease slightly but remains significantly elevated in
amended soils compared to the control. This indicates that the amendments provide
a sustained release of metal, though the peak availability may diminish over time.
Char, due to its high surface area and porous structure, likely enhances the retention
and gradual release of Fe. VC rich in organic matter and nutrients, further
contributes to this effect, though the combination with char may moderate the peak

availability levels slightly. These amendments provide a more sustained release of
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water-soluble portion of Fe, which can be beneficial for improving soil fertility and
plant nutrition over time.

Similar to Fe, the addition of char and VC significantly increases the water-
soluble Mn. The immediate increase is likely due to the nutrient content of char and
VC. The Mn fraction decreases over time, which could be due to natural processes
such as leaching or binding to soil particles. The water-soluble Mn levels remain
elevated compared to the control and show a slight decrease over time. Char
continues to release Mn, maintaining its availability. The presence of VC initially
boosts water-soluble Mn availability. However, there was a decrease over time,
similar to Fe. This could be due to a reduction in microbial decomposition activity
or Mn becoming bound in less soluble forms. The reduction in Mn levels at day 30
and day 45 across all the treatments suggests a similar process affecting Mn as Fe,
including plant uptake, leaching, and binding. The water-soluble fraction of Ni, Zn,
and Pb was found to be reduced to undetected levels with the amendment of char
and VVC.
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Fig. 10.3. Variation of water-soluble metals with the application of MSW char
and VC

10.5 BIOAVAILABILITY OF HEAVY METALS (DTPA)
DTPA metal fraction in soil is significant for understanding metal availability
to plants, nutrient management, soil testing, environmental risk assessment, and

regulatory compliance. It is a chelating agent used to extract bioavailable forms of

TH-3619 196145104 170 |Page



TH-3619_196145104

metals from soil, which provides valuable information for optimizing plant
nutrition, assessing soil fertility, managing metal contamination, and ensuring
sustainable land use practices (Jafarnejadi et al., 2013). Initially, DTPA-extractable
Fe was higher in soil amended with MSW char and VC compared to control,
indicating that these amendments increased the availability of Fe, as shown in Fig.
10.4. The availability of Fe increased over time in the MTS by 91% on day 45. The
amendment of 20% char shows a drastic reduction in Fe availability by 89% on the
45th day, indicating a significant immobilization effect over time. The DTPA-
extractable Zn on the Oth day was higher in the amended MTS compared to the
control. The application of 30% VC and 5% char has the highest Zn availability
due to the presence of metal in VC. The availability of Zn increases on the 30" day
and then decreases slightly by the 45" day in control, whereas, with the amendment
of 30% VC and 5% char, the Zn availability increases by 45%. Similarly, DTPA
extractable Mn increased in the amended MTS but decreased over time, indicating
natural reduction processes (Tebo et al., 2005). Other metals, such as Ni and Pb,
remained at the undetectable level with the application of MSW char and VC. The
initial increase in the DTPA-extractable Fe, Zn, and Mn with MSW char and VC
amendments can be attributed to the release of nutrients from char and VC
(Lehmann et al., 2003). The high surface area and porosity, combined with the rich
nutrient content of VVC, enhance the metal's availability. Over time, the availability
of these metals generally decreases, which is due to the adsorption by char and,
hence, the immobilization of heavy metals, reducing their bioavailability (Ahmad
et al., 2014). The increase in pH with the application of char leads to the
precipitation of metals, reducing their solubility (Lu et al., 2014). Also, the metals
form complexes with organic matter from VVC and char, reducing their extractability
(Park etal., 2011). The combined use of MSW char and VVC can provide a balanced
approach to enhancing soil fertility while mitigating heavy metal availability.
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Fig. 10.4. Variation of DTPA metals in MTS

10.6 LEACHABILITY OF HEAVY METALS

To evaluate the leachability of heavy metals, one popular method is to calculate
the heavy metal leached fraction, which is the ratio of the quantity of heavy metal
liberated from the toxicity characteristics leaching procedure (TCLP) assay to its
total content. The purpose of TCLP is to measure the mobility of both inorganic
and organic analogs in solid, liquid, and multiphase waste, sediments, and soil. The
TCLP test is primarily used to evaluate the potential environmental impact of solid
waste materials, such as industrial byproducts, municipal solid waste, and
hazardous wastes. The test assesses the leaching potential of metals and other
contaminants from the waste under specific conditions that simulate environmental
conditions, particularly those found in landfills. From Fig. 10.5, it was observed
that the availability of leachable heavy metals such as Fe, Zn, and Mn increased on

the Oth day, whereas Ni and Pb decreased with the amendments as compared to the
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control. The availability of leachable metal fractions of Fe, Zn, and Mn in MTS
increases with time from 0 to 45 days since char and VVC are packed with nutrients,
which follows a similar trend to the studies reported on compost amendment in soil
(Pathak and Rao, 1998). The availability of a leachable fraction of Ni was reduced
by 30% on the initial day with the amendment of 20% VC and 5% char. Similarly,
the availability of leachable Pb in MTS reduced on the 45" day by 61% with the
application of 30% VC and 5% char. The Fe and Pb are less soluble in alkaline
conditions, which explains the observed reduction in the leachability data. The
alkaline nature of char contributes to the precipitation and adsorption of heavy
metals, thus reducing their leachability (Méndez et al., 2012). Also, VC increases
microbial activity and organic matter in the soil, which can lead to the formation of
stable metal-organic complexes. These complexes reduce the mobility and
leachability of metals (Liu et al., 2018). Similar studies on biochar amendments
showed a general trend of reducing heavy metals leachability, though the
effectiveness varies with different metals (Ahmad et al., 2014). Studies showed that
the reduction in heavy metals leachability in soil was contributed by the synergistic
effect of char and VVC (Liu et al., 2018). The data shows that a combination of char
and VC amendments can effectively reduce the leachability of heavy metals in
MTS. These findings are consistent with other studies, underscoring the potential
of these amendments in soil remediation efforts (Glaser et al., 2002).
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Fig. 10.5. Leachability of heavy metals in MTS

10.7 METAL SPECIATION IN MINE TAILING SOIL

The impact of metal speciation in soil with the amendment of char and VC can
vary. Each fraction may be influenced differently, potentially affecting the
bioavailability, mobility, and overall metal behavior in the soil. The F3, F4, and F5
fractions of Fe were found to be prominent in all the amendments and control on
the initial day to the 45th day, whereas F1 and F2 were negligible levels throughout
the amendments, as shown in Fig. 10.6. The order of the Fe fractions was
F3>F4>F5. The F3 was highest mostly due to the reduction and oxidation reaction
in the MTS with the application of char and VVC, thus affecting the binding of metal
to Fe oxides. The VVC is rich in organic matter and increases the F4 by complexing
metals with organic compounds (Beesley et al., 2011). The F5 is the least affected

initially, as these metals are tightly bound within the soil matrix (Liu et al., 2022).
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There were only changes in metal fractions in control, and the percentage of
fraction of metals in the amendments remains the same.

In the case of Ni, the F5 was highest (99%) in control on the initial day, whereas
the F4, F3, F2, and F1 were at the lowest level but increased the availability with
the amendments. The highest reduction in the F5 fraction availability was 73%,
and the F4 fraction increased by 48% with the amendment of 20% VC and 5% char
in MTS. The F1 was reduced to 0% with the application of 20% VC and 5% char,
as well as 30% VC and 5% char. On the 45" day, the availability of F1 was reduced
to 0%, but F2 increased with all the amendments. The F1 fraction is the most
bioavailable and mobile form of Ni in soil. The addition of char and VC reduced
the exchangeable fraction of Ni due to the high surface area and presence of
functional groups that adsorb Ni, thereby reducing its availability. VC contains
organic matter that can be complex with Ni, further reducing its mobility (Beesley
et al., 2011). The F2 involves Ni bound to carbonates and is moderately available.
The presence of char increased the carbonate bound fractions due to its alkalizing
effect, which promotes the precipitation of Ni as carbonate minerals. VVC also helps
in buffering soil pH, which enhances the formation of carbonate-bound Ni (Park et
al., 2011). The Ni in F3 is associated with iron and manganese oxides. Char and
VC can influence soil redox conditions, potentially stabilizing Fe-Mn oxides and
enhancing Ni sorption onto these oxides. This leads to an increase in the Fe-Mn
oxide-bound fraction of Ni (Tang et al., 2013). Similarly, the F4 of Ni is bound to
the organic matter of VC, forming stable complexes with Ni. Char, with its surface
area and functional groups, can also enhance the binding of Ni to organic matter
(Liang et al., 2006). The availability of F5 decreased the maximum by 50% on the
45" day with the amendment of 20% char in MTS. The overall decrease of the
residual fraction of Ni was due to the strong bond within the mineral matrix and is
the least available form. However, char and VC have a minimal effect on this
fraction, but the changes in soil chemistry and microbial activity slowly affect the
residual Ni fraction (Liu et al., 2022).

The availability of F1 and F5 of Zn decreased in control from the initial day to

the 45" day due to the adsorption and complexation, and also the bonding of Zn to
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carbonates, Fe-Mn oxide, or organic matter (Méndez et al., 2012). The F2 remains
the same over time in control but decreases to 0% with the application of char in
MTS. This further increases on the 45" day with all the amendments due to the
presence of Zn in both char and VC. The availability of F3 in Zn reduces with the
amendment of 10% and 20% MSW char by 6% and up to 4% with the application
of 20% VC and 5% char. On the 0" day, F3 increased by 12% with the application
of 30% VC and 5% char in MTS. With the increase in time, the F3 decreases with
the amendments due to the surfaces and functional groups that promote the
adsorption of Zn to Fe-Mn oxides (Beesley et al., 2011). Organic matter in VC can
interact with Fe-Mn oxides, creating organic Fe-Mn oxide complexes that have a
high affinity for Zn, which increases the amount of Zn associated with Fe-Mn oxide
(Liang et al., 2006). The F4 increases with all the amendments initially, and the
highest was 51% with the application of 20% char. On the 45" day, the F4
decreased due to the breakdown of organic matter, resulting in the disruption of a
complex between Zn and organic compounds, which decreases the organic bond
fraction of Zn (Bernal et al., 2009). The F5 of Zn remained the same with the
application of 10% char, but the availability decreased by 24% with the application
of 20% VC and 5% char on the initial day. As the char and VVC alter the soil pH and
redox conditions, they can affect the stability of minerals that tightly bind Zn. The
increase in pH enhances the dissolution of minerals, releasing Zn into a more
available fraction (Beesley et al., 2011). Also, VC contains organic ligands that can
chelate Zn, effectively extracting it from the mineral matrix, which decreases the
residual fraction as Zn forms soluble complexes with organic molecules (Novak et
al., 2009). Further, the F5 fraction increased with all the amendments on the 45™
day and the highest increase in the available F5 of Zn was by 38% with the
amendment of 30% VC and 5% char. This was because, over time, char becomes
stable and forms complexes between Zn and char, leading to the immobilization of
Zn in the residual fraction (Lehmann et al., 2011a). The presence of char and VC
promotes the formation of stable mineral phases, such as Zn silicates or Zn
precipitates, which are a part of the residual fraction that incorporate Zn into their

structure over time (Beesley et al., 2011).
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The available F1 of Mn decreased by 80% on the 45" day with the application
of 20% char due to an increase in soil pH, thus leading to a decrease in the solubility
and mobility of Mn (Ghodszad et al., 2021). The F2 was reduced by 17% with the
application of 30% VC and 5% char. The reduction in F2 of Mn in soil over time
was due to the changes in pH of soil and carbonate dynamics (Novak et al., 2009),
enhanced microbial activity and organic complexation (Lehmann et al., 2011a),
sorption onto char and soil organic matter (Beesley et al., 2011), precipitation and
co-precipitation reactions (Mendez and Maier, 2008). These processes collectively
reduce the association of Mn with carbonate minerals, leading to a decrease in the
carbonate bond fraction.

In the case of Pb, the F1 and F2 were reduced by 83% on the 45" day with the
amendment of 30% VC and 5% char. Due to the high surface area of char, the Pb
is adsorbed onto the surface, reducing its availability in the exchangeable form
(Beesley et al., 2011). Also, the char and VC can enhance the formation of stable
organic complexes with Pb, which reduces the mobility and shifts it from an
exchangeable fraction to a more stable form (Mendez and Maier, 2008). With the
application of char, the increase in soil pH contributes to the reduction in solubility
of Pb and promotes the formation of insoluble Pb compounds, thereby decreasing
the exchangeable fraction (Ghodszad et al., 2021). The F3, F4, and F5 of Pb
increased over time with all the amendments due to enhanced adsorption onto Fe-
Mn oxides, formation of stable organic complexes, and immobilization of Pb in
residual forms. These processes collectively enhance the stabilization and reduce
the mobility of Pb in contaminated soil making these fractions more prevalent
compared to the control. From the metal speciation study, it was observed that the
availability of F1 and F2 portions of harmful metals such as Pb and Ni were reduced
over time with the amendment of char and VC, which makes the MTS less risky
for plant toxicity and environmental contamination (Kabata-Pendias, 1984). In
contrast, the F3, F4, and F5 portions of metals were intensified with the
amendments but were not threatening to the environment since these fractions are

less bioavailable and pose lower risks (Ghodszad et al., 2021). Overall, the
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combined use of biochar and compost can alter the distribution and stability of

heavy metals across these fractions, potentially reducing their environmental risk.
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Fig. 10.6. Variation in the available fractions of metals in MTS

10.8 MOBILITY FACTOR AND RAC

The mobility of metals in soil directly impacts their bioavailability, which in
turn affects their toxicity to plants and microorganisms. Metals that are highly
mobile are more likely to be taken up by plant roots, potentially leading to
phytotoxicity and entering the food chain. Highly mobile metals can leach through
the soil profile and contaminate groundwater, posing risks to drinking water
supplies and aquatic ecosystems. Of all the metals analyzed, Pb is particularly
concerning due to their toxicity and persistence in the environment (Zhang et al.,
2013). As shown in Table 10.2, it was observed that the mobility factor of Fe
increased in MTS, but RAC was 0, with all the amendments indicating "no risk"
for the environment. The mobility factor for Ni was found to increase over time in
control by 52% and the percentage of mobility was decreased by 44% with the
amendment of 30% VC and 5% MSW char. The RAC was reduced by 29%,
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indicating the bioavailable fraction Ni in MTS to pose a "medium risk™ to the
environment. The mobility of Zn was reduced by 38%, and RAC was 0 with "no
risk" when 30% VC and 5% char were applied in MTS. With the increase in time,
mobility increased, but there was less concern due to the non-toxic effect of Zn in
soil on the environment as it was within the permissible limit (Ministry of
Agriculture, 2013). The maximum reduction in mobility of Mn was 26% with the
application of 20% VC and 5% char initially, and the RAC of Mn in MTS was
reduced by 73% with the amendment of a combination of 5% char each in 20% VC
and 30% VC on the 45" day. Initially, the percentage of mobility of Pb was reduced
by 50% with the amendment of 10% char and a combination of 5% char with 30%
VC in MTS, with RAC indicating "low risk™. Whereas the amendment of char and
VC in MTS over time increased, the mobility percentage and RAC of Pb were at
"high risk".

Table 10.2. Mobility percentage and RAC of metals in MTS

Days Amendments Fe Ni Zn Mn Pb

MF RAC MF RAC MF RAC MF RAC MF RAC
() () (%) () (%) (%) (%) (%) (%) (%)

0"day  Control 40 0 0 0 56 23 100 100 44 35
MTS+10%C 44 0 39 20 39 9 82 36 22 12
MTS+20%C 43 0 31 11 39 9 84 31 24 12
MTS+20%VC 55 0 25 8 53 30 74 32 23 10
+5%C
MTS+30%VC 49 0 24 9 36 0 82 28 22 8
+5%C

45" day Control 37 0 52 17 52 17 81 76 3B 32
MTS+10%C 44 0 41 17 50 27 79 30 83 67
MTS+20%C 43 0 34 14 47 25 80 29 54 28
MTS+20%VC 55 0 32 13 56 33 76 27 70 41
+5%C
MTS+30%VC 49 0 29 12 56 33 79 27 53 36
+5%C
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10.9 CONCLUSION FROM APPLICATION OF MSW CHAR IN MINE

TAILING SOIL

The amendment of MSW char for metal immobilization and reducing the
available heavy metals proved to be a virtuous remediation technique for acidic
coal mine tailing soil, but char amended with VVC showed better results in terms of
improving the soil texture and physio-chemical properties of the soil. Applying
MSW char alone significantly increased pH and specific gravity, while the
combination of char and VC increased volatile solids, electrical conductivity, water
holding capacity, and TKN and reduced the bulk density. The availability of total
metals was reduced with the amendment of char alone as well as with the
combination of char and VC in MTS. Water-soluble metals initially increased with
only char application but decreased over time with the combined effect of VC and
char, and water-soluble fractions of Ni, Zn, and Pb were reduced to undetectable
levels with all amendments. Bioavailable Fe decreased with 20% char, though Mn
and Zn increased, while bioavailable Ni and Pb fell to undetectable levels with all
amendments. The leachability of Fe, Zn, and Mn increased, whereas Ni and Pb
decreased with 20% VC+5% char and 30% VC+5% char. F1 and F2 metal fractions
decreased after char amendments with VVC, reducing metal mobility, although Pb
remained at "high risk." Increasing char with VC can further reduce Pb mobility
and RAC. Thus, using mixed MSW char and VVC together enhances soil fertility

while mitigating heavy metal availability in mine tailing soil.
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Chapter 11

CONCLUSIONS AND RECOMMENDATIONS

This chapter presents a thorough amalgamation of key insights from numerous
studies focused on the pyrolysis of unsegregated and non-shredded MSW for char
production and its diverse application as an adsorbent and in soil remediation.
Additionally, it offers valuable recommendations for future research endeavors in
the domain of pyrolysis of MSW and its product utilization.

11.1 OVERALL CONCLUSIONS

e In phase I, the study underscores the promising role of pyrolysis in addressing
the challenges of municipal solid waste and legacy waste management. By
effectively recovering resources and generating energy, pyrolysis can transform
waste into valuable solid fuel, taking advantage of the favorable characteristics
of MSW, such as its high heating value and bulk density. The findings from
thermogravimetric analysis indicate that pyrolysis not only enhances reaction
efficiency but also aligns with sustainable waste management practices.
Although the adoption of pyrolysis technology is still emerging in India, its
implementation could significantly reduce landfill emissions and contribute to
a cleaner environment. Embracing this "third-generation™ technology offers a
proactive step toward more sustainable waste solutions, paving the way for
advancements in both energy recovery and waste minimization.

e Phase Il successfully demonstrated the pyrolysis of commingled municipal
solid waste in a fixed-bed reactor, establishing optimal operational conditions
for maximizing char yield. Through a systematic approach utilizing CCD in
RSM, the ideal parameters were identified as a temperature of 250°C, a heating
rate of 10°C/min, a feed particle size of 50 mm, and a residence time of 180
minutes. Under these conditions, a maximum char yield of approximately
72.62% was achieved from 3 kg of waste. The analysis revealed that
temperature was the most influential factor affecting char yield, followed by

feed particle size, heating rate, and residence time. These findings underscore
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the feasibility of achieving high char yields under relatively low operating
temperatures and conditions, contributing valuable insights for optimizing
waste-to-energy processes.

In phase 11, the pyrolysis of mixed municipal solid waste in a fixed-bed reactor
has proven to be an effective method for producing high-quality char
comparable to biomass-derived biochar. Characterization of the MSW char
revealed promising properties making it suitable for applications in adsorption
and as a soil amendment. The char produced at both 250°C and 350°C exhibits
characteristics similar to biochar, enhancing its viability for heavy metal
adsorption and soil enhancement. Overall, this study highlighted the potential
of transforming waste into valuable carbon products, contributing to waste
reduction efforts, and promoting sustainable practices in waste management.
The activated carbon derived from MSW char demonstrated comparable
effectiveness to commercially available activated carbon, particularly in the
removal of Pb(Il) from water. Characterization through various analyses
confirmed that the MSW char, produced at 250°C and chemically activated with
KOH, exhibited strong adsorptive properties, achieving over 90% removal of
Pb(I1) under optimized conditions. Kinetic studies indicated that the adsorption
process followed a pseudo-first-order model and reached equilibrium within an
hour, while isotherm analysis supported monolayer adsorption per the
Langmuir model. The activated carbon maintained over 90% removal
efficiency across two reuse cycles, with HNO3z yielding the highest metal
recovery during desorption. This research highlights the potential of MSW
char-activated carbon as a cost-effective and sustainable solution for heavy
metal removal in wastewater treatment, contributing to waste minimization at
dumpsites. The co-composting of MSW char with vegetable waste effectively
enhanced biodegradation, nutrient content, and heavy metal adsorption. The
process yields nutrient-rich compost in just 20 days, with MSW char improving
aeration and accelerating decomposition, exemplified by Trial 2, which
achieved a peak temperature of 53.8°C and a prolonged thermophilic phase.

The incorporation of MSW char also raised pH levels and enhanced the
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buffering capacity while improving electrical conductivity and reducing heavy
metal concentrations. Overall, the use of MSW char significantly enhanced both
the efficiency and quality of composting, facilitating the conversion of mixed
MSW into valuable products. The study of the application of char in alluvial
soil highlighted its effectiveness with a combined application of 10% MSW
char and 20% compost, which significantly enhances soil nutrients and
physicochemical properties, ultimately promoting healthier plant growth. By
the 120th day, improvements in bulk density, porosity, cation exchange
capacity, pH, electrical conductivity, soil organic matter, and soil organic
carbon were observed. Additionally, the amendments increased essential
nutrients and, notably, MSW char reduced the bioavailability of heavy metals,
minimizing plant uptake. The combination of MSW char and VC effectively
remediates acidic coal mine tailing soil, improving soil texture and
physicochemical properties. While both amendments reduce heavy metal
availability, the char-VC mixture notably decreases water-soluble fractions of
Ni, Zn, and Pb to undetectable levels, enhancing soil nutrients and mitigating

risks associated with heavy metals.

11.2 FUTURE RECOMMENDATIONS

= Optimization of the pyrolysis process parameters for maximizing the yield
of pyrolysis oil and syngas and its characterization can be studied.

= Further modification of the fixed bed pyrolizer for proper collection of
pyrolysis oil and syngas and improvement in the efficiency of the pyrolysis
process could be explored.

= Upgradation of char quality to improve its specific surface area for further
application in the adsorption of multi-metals from wastewater.

= Application of MSW char as a combustible fuel by briquetting to a charcoal-
like material.

= Modification of the fixed bed pyrolizer by integrating it into a gasifier for

utilization of syngas.
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