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Abstract

Overpopulation, industrial activities, construction and demolition and over-consumption of resources are the causes of
waste production. Waste production is a major problem that is not only contaminating oceans and land, harming human health and
environment but also affecting economy. In order to address these issues different approaches that convert waste into useful products
(that are both environmentally and economically beneficial) are used. Waste has long been managed using traditional techniques.
Due to their limitations, advance techniques such as pyrolysis, gasification, anaerobic digestion, and hydrothermal processing are
used because they break down waste materials more effectively and with fewer emissions. By introducing emerging technologies
like membrane separation, microbial electro-synthesis, plasma gasification, microbial electrochemical processing, and chemical
recycling push the boundaries of waste management. These methods create a circular economy in addition to conserve resources
and lower greenhouse gas emissions. It is clear from comparing the efficiency, influence on the environment, durability from an
economic standpoint, and scalability of these various approaches that combining traditional and cutting-edge waste valorization
techniques is essential. A circular economy is supported by this integration which opens the door to a more sustainable and profitable
future.

Keywords: conventional methods, waste valorization, waste to energy conservation, resource conservation, sustainable waste
management, circular economy.
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aquatic life, contamination of surface and ground waterways,
altered soil quality, contaminated natural waters resources.
Because of this, over the past ten years, regulations from
around the world have been more stringent on how garbage
is handled and disposed of [3-4]. Waste valorization is the
process of transforming waste resources into goods such as
materials, fuels, and chemicals that are more valuable. This
procedure keeps a community sustainable and has significant
positive effects on the environment [5]. Although this idea
has long been around, mostly in relation to waste
management. It has recently gained new attention in our

1. Introduction

Sustainable development is a priority for
policymakers due to climate change, pollution, resource
scarcity, and energy crises accelerated by increasing
population and decreasing natural resources. It is our
responsibility to teach the following generation about
sustainable living practices and other possibilities, and one of
the most crucial lessons we can impart to them is
waste management. Waste of many kinds such as food,
industry, and agriculture is produced daily in large quantities,
which poses a serious challenge to its management and

disposal. Numerous strategies could contribute to sustainable
development, these strategies could enhance waste
management while simultaneously producing industrially
significant materials, fuels, and chemicals [1]. These are a lot
of different solid, liquid, or gaseous leftovers that come from
the manufacturing process. These are the wastes that come
from building, mining, manufacturing, and other business
operations. They often hurt people or the environment if they
are not treated properly [2]. Industrial wastes like phosphor
gypsum, fly ash, red mud, and sludge are major
environmental pollutants because they can pollute land,
water, and air. Inadequate garbage disposal practices lead to
a number of environmental problems, including toxicity to
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society as a result of the rapid depletion of primary and
natural resources, the rise in waste production and landfilling
around the globe, and the demand for more sustainable and
affordable waste management practices. Currently, a number
of valuation approaches are demonstrating potential in
satisfying industry demands. A potentially effective approach
to waste valorization is the utilization of flow chemical
technology to convert waste materials into valuable
commodities [6]. Waste  valorization  contributes  to
maintaining the circular economy and lower the adverse
impacts of waste on the environment. The circular economy
depends on the transformation of organic waste and biomass
from agriculture into a renewable carbon store that can be
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used to create a variety of materials and end products, such as
feed, fuel, feedstock, chemicals, polymers, and energy. The
circular economy boosts the efficiency of resource
consumption in order to balance the economic, environmental
and societal costs caused by the sequential application of
resources. As a result, this approach reduces resource
depletion, and greenhouse gas emissions and encourages
resource efficiency, lowers waste output, and makes it easier
for environmentally friendly practices to be used in a variety
of industries [7-8]. These techniques must be applied to
enhance sustainable growth and better waste
management. Waste management involves reusing old
materials, recycling those that can be made into new goods,
separating recyclables from trash, and figuring out how to
turn waste into energy. It also involves establishing safe
disposal techniques, cleaning up uncontrolled dumps, and
educating the public on appropriate waste management
practices [9]. The review emphasizes the critical need of
implementing efficient waste management systems to
mitigate harmful environmental impacts and encourage the
preservation of resources. Global efforts for sustainable
development cannot succeed without efficient programs for
trash reduction, recycling, and disposal.

2. Traditional waste valorization techniques

Traditional waste valorization techniques are
Landfilling, Incineration, Compositing, Recycling and waste-
to-energy conversion as shown in Figurel. These methods
have been routinely employed to manage garbage by turning
it into energy or reusable resources. However, they frequently
have serious negative effects on the environment. Improving
these techniques is essential to raising sustainability and
lowering waste management's environmental impact [10].

2.1 Landfilling

Around the world, landfilling is the traditional
means of disposing of different types of waste including
industrial, hazardous, agriculture and municipal solid waste.
Furthermore, it encompasses landfilling, where space is
provided and usually walled off to avoid leakages where
waste is discharged to maintain environmental safety. To
minimize air and water quality hazards and odor, layers of
debris are compressed and covered with topsoil or some other
materials. Leachate (liquid that drains from the garbage) and
methane gas emissions are normally controlled in landfills by
means of systems like gas extraction and leachate collection,
which ensure compliance with environmental rules and
minimizes effects on neighboring ecosystems and
communities. Landfilling is illustrated in Figure 2 [11].
Landfilling is a more cost-effective and labor-efficient
method of waste valorization than other techniques.
Furthermore, by using its leachate and landfill gas for energy
generation, a consolidated landfill can potentially make
money. Based on the distinctive features and hazards
connected with various waste kinds, the locations of landfills
and treatment facilities are carefully chosen. Household
garbage landfills, for instance, are usually sited to minimize
odor and traffic disruption, are accessible by collection
trucks, and are located well away from highly populated
districts. Emergency measures like the availability of RAIDS
(Resources Assured-Secure and Tracked-In-theatre Delivery
System), are must deterrents against intentional threats that
are mounted against facilities containing radioactive
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materials, biohazards, poisonous chemicals, and biological
wastes. As a general rule, they are situated far away from
society and comply with several security measures to
maintain the environment and the health of the so-called
human beings [12].

2.1.1 Classification of landfilling

Landfilling like open, semi-controlled and sanitary
landfilling belongs to the waste valorization category. Each
approach has a different environmental impact, as well as
different waste treatment methods, which include techniques
associated with sanitary landfilling, which feature advanced
precautions for pollution and health risks. Landfills have to
be classified correctly and handled properly for wastage
disposal to be more sustainable and to avoid adverse effects
on the environment [13].

2.1.1.1 Open dump landfill

A geographical area where solid waste is disposed
of in an open area with air contact is known as an open dump
landfill. Open dump dumps, which are common in poor
nations, dispose of municipal solid waste in open spaces
without adequate environmental safeguards or containment
[14]. This practice gets the waste to air and releases it to
unregulated decomposition and leads to other harmful gases
including methane and others. Open dumps, which are filthy,
often attract scavengers, that mean animals or informal waste
pickers who will scavenge for a valuable material, but it
obviously gives a huge amount of hazard, safety, and health
risk due to waste sorting and recycling too in which informal
waste workers are involved. Organic waste that is present at
uncontrolled open dumps can also attract flies, mosquitoes,
rats and other pests, providing the conditions that allow them
to proliferate, and pathogenic microorganisms that these pests
transmit, this leads to a higher risk of disease transmission
[15]. The waste in open dump landfills may undergo
anaerobic digestion naturally as there is no oxygen. The remit
of this process is the formation of methane gas. Nevertheless,
this procedure is rather uncontrolled, resulting in great
inefficiency. As a result, there is a great amount of
greenhouse gas emissions which lead to ruining the
environment. In addition, these environmental issues also
extend to health hazards, further pollution, and wastage of
resources. Transitioning towards modern waste management
systems, such as sanitary landfills with engineered liners and
gas collection systems, can help mitigate these challenges and
promote sustainable waste disposal practices [16].

2.1.1.2 Semi-controlled landfills

Semi-controlled landfills are situated in specific
dumpsites where solid waste is sorted, shred, and
consolidated on the spot before being disposed of. Bulldozers
or crawlers are used to crush and level the disposed-of thrash
piles, and a layer of topsoil is applied every day to prevent
annoyances like the growth of scavenging birds, animals,
vermin, and microbes. Due to topsoil cover, semi-controlled
landfills have comparatively less odor, but these landfills are
not made to regulate leachate outflow and gas emissions.
[17].

2.1.1.3 Sanitary landfills
Sanitary landfills are more advanced. They perform
on-site solid waste sorting, segregation, size reduction,
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densification, and topsoil covering procedures. Additionally,
they have equipment made to collect landfill gas emissions
and liquid leachate. Cover soil is regularly applied on top of
recently disposed of waste in sanitary landfills, which are
suitably designated inside a regional border and away from
residential areas. This decreases odor, disease vectors, fires,
and waste scavenging [18]. In prosperous countries, these
landfills are typical and have leachate treatment and
interception systems. Sanitary landfills are also intended to
expand geographically through the excavation of additional
dumpsites following the saturation-capping of current ones.

2.2 Incineration

A complex waste treatment technique called
incineration breaks down the organic components of garbage
and reduces its volume by using high-temperature thermal
breakdown by thermal oxidation, which usually reaches
temperatures above 900°C. Process of incineration is shown
in the figure 3. Wastes with a significant organic content or
combustible wastes respond best to this method [19]. But in
legal terms, it can burn any trash containing as little as trace
amounts of potentially hazardous organic materials. This use
of toxin oxidation means diminishing or taking out the
negative impacts of natural contaminants, which makes
incineration a suitable choice for a few waste sorts (e.g.,
threat, restorative, toxic, or dangerous waste-including
carcass), so it seems to be as it were common that the world
serves a statistic of large clinical incinerators. Incineration,
however, is a valuable method of minimizing waste retention
and emissions, but it must be well-controlled to minimize
emissions as well as to satisfy all environmental regulations
[20]. The kind of waste that is being processed decides the
size and the working parameters of the combustion chamber.
This will include factors affecting the design of air pollution
control systems and ash and residue management, i.e.,
temperature, excess air, flow rates etc. The elemental
composition and moisture content of the waste is vitally
important, as this data drives the determination of the
required quantity of combustion air and an estimate of the
composition of combustion gases. These are important
factors to decide the best level of combustion temperature,
residence time and air, fuel and waste mixing efficiency in
the incinerator. They also serve as guides for the selection and
sizing of equipment used for abatement of air pollution, it
ensures compliance with environmental regulations [21].

2.2.1 Impacts of incineration

There are a variety of different effects of
incineration on ecosystems and on human health. Studies
have shown that incineration releases air pollutants (air
pollution) containing heavy metal, dioxins, and acid gas,
causing restitution effects on human health nearby areas. It
also leads to global warming as incinerator emissions emit
methane and carbon dioxide that are greenhouse gases that
exacerbate the negative identify of climate change on
ecosystems [22]. Combat the above-discussed environmental
problems; it is essential to minimize incinerator emissions
and enforce the latest pollution control devices for sustainable
waste management techniques. This sector still lags behind,
however more work is needed to find an equilibrium in terms
of avoiding environmental repercussions whilst taking full
advantage of the benefits of waste minimization [23].
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These plants are designed to obtain maximum
benefits of combustion, such as power generation and waste-
to-energy, which helps to increase waste utilization. And
there are facilities that, in reducing their detrimental outputs,
such as emissions and remaining bottom ash, also produce
lower outputs from those of comparable facilities in the
region. This particular approach stresses the need to design
waste management strategies that prioritize resource recovery
and pollution control; American Standard Code for
Information Interchange (ASCII) format as they focus on
maximizing the amount of benefits that can be optimized at
the same time as minimizing deleterious effects on the
environment [24].

2.3 Recycling

Recycling is a fundamental method that collects
materials, and processes them to create new items, preventing
them from being thrown into the garbage. This process
reduces the impact of waste disposal on the natural
environment and the surrounding nature as the resources are
hydrated and less energy is used. A demonstration of the
process of recycling is shown in the figure 4. It is the process
of converting waste materials into new materials and objects.
For example, doing the sorting, cleaning of the waste plastic
to produce reusable raw materials recycling plastics such as
soda pulp, beverage bottles, food containers, etc. [25]. The
reprocessing of materials back into useful resources also
advocates a circular economy, in which recycling materials is
treated as a closed-loop and not linear. Recycling is a core
part of waste management and helps deflection of rubbish
from landfill, preserving raw materials, reduces greenhouse
gases from mining and manufacturing, allows products to be
re-used many times, promotes sustainable consumption
which seals the loop between post-consumer waste and
industry usage get Response Headers Recycled Products
(RHRP) [26]. Developing cutting-edge  recycling
technologies are crucial for fostering environmental
sustainability and lessening the effects of trash production.

2.3.1 Methods of recycling

Different types of recycling, such as chemical,
mechanical, and thermal recycling, are used to turn trash into
something useful. These methods turn trash into useful
resources, which cuts down on the need for new materials and
the damage they do to the earth. Recycling helps keep
resources healthy and the economy going round because it
gets rid of trash well [27].

2.3.1.1 Mechanical recycling

During mechanical recycling, used plastics are
gathered, sorted by type, and then put through tools that
shred, melt, extrude, or inject mould them so that new things
can be made. One issue is keeping the quality and mechanical
features stable, since the material could break down during
recycling [28]. Some polymers, like glass fiber-based
polyamide composites, can be recovered mechanically and
keep or even improve their properties. But over time,
problems like heat oxidation and fiber shrinking can make
materials less effective.  Even with these problems,
increasing the number of people who recycle plastic by
machine is necessary to cut down on plastic trash and the
damage it does to the environment. This will also encourage
a more eco-friendly way to make and use plastic [29-30].
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2.3.1.2 Chemical recycling

Chemical recycling is an effective method for
addressing the global issue of plastic waste since it transforms
discarded plastic into valuable organic substances. This novel
technique employs pyrolysis, gasification, and de-
polymerization, among other processes, to convert polymers
into valuable chemical commaodities [31]. The use of recycled
polymers as raw materials in industrial processes could help
create a circular economy through chemical recycling. This
would make a big difference in how much plastic trash builds
up. This technology can work with plastics that are hard to
recycle in the old way because they are contaminated or have
complicated constitutes. Apart from that, mechanical
recycling might be combined with it. As more research and
development is done in this field, chemical recycling
techniques could help achieve sustainability goals and reduce
the harm that discarding plastic trash contributes to the
environment [32].

2.3.1.3 Thermal recycling

By the help of thermal treatment waste can be
converted into energy which involves subjecting waste to
high temperatures and purifying it, often by combustion [33].
By employing this approach, the quantity of waste is reduced.
Thermal recycling is effective for materials such as plastics
and alloys that are difficult to recover using conventional
mechanical processes [34]. Research on glass fiber
composites has also revealed that the when recycling occurs
at temperatures close to 600°C mechanical properties of the
material can be largely preserved [35].

2.4 Waste to energy conversion

Waste-to-energy conversion is the process in which
waste materials are turned into energy which is essential to
sustainable waste management. A variety of technologies are
used in this process, i.e. combustion, gasification, pyrolysis
etc. In controlled combustion garbage is burn to produce heat
that is subsequently transformed into energy using steam
turbines or other power-generating devices [36]. The other
method is gasification which involves heating garbage in a
low-oxygen atmosphere to create synthetic gas, or syngas
which can be used to generate heat or power. Another
technique for using biodegradable trash to produce biogas, a
renewable energy source for power generation or heating, is
anaerobic digestion [37-38]. By lowering greenhouse gas
emissions, diversifying energy sources, and decreasing
landfill volumes, these waste-to-energy systems provide
substantial advantages. However, in order to guarantee
environmental sustainability and community involvement,
issues including emissions control, ash management, and
public acceptance must be resolved [39]. Waste-to-energy
conversion is a key component of the shift towards a more
circular economy and cleaner energy production, and it is
constantly evolving along with technological and legislative
developments [40-41].

2.5 Compositing

In waste valorization, composing is carefully
combining different waste elements to produce a worthwhile
final product. The goal of this method is to minimize damage
to the environment while improving the return of resources.
The first step in the process is generally collecting and sorting
different kinds of trash, like plastics, garbage, and organic
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matter. Then, they are cleaned up and made ready to be
combined [42]. After being processed separately, the waste
streams are mixed together in exact amounts to give the final
combined product of right qualities. This item can be used for
numerous purposes, such as making things, getting energy, or
improving the land [43].

3. Advanced waste valorization techniques

Advance waste valorization techniques are
Pyrolysis,  Anaerobic  digestion,  Gasification and
Hydrothermal Processing as shown in the Figure 5. These
techniques are more efficient and environmentally friendly
alternatives to traditional methods. These technologies
significantly reduce pollution and the loss of natural
resources by turning waste into energy and materials that are
valuable. They represent a critical first step toward
sustainable waste management and a circular economy [44-
45].

3.1 Pyrolysis

Pyrolysis is a sort of thermal breakdown in which
waste materials (like polymers used in multilayer packaging,
tires, and biomass) are heated in the absence of oxygen to
break them down into smaller molecules. It is a type of
thermal breakdown in which waste materials are burned to
lower their molecular weight [46]. Three main products are
obtained from the pyrolysis of waste materials are shown in
Figure 6 [47]; pyrolysis oil is a liquid hydrocarbon mixture,
syngas also known as synthesis gas which is a combination
of hydrogen, carbon monoxide, and other gases and Bio-char
which is a solid residue rich in carbon [48]. Beyond
temperature and catalysts, a number of other critical elements
also play a vital role in the pyrolysis of garbage. The kind of
plastic feedstock used, the pace of heating, and the duration
of the reaction all affect the amount and caliber of bio-oil that
is produced. The pyrolysis performance of several plastic
kinds, including polyethylene, polypropylene, and
polystyrene, is affected by differences in chemical
compositions and thermal behaviors. The Kkinetics of
decomposition are influenced by the heating rate; higher
heating rates often provide higher yields of bio-oil, but at the
expense of possible inferior quality [49]. In order to provide
the feedstock enough residence time to completely
decompose and generate the product, reaction time is also
essential. In waste pyrolysis operations, optimizing these
parameters is crucial to maximize the quality and efficiency
of bio-oil production, advancing sustainable waste-to-energy
technologies. The necessity for post-treatment techniques to
increase the products' the suitability for certain applications
is highlighted by the use of pyrolysis products in many
sectors [50]. Refinement, purification, and chemical
processing are some of the techniques used to improve the
pyrolysis oils, gasses, and char's qualities and characteristics.
Waste pyrolysis operations can become more sustainable and
efficient through the optimization of post-treatment
techniques. This allows for the creation of useful resources
from waste materials while adhering to industry norms and
regulations [51].

3.2 Gasification

Gasification is a process that turns biomass such as
wood, trash, or agricultural residues into syngas [52]. The
process of gasification is shown in the Figure 7. Complete
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combustion is prevented by the high temperature and low
oxygen content of this process. Because gasification creates
syngas while releasing less dust and hazardous gases like
nitrogen oxides and sulfur dioxide, it has advantages over
traditional combustion. It's a more environmentally beneficial
way to use biomass resources because the syngas produced
during gasification may be used as fuel for heat, power, or
biofuels [53]. Gasification is a process that may be used to a
variety of materials, including coal, to create a hydrogen and
carbon monoxide gas mixture. Syngas is a gas that can be
processed further to produce useful chemicals or fuels [54].
A particular kind of gasification used on coal resources
located far below the surface is called Underground Coal
Gasification (UCG). Without the need for mining, controlled
underground reactions in UCG turn coal into syngas. When
comparing this synthetic gas to conventional coal combustion
processes, the emissions of pollutants are reduced. UCG
contributes to greener energy production methods by
providing a method for more effectively and environmentally
friendly energy extraction from coal resources [55]. The
process of gasification involves adding a feedstock, such as
coal or biomass and gasifying agent, such as air to a reactor

= Incineration

m Compositing

Traditional waste
valorization techniques

Recycling

m Landfilling &g

B Waste to energy
conversion

vessel. Carbon monoxide and hydrogen are combined to form
synthesis gas (syngas), which is the result of controlled
chemical reactions occurring inside the reactor. Certain
process parameters, the type of feedstock used, and the
gasifying agent used all have an impact on the quality and
content of the syngas [56]. The technology of gasification has
advanced dramatically over time. In the past, it was employed
to turn coal into gas in the 1800s. It can now effectively
convert a variety of feedstock, such as biomass and
alternative fuels, into syngas that is high in energy. One
noteworthy application is the gasification of biomass to
produce hydrogen, which has advantages like flexible
feedstock and low emissions. Because it makes it possible to
convert a variety of materials into usable energy resources
with less of an impact on the environment, gasification
technology is still essential to the generation of sustainable
energy [57-58].
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Figure 1: Traditional waste valorization techniques
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Figure 7: Process of Gasification
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Table 1: Benefits of anaerobic digestion (AD) [59]

Sr.# Benefits Description

1 Efficient waste | Anaerobic Digestion (AD) treats organic waste efficiently, reducing waste
management volumes and preventing environmental pollution.

2 Renewable  energy | Biogas generated through AD provides a sustainable energy source, contributing
production to energy security and reducing carbon footprints.

3 Nutrient recovery The digestate produced during AD is rich in nutrients, making it an excellent

natural fertilizer for agriculture.

4 Job creation and | AD facilities create employment opportunities and stimulate local economies.
economic growth

5 Mitigation of climate | AD helps reduce greenhouse gas emissions by capturing methane.

change
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Table 2. A comparison between Traditional and Advanced Techniques

Benefits Traditional Techniques Advance Techniques Reference
Efficiency Advanced waste valorization | Advanced  waste  valorization | [60]
techniques, such as pyrolysis, | techniques, such as pyrolysis,
gasification, and anaerobic digestion, | gasification, and anaerobic
are generally less efficient in | digestion, are generally more
converting waste into energy or other | efficient in converting waste into
products than traditional incineration | energy or other products than
and landfilling. traditional incineration and
landfilling.
Environmental Traditional methods often lead to | Advanced methods are designed to | [61]
Impact greater environmental degradation, | minimize environmental impact
including emissions and leachate | through controlled processes and
production. better emissions management.
Economic Traditional methods typically involve | Advanced valorization techniques
Viability recurring disposal costs can transform waste management
from a cost center to a revenue-
generating  activity.  Producing
biogas from organic waste, for [62]
instance, can reduce energy costs
and provide a new revenue stream.
Scalability  and | Traditional methods are less flexible | Advanced techniques are more
Adaptability and often require significant space | adaptable to different types of waste
and infrastructure and can be scaled based on volume
and nature.

3.3. Anaerobic digestion (AD)

The production of large amounts of garbage in
modern life is a major hazard to the environment and the
health of people and animals. In order to address this, a
variety of waste treatment and disposal techniques are used,;
the choice of any particular technique depends on the
requirements for optimum safety, the least amount of
environmental damage, and the importance of recycling end
goods and maximizing waste value. Reducing the quantity of
garbage delivered to landfills and substituting organic
material recycling and plant nutrient return into the soil are
important components of contemporary waste management
systems. In addition to promoting waste reduction, AD has
the ability to lower energy usage and even produce net
energy. This procedure highlights the move toward
environmentally and energy-friendly sustainable waste
management techniques [63]. Using cutting-edge technology,
anaerobic digestion (AD) converts organic waste into useful
bioenergy by utilizing the power of microbes. This
environmentally beneficial method reduces garbage disposal
issues and produces a renewable energy source, benefiting
both the economy and the environment. In the absence of
oxygen, organic matter is broken down by the AD process,
resulting in the production of digestate rich in nutrients and
biogas, a combination of methane and carbon dioxide. By
using this biogas as a clean-burning fuel for transportation,
heat production, or electricity generation, greenhouse gas
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emissions can be reduced and dependency on fossil fuels is
decreased [64]. This method is very effective because it uses
little energy and makes less waste, which is in line with world
goals for green energy. Several things, such as operating
conditions, co-digestion (mixing different feedstocks), and
pre-treatment methods, can make AD work better by
increasing its efficiency and dependability. Because it is
cheap and good for the environment, AD looks like a good
way to make energy from biological waste. Biogas can be
used as a clean energy source, which cuts down on the use of
fossil fuels and lowers greenhouse gas pollution. Overall, AD
helps make the energy scene more sustainable by turning
biological waste streams into useful energy supplies. This
supports the ideas of the circular economy and environmental
responsibility [65]. In conclusion, anaerobic digestion is a
revolutionary technology that solves problems with garbage
management while also making clean energy and supporting
long-term growth. For a periodic economy and a better,
greener future, it is very important that people use it.

3.4 Hydrothermal Processing

Warm squished water is used in hydrothermal
processes to turn biomass feed stocks into solid, liquid, and
gaseous products. Biomass is broken down into useful
products by heating and pressurizing it to temperatures and
pressures that are generally higher than the boiling point of
water. Bio-char or activated carbon are examples of solid
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products. Bio-oils that can be used as chemicals or fuels are
popular examples of liquid products. Along with solids, gases
like methane and hydrogen are also formed. Hydrothermal
process is shown in figure 8. Hydrothermal processing is a
versatile and useful way to turn biomass into useful products
that can be used in chemistry and energy processes [66]. For
an environmentally friendly use of biomass, hydrothermal
processing is essential because it produces valuable products
from a variety of feed stocks. This process creates biofuels as
well as biochemical and bio-based products. Lignocellulosic
biomass can be transformed into sugars, bio-oils, and bio-
char, while algae and food waste can yield biodiesel, biogas,
and organic chemicals [67]. Hydrothermal processing
supports the circular economy by efficiently converting
biomass into useful outputs, reducing reliance on fossil fuels,
and mitigating waste. It also contributes to soil health and
carbon sequestration through the production of bio-char. As
industries seek sustainable alternatives to conventional
resources, hydrothermal processing plays a key role in
advancing the bio economy and promoting environmentally
friendly practices [68].

5.Emerging technologies

Innovative techniques like plasma gasification,
microbial electrochemical processing, and advanced
chemical recycling are examples of emerging technology in
waste valorization. These technologies are shown in the
Figure 9. These cutting-edge technologies provide ways to
improve resource efficiency, lessen environmental effect, and
turn waste into useful goods. They clear the path for a more
sustainable and circular economy by going beyond the
bounds of conventional trash management [69].

5.1 Microbial electrochemical technology

Microbial electrochemical technology (MET) is a
hybrid technology that converts waste carbon sources into
energy and products by using electroactive microorganisms
to accelerate bio electrochemical processes. Because the
electrodes on this special platform may function as both the
cathode (an electron donor) and the anode (an electron
acceptor. Cheng et al. introduced electro-methanogenesis, an
early MET method that uses Methanobacterium palustre to
convert waste carbon into methane [70]. The phrase
"microbial electro-synthesis” (MES) was first used in 2010.
MES defined as "the reduction of carbon dioxide to
multicarbon compounds with electrons donated from an
electrode as the electron donor" [71]. Soon after, Rabaey and
Rozendal released a full assessment in which they covered in
great detail the MES's guiding ideas, difficulties, and
opportunities.  Additionally, they introduced electro-
fermentation (EF) in that review, which is an electrochemical
method that uses electrical current to modulate fermentation
pathways [72].

5.1.1 Types of microbial electrochemical process
Following are major microbial electrochemical processes for
CO; and organic waste valorization;

5.1.1.1 Carbon dioxide valorization using microbial electro-
synthesis (MES)

In order to facilitate subsequent reduction reactions,
an enriched or atmospheric CO2 source needs to be collected
and solubilized using either biotic or abiotic mechanisms.
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There are numerous approaches to capture and use CO2, each
having pros and cons, such as a photochemical, biological,
electrochemical, and thermochemical methods. In addition to
creating economic value by utilizing CO2 as a renewable
carbon feedstock, this approach actively lowers carbon
emissions, which has significant positive effects on the
environment and society. Using microbial cells to convert
dissolved CO2 into useful organic compounds—particularly
those containing multiple carbons—that can be used as
building blocks to create beneficial chemicals with additional
value or liquid fuels for transportation. Products of carbon
dioxide capture using MES are shown in Figure 10. Microbial
electro-synthesis is a combination of biochemical and
electrochemical process [73]. The unique advantage of MES
for CO2 valorization is the utilization of electrons as the
reducing power, which can be generated from natural gas,
biogas, solar, or wind power. However, the availability of
various electron sources may be variable. Microbe-enhanced
solar energy harvesting (MES) has the potential to alleviate
the urgent problems associated with the storage and
distribution of renewable energy, as microorganisms are 100
times more efficient than biomass-based chemical
manufacturing. There are six recognized mechanisms for
fixing CO in bacteria and archaea, which are found in many
species. Methanogens and acetogens, two of these
autotrophic bacteria, have been employed in MES. Using
microbial electrochemical technology CO; can be converted
into useful products as shown in figure 9 [74].

5.1.1.2 Organic waste valorization by electro-fermentation
(EF)

Although the main objective of electro-fermentation
is to control the fermentation pathways (by electrochemistry)
in order to transform organic waste materials, such as
agricultural and municipal garbage into the more value able
products. Fermentation reactors are equipped with solid
electrodes that act as endless sources of electron donors or
acceptors. It is possible to control mixed culture communities
or pure culture fermentation pathways outside [75]. In
environmental  settings, electroactive  bacteria and
fermentation bacteria typically engage in syntrophic
interactions to carry out the processes. By controlling the
Oxidation Reduction Potential and the NAD+/NADH ratio,
the electron transfer in electro-fermentation can be
controlled. It is anticipated that anodic electron sinks will
promote greater AT synthesis whereas cathodic electron
sources will influence the synthesis of NADPH. This suggests
that anodic and cathodic EFs may both enhance fermentation
efficiency. A recent study employing Corynebacterium
glutamicum, a bacteria that produces lysine, provided an
example of this [76].

5.2 Plasma Gasification

The process of breaking down raw material
molecules into their constituent elements at high temperatures
and atmospheric pressures in the presence of gasifying agent
such as steam is known as gasification [77]. Using plasma, a
high-energy state of matter, plasma gasification is an
innovative waste treatment method that turns inorganic
materials into vitrified slag and organic materials into syngas,
a mixture of hydrogen, carbon monoxide, and other gases.
[78-79].
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Synthesis gas is produced when the raw material is
exposed to a substoichiometric oxygen level. This gas is
mostly composed of hydrogen, carbon monoxide, methane,
carbon dioxide, branched hydrocarbons, tars, and a very little
quantity of nitrogen. This gas can be used, among other
things, as a raw material for chemical synthesis, heat
generation, and combustion in engines to produce electric
energy [80-81].

5.2.1 Process of plasma gasification

Hazardous materials, industrial waste, and
municipal solid waste are fed into the gasifier as inputs. An
inert gas, like argon, is ionized by a plasma torch to produce
plasma. Waste materials are broken down into their most
basic molecular components by the high temperatures of the
plasma. Syngas is produced from organic materials and
mostly consists of carbon monoxide and hydrogen. For use in
construction, inorganic elements are melted and solidified to
create a slag that resembles glass. Process of Plasma
Gasification and products are shown in the Figure 11 [82]. By
transforming garbage into energy and valuable commodities,
plasma gasification provides a sustainable approach to waste
valorization. Its environmental benefits and adaptability
make it a viable technology for future waste management and
energy generation strategies, despite its high costs and energy
requirements [83-84].

5.3 Chemical recycling

The act of turning waste materials—especially
plastics—into useful chemicals, fuels, or new materials
through chemical processes is known as waste valorization
through recycling [85]. This technique salvages value from
items that would otherwise be thrown away in addition to
aiding in waste management. This kind of recycling focuses
on reducing plastic solid waste (PSW) on purpose to create
smaller compounds that can be used again as virgin polymers
and new petrochemical feedstocks. It can recycle diverse
plastic feedstocks, doing away with the need for expensive
and difficult separation procedures [86]. By putting in place
a successful chemical recycling procedure for plastic solid
waste, a circular economy can be developed [87].

5.3 Approaches in chemical recycling
The detail of these processes is given below;

5.3.1 De-polymerization

Reversible synthesis reactions, namely hydrolysis,
glycolysis, and alcohol hydrolysis, are efficient methods of
de-polymerization for condensation polymers, including
polyesters and polyamides, like polyester-based nylons and
polyethylene terephthalate (PET). De-polymerization,
however, can be difficult since it needs high pressure and
temperatures [88].

5.3.2 Partial oxidation

One potential recycling technique is partial
oxidation which reduces the creation of harmful byproducts
from the direct combustion of plastic trash. A mixture of
synthesis gas (CO and H;) and hydrocarbons with varying
carbon contents and olefinicity are produced. But the process
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of gasification requires a lot of funding, and the end products
need to be upgraded before they can be utilized as fuel or
chemicals [89].

5.3.3 Cracking processes

Plastic has been cracked using techniques like
thermal and catalytic cracking to produce useful chemicals
and fuels. Thermal cracking breaks down waste plastic solids
at a temperature range of 350 to 900 °C, depending on the
kind and purity of the plastic. The result is carbonized char
and gaseous and liquid products that resemble naphtha, gas
oil, and commercial fuel gas [90].

5.4 Carbon capture and utilization

Because CO, emissions from fossil fuels constitute
a serious danger to the world economy, ecology, natural
ecosystems, and public health, CO; collection technologies
have become increasingly important. Technological
developments in carbon capture and utilization have the
potential to significantly cut greenhouse gas emissions and
pave the way for net zero emissions, which would help
achieve a number of Sustainable Development Goals (SDGs)
[91]. There are four ways to go about carbon collection,
storage, and usage. Eliminating CO; from the point source is
the first step. Because of membrane-based separation,
adsorption, physical and chemical absorption, and other
cutting-edge technologies, industrial plants release flue gases,
which are regarded as the point source. Technologies used for
carbon dioxide capture are shown in Figure 12 [92]. Liquid
compressed CO; is convenient to transport and store. Geo-
sequestration is a technique that allows CO; to be
permanently stored. The choice of location is influenced by
the presence of porous rock in the earth. An impermeable
layer holds the injected CO; in situ from above as it fills the
pores within the rocks [93]. The method used here is quite
similar to subterranean gas and oil storage. Geological
storage of CO; can be achieved in both onshore and offshore
basins. Captured CO; is meant to be used for alkaline
remediation, enhanced oil recovery, recovering untapped oil,
or converting it into useful compounds. The fuel source for
the combustion process is the exhaust gas. Food and beverage
manufacturing, as well as the synthesis of synthetic or
hydrocarbon fuels containing hydrogen, both need the usage
of CO, [94-95].

5.4.1 Technologies for carbon dioxide capture

The CO; that is caught can be used directly for
various purposes such as improving oil recovery, creating
precious minerals, chemicals, and clean fuels. The synthesis
of fuel, carbonates and polycarbonates, and the
manufacturing of valuable chemicals such as formic acid,
formaldehyde, methane, syngas, ethanol, methanol, dimethyl
ether, urea, and salicylic acid are the main areas of current
advancement in CO; usage technology. The available
technologies for CO, capture are shown in figure 11 [96-97].
Utilizing CO- has developed into a practical carbon-based
solar fuel that doesnt interfere with already-built
infrastructure. The procedure entails dividing CO, into O;
and CO. The Fischer-Tropsch method can be used to process
CO and green H, to create a variety of clean fuels and
chemicals [98].
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5. Environmental benefits and emerging technologies

Waste valorization provides numerous benefits in
terms of environmental sustainability, greenhouse gas (GHG)
reduction, resource conservation, and economic gains. Below
is a detailed discussion of these benefits, along with a
comparison between traditional and advanced techniques,
supported by scholarly references [99].

5.1 Environmental Benefits

Waste recycling reduces the quantity of waste that is
deposited in landfills, so improving the cleanliness of both
land and water. Conventional methods of waste disposal,
such as landfilling or incineration, can generate harmful
leachate and emissions that have negative impacts on the
environment. Advanced valorization techniques can also be
employed to process and eliminate hazardous substances
present in waste, hence reducing their adverse impacts.
Nevertheless, conventional approaches may not effectively
manage hazardous waste to prevent environmental pollution
[100].

5.2 Greenhouse Gas Reduction

Waste Valorization, the process of turning organic
garbage into biofuels or biogas, lowers the amount of
methane that is released into the air by landfills. In
comparison with carbon dioxide, methane has a much greater
ability to contribute to warm the planet. This is because less
fossil fuels are used when trash is turned into energy, which
lowers the carbon effect. Instead of just burning things,
methods like anaerobic digestion and pyrolysis are much
better at lowering greenhouse gas emissions [101].

5.3 Resource Conservation

Waste valorization is the process of getting valuable materials
back from waste. These materials can be used again in
numerous fields. By using old methods, these things are often
lost. Valorization also helps the circular economy by turning
trash into secondary raw materials and reducing the need for
new resources. Chemical recycling and other more advanced
methods are better at recovering materials than easier
mechanical recycling [102].

5.4 Revenue Generation

There are many things that can be remade and turned
into useful goods that can be sold to make money. The old
way of dealing with trash often cost funds without generating
revenue. Some of the areas that can use more jobs are
engineering, manufacturing, maintenance, and buildings that
add value. Most of the time, jobs in new technologies are
more valuable and require specific skills than standard waste
management jobs [103].

6. Conclusions

This study looked closely at both traditional and
innovative waste valorization techniques in order to meet the
urgent demand for sustainable waste management. Despite
their lengthy history, conventional methods including
composting, incineration, recycling, and landfilling
frequently have detrimental consequences on the
environment, including resource depletion and greenhouse
gas emissions. On the other hand, more environmentally
friendly options are provided by modern methods including
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pyrolysis,  anaerobic  digestion,  gasification, and
hydrothermal processing. Emerging technologies that have
the potential to reduce waste and provide useful byproducts
include microbial electrochemical processing, plasma
gasification, and  advanced chemical  recycling.

To improve these technologies' -effectiveness,
scalability, and financial sustainability, more research is
needed. The key to increasing resource recovery and limiting
environmental effect is process optimization, enhanced
economic viability, and cost reduction. Large-scale
deployment requires integrated waste management systems,
encouraging regulations, more funding, and public-private
collaborations. The study highlights how crucial it is to keep
coming up with new ideas and investing in waste valorization
techniques. By using these cutting-edge technologies, we
may realize the full potential of waste valorization by greatly
enhancing waste management effectiveness, minimizing
environmental impact, and moving toward a more sustainable
future.
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