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Abstract: Plasmas are reactive ionised gases, which enable the creation of unique reaction fields. This
allows plasmas to be widely used for a variety of chemical processes for materials, recycling among
others. Because of the increase in urgency to find more sustainable methods of waste management,
plasmas have been enthusiastically applied to recycling processes. This review presents recent
developments of plasma technologies for recycling linked to economical models of circular economy
and waste management hierarchies, exemplifying the thermal decomposition of organic components
or substances, the recovery of inorganic materials like metals, the treatment of paper, wind turbine
waste, and electronic waste. It is discovered that thermal plasmas are most applicable to thermal
processes, whereas nonthermal plasmas are often applied in different contexts which utilise their
chemical selectivity. Most applications of plasmas in recycling are successful, but there is room for
advancements in applications. Additionally, further perspectives are discussed.

Keywords: plasma; recycling; thermal plasmas; nonthermal plasmas; circular economy; plasma
gasification; plasma reforming

1. Introduction

As billions of tons of industrial waste gradually gnaw at the health of the environment
each year, the need to streamline and ameliorate existing recycling processes has become
growingly more critical [1].

There are various types and kinds of waste emitted all over the world. They can be
classified by the states of substances, uses, and materials. Taking Europe as an example,
approximately 25.8 Mt of plastic wastes is generated every year, among which less than 30%
is collected for recycling each year [2]. The majority of these are considered to be processed
by primary recycling. Recycling processes for metals, which often use thermal plasmas,
generally include sorting, squeezing/compacting, and melting in a furnace [3]. In 2018,
94 Mt of steel scrap was recycled. Other commonly recycled metals include aluminium
(4.9 Mt), copper (1.6 Mt), lead, zinc, nickel, titanium, cobalt, chromium and specialty and
precious metals (gold, silver, and platinum) [4].

Plasma, a reactive ionised gas known as the fourth state of matter [5], has proved
to be very useful in the realm of waste treatment and recycling processes. Through the
lens of recycling models, classifications, and economical models [6], this review discusses
cutting-edge advancements of plasma technologies in recycling processes and evaluates
their successes and shortcomings.

2. Classifications of Recycling

There are four main types of recycling: primary, secondary, tertiary, and quaternary
recycling [7–9]. These are classified for plastics, but for the sake of analysis these definitions
will be applied to general waste as well. There are different definitions in different literature,
but the most commonly used definitions will be presented here.
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Primary recycling is a closed-loop process, where the waste is only broken down to
the level where its original chemical structure is not significantly modified [8,9]. It is a
simple and cost-effective process. Recycling of polyethylene terephthalate (PET) bottles is a
good example of primary recycling.

Secondary recycling involves downgrading the waste into less valuable materials [8,9].
Secondary recycling may be less desirable than primary, tertiary, or quaternary recycling,
but is often otherwise inevitable. Secondary recycling is often employed to recycle inorganic
substances, which are then mixed with concrete for reinforcement, for example.

Primary and secondary recycling are often collectively referred to as mechanical
recycling [8,9]. However, this term may cause confusion or misunderstanding, since
mechanical recycling generally involves not only mechanical processes but also heating
and mixing (which may include melting), as well as chemical reactions. Hence, since the
term is not rigorously defined in literature, this expression is not used in the present review.

Tertiary recycling refers to chemical recycling and thermal recycling. Thermal re-
cycling, in which the waste is broken down to a molecular level [9] is different from
combustion. Quaternary recycling involves the thermal combustion of the waste and aims
to use the energy generated from this process [8,9]. Tertiary or quaternary recycling is often
employed for wastes which are difficult to be recycled in a simple manner, often due to
their complex structures or contents.

Different types of waste disposal models are also explored. First, there exists a model
known as the waste management hierarchy model, as shown in Figure 1. This model ranks
the desirability of different types of waste management, raking the most desirable at the
top and the least desirable at the bottom. Taking plastic as an example and starting from
the most preferred method:

• Reduction (reducing the amount of plastic material produced in the first place);
• Reuse (reusing the used plastic);
• Recycling (breaking down the used plastic to its constituent components, correspond-

ing to primary recycling);
• Recovery (breaking down the used plastic to its molecular components or using them

for energy production, corresponding to tertiary recycling, as well as the generation of
energy from quaternary recycling);

• Disposal (throwing away the used plastic).

Figure 1. A diagram of the waste management hierarchy model.

Essentially, the purpose of this model is not too dissimilar to the circular economy
model, which is discussed later: the fundamental concept is to minimise the amount of
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processing i.e., the amount of change required to make the waste reusable again, at least to
some capacity.

What is recycled and what is discarded as waste depends on what kind of waste
is being processed. For example, with plastics, one may keep the organic components
as syngas (a gas mixture of H2 and CO), while in the recovery of metal waste one often
discards organic components.

Additionally, a circular economy, as depicted in Figure 2, is considered. A circular
economy is a circular model of production and consumption, aiming at extending the
life cycle of products as much as possible [10]. Specifically, waste should be reduced to
a minimum, while end-of-life products should be kept within the economy by recycling
to create further value. The concept of circular economy helps increase the amount of
reused or recycled plastic in the overall cycle [11], to ensure that one prevents the needless
discarding of plastics as much as possible. This is achieved by creating closed loops within
the waste management process, and “looping back” with a given piece of waste to a
given point on the progression, such that as much of the waste goes through the cycle as
possible. As can be seen, secondary, tertiary, and quaternary recycling do not form a closed
circular loop.

Figure 2. A diagram of the circular economy model.

Something to consider with regards to a circular economy is that smaller loop sizes
correspond to higher efficiencies. This is because as the size of the loop increases, this
inevitably leads to an increase in the energy used in the processes needed to break down
the plastic to its constituent components.

In this model, extra materials or defective materials produced during the manufac-
turing process may also be taken into consideration. This is important; to start with raw
materials that are initially unused makes reprocessing easier. Additionally, defective mate-
rials found during manufacturing can be very easily processed for recycling, since their
components are already known by the manufacturer. Environmentally speaking, this
results in a net positive; while the production of waste is inevitable and new materials have
to be added to the system constantly, using materials of known origin boosts their reusabil-
ity. With regards to the classifications of different recyclable products, it is also worth
mentioning that the circular economy is applicable to organic and inorganic substances.

The four-level classification (primary, secondary, tertiary, and quaternary), waste
management hierarchy, and circular economy are different in a few ways. The four-level
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classification groups different types of recycling in terms of the process utilised, while the
waste management hierarchy groups recycling processes in terms of their environmental
friendliness. On the other hand, the circular economy attempts to describe the dynamic flow
of recycling processes. Therefore, the processes described in the four-level classification
and waste management hierarchy appear in the circular economy model. Combining these
different recycling models helps classify a given recycling process in terms of effectiveness,
accessibility, and need.

One major drawback of the circular economy model is that there are many cases where
a loop is not actually formed in the recycling process. Therefore, it must be understood that
the circular economy model with a closed loop is an idealistic one.

3. An Overview of Plasma

Plasma is often known as the fourth state of matter that contains electrons, ions, and
radicals [5,12], which in nature can be seen in, e.g., stellar structures [13,14] and the northern
lights [15].

In the waste management community among others, plasmas are generally classified
into thermal and nonthermal plasmas. Thermal plasmas, also called high-temperature
plasmas, have high energy densities and are very productive in terms of processing speed.
In these types of plasmas, the gas temperature and the electron temperature are high, and
the plasma is at an equilibrium state or is almost at an equilibrium state. Additionally, the
gas molecules inside a thermal plasma are fully or mostly ionised. Meanwhile, nonthermal
plasmas, otherwise known as low-temperature plasmas, cold plasmas, or non-equilibrium
plasmas [16], are only weakly or partially ionised. An important characteristic of the
nonthermal plasma is that the electron temperature is much higher than those of ions and
neutrals, and in fact, in some cases can be even higher than the electron temperature in a
thermal plasma. The electron temperature in a nonthermal plasma can be, for example,
104–105 K, corresponding to ca. 1–10 eV, while the temperatures of the ions and neutrals
can be as low as room temperature, or often up to several hundred K [17].

In the following two subsections, the different advantages and disadvantages of
thermal and nonthermal plasmas are discussed in detail. In short, thermal plasmas are
suitable for high-speed processes, while nonthermal plasmas are favourably used for
selective chemical processes [18].

3.1. Thermal Plasmas

Thermal plasmas can be operated with very high power, and the reaction process is
also very fast, since the voltage required to sustain them is very low. Plasma torches using
thermal plasmas are commonly used for waste handling processes. The main disadvantage
of thermal plasma processes is the fact that such a process is essentially a thermal process,
and therefore is has low chemical selectivity; if given the opportunity to do so, it will react
indiscriminately with all target particles. Different configurations for the generation of
thermal plasmas are shown in Figures 3–5. Figure 3 is the design for a direct current (DC)
plasma torch, Figure 4 is the design for an inductively coupled radiofrequency (RF) plasma
torch, and Figure 5 is the design for a microwave (MW) plasma torch. In all cases, thermal
plasmas are generated by introducing electrical energy and are extended by a gas flow.
Waste is then exposed to the extended plasma.

Spark plasma is also a thermal plasma that is similar to an arc plasma. These technical
terms are often interchangeably used. However, arcs are continuous while sparks are mo-
mentary. Spark plasma is generated by applying a pulsed electric field between electrodes.

An overview of the types of plasma that can be used in recycling processes are given
below in Table 1.
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Figure 3. A configuration for a direct current (DC) thermal plasma torch.

Figure 4. A configuration for a radiofrequency (RF) thermal plasma torch.

Figure 5. A configuration for a microwave (MW) thermal plasma torch.

Table 1. Typical plasma parameters of plasma processes in air (values are rounded).

Type of Plasma
Max. Temp. (K) Electron

Density (cm−3)
Applications Refs.

Electron Gas

Thermal
Plasma torch (DC, RF, MW) 104 104 1015 Gasification

[19]
Metal recovery

Spark plasma 104 104 1015–1018 Sintering [20,21]

Nonthermal

Corona discharge 105

102–103

108

Surface modification
Plasma reforming

[20,22,23]

Dielectric barrier discharge 104–105 1014–1015 [24]

Cold plasma torch 104 1014 [25]

Gliding arc 104 2 × 103 1015 [26,27]



Materials 2024, 17, 1687 6 of 30

3.2. Nonthermal Plasmas

The main advantage of nonthermal plasma is its selectivity due to its high electron
temperature [5]. This means that the desired reaction paths for a given process can be
easily designed using this type of plasma. Since the gas temperature is low, nonthermal
plasmas typically do not affect the bulk properties of solids or liquids but interact only
with their surfaces [5,12,28,29]. Therefore, nonthermal plasmas are preferably applied to
surface [30–49] or gas processing [50–54], and their comparative safety to thermal plasmas
also make them applicable to medical and oncological processes [55–60]. In fact, recent
progress in plasma treatment of cancer may be considered a worthwhile addition to more
popularly addressed cancer treatments like single-cell RNA sequencing [61].

The main shortcoming, however, is that nonthermal plasmas are unable to take a high
energy density; hence, they are not as productive as thermal plasmas in terms of processing
speed. Additionally, nonthermal plasmas are often operated at low gas pressure at which it
is easy to generate such types of plasmas; the downside to this is that low gas pressures
require expensive vacuum systems. Although plasma at atmospheric pressure is desirable,
if one attempts to increase the gas pressure, the temperature of the gas and ions in the
plasma can easily increase. This is because the increase in gas pressure leads to an increase
in the frequency of inelastic collisions between the electrons and the other particles in the
plasma. In order to sustain the plasma, the input power has to be increased. Therefore, at
higher pressures, the heating of the gas is accelerated and the nonthermal plasma evolves to
a thermal plasma [12] at a very high likelihood, although there are several techniques with
which nonthermal plasma can be stably operated at a high gas pressure [5,12,28,29,62].

Nonthermal plasmas generally used for processing materials include low-pressure
plasmas and atmospheric-pressure plasmas. Low-pressure plasmas are generally operated
by DC, RF, or MW. Atmospheric-pressure plasmas, which do not require an expensive
vacuum system, is preferred for recycling processes. Atmospheric-pressure plasmas may
be generated using DC (which include pulsed operation), high frequencies up to but less
than a megahertz, RF, or MW [62].

Different types of atmospheric-pressure plasmas have been developed, which include
corona discharge, dielectric barrier discharge (DBD), cold plasma torches, and gliding
arcs [28,62].

A corona discharge is generated in a significantly non-uniform electric field, usu-
ally appearing in the vicinity of sharp edges of electrodes, as can be seen in Figure 6.
The discharge current must be limited to avoid the plasma becoming an arc. This is
done by applying pulsed high voltages, resulting in an expensive power supply and low
speed processing.

DBD is generated between electrodes by applying an alternating current (AC) voltage.
At least one dielectric insulator is inserted between the electrodes to block DC. DBD is the
most widely used atmospheric-pressure plasma in materials processing [31–49,51,63]. Two
configuration of DBDs are known, as illustrated in Figure 7. As in Figure 7a, a volume
discharge is generated at the gap between the electrodes. The gap is typically limited to
several millimetres. A surface discharge is generated at a dielectric material surface with
an electrode on each side, or with all electrodes embedded in the dielectric material, like in
Figure 7b. Alternatively, two electrodes are attached on one side of the dielectric material,
while the surface discharge is generated on its reverse side. In this case, a surface discharge
is achieved by feeding a specific gas such as helium or argon to the reverse side. The
frequency required to operate a DBD is typically between 500 Hz and 500 kHz, but DBDs at
50 Hz are also reported [42]. As the frequency is lowered, capacitive impedance increases
at a fixed gap, and at a fixed applied voltage the power is lowered. Therefore, in general, a
higher frequency is preferred for high-speed processing.
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Figure 6. A configuration of corona discharge.

In most cases, DBDs consist of non-uniform filamentary discharges, and subsequently,
the plasma treatment is not uniform. However, it is possible to generate uniform DBDs,
and such a discharge is called a glow discharge. It is reported that a filamentary discharge
can be avoided by using a noble gas such as argon or helium [28,29]. It may also be avoided
using short pulses or by operating DBDs using RF. When RF plasmas are used, the dielectric
is unnecessary. However, the operation of DBDs using RF requires an impedance-matching
network to deliver RF energy to the plasma, usually limiting high voltage outputs. Due to
the limitation of the high-voltage application, the electrode gap must be small enough for
the stable operation of the discharge. In this respect, atmospheric-pressure RF plasma is
rather preferably developed for cold plasma torches (depicted in Figure 8), which do not
require the insertion of a specimen between the electrodes [64,65].

DBD and other plasmas, which are typically capacitively coupled plasmas, can be
extended by a gas flow of argon or helium into an ambient air to realise cold plasma
torches. They are typically weakly ionised [12,28]. A cold plasma torch can be operated
at a high frequency (kHz) or RF in a DBD [12], or without covering electrodes with the
dielectrics [12].

It is desirable that atmospheric-pressure plasma processing demonstrates a hybrid
condition, which simultaneously achieves high chemical selectivity and efficient pro-
ductivity [12,34,62]. In most cases, neither thermal nor nonthermal plasmas are able
to provide them simultaneously. However, a gliding arc can achieve such a hybrid con-
dition [5,12,16,34,62]. A gliding arc, as seen in Figure 9, is generated between diverging
electrodes, and it is extended and quenched by a gas flow [12,16,27,63,66–77]. Atmospheric-
pressure MW plasmas can also be generated and extended in a similar way. When the gas
flow is fast enough to quench the plasma, its properties are similar to those of the gliding
arcs [12]. However, using MW is argued to be less economical [18,62]. An industrially
available open-air technology called technology “Plasmatreat®” is also a plasma generated
as an arc that is extended and quenched by a gas flow, and its performance is similar to
general gliding arcs.
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(a)

(b)

Figure 7. Configurations of DBD plasmas. (a) Volume discharge. (b) Surface discharge.

Figure 8. A configuration of a cold plasma torch.
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Figure 9. A photograph of a gliding arc.

3.3. Terminologies

There are inconsistencies in the literature regarding the classification of plasmas. There
are, for example, publications claiming that high-temperature plasmas are only seen in
stellar structures and fusion reactors and that group both thermal and nonthermal plasmas
as low-temperature plasmas [78]. However, this claim requires reconsideration on a few
fronts and may be cause for confusion.

Firstly, the claim is semantically undesirable. If thermal plasmas were low-temperature
plasmas, they should not be called thermal plasmas in the first place.

Secondly, this claim is fallacious where astrophysical phenomena are considered.
There are stellar prominences known as slingshot prominences, which are effectively coro-
nal plasma condensations on rapidly rotating stars [79]. For the coronae of stars with
temperatures at around 106 to 107 K, the temperatures of slingshot prominences are set
at around 8500 K [79,80]. It is true that the coronae are at very high temperatures, but
the temperatures of the prominences themselves can be easily achieved using DC thermal
plasma torches, as their maximum temperature is somewhere around 20,000 K [81]. This
is to say, according to the aforementioned claim, a slingshot prominence at 8500 K may
be considered a high-temperature plasma, while simultaneously a DC-generated thermal
plasma at 20,000 K is considered a low-temperature plasma. These are incompatible, and
hence claiming that thermal and nonthermal plasmas are both low temperature is inappro-
priate. If high-temperature plasmas correspond to an environment of fusion reactions, it is
suggested that this kind of plasma is called a fusion plasma.

Another cause for possible confusion regarding plasmas is the fact that plasma arcs
and plasma torches have been differentiated, and plasma arcs have been categorised into
transferred arcs and non-transferred arcs [78]. However, it is known that transferred and
non-transferred arcs are essentially plasma torches [81]. In fact, the plasma torch uses an
arc which is extended by a gas flow. Furthermore, the technical term “plasma arc” should



Materials 2024, 17, 1687 10 of 30

be avoided, since an “arc” is an arc plasma. Hence, the categorisation and differentiation of
plasmas into plasma arcs and plasma torches is unnecessary.

The term “plasma arc” originated from “plasma arc welding”, which is essentially the
use of plasma torches. It is speculated that “plasma arc” just isolated itself from this term,
as it sounds attractive on its own. However, in the realm of plasma physics it is desirable to
append the word “plasma” as a suffix rather than a prefix, such as in, e.g., arc plasma, DBD
plasma, etc.

To avoid these confusions in the recent literature, the present review takes the follow-
ing definitions for plasma:

• Thermal plasmas refer to high-temperature plasmas, which are at an equilibrium state
or almost at an equilibrium state;

• Nonthermal plasmas refer to low-temperature plasmas which are at a non-equilibrium
state, or more specifically, whose electron temperature is much higher than the tem-
perature of the gas.

These definitions are not unique—they have already been established in other litera-
ture reviews [82]. With this background, different types of plasma processes in recycling
are reviewed, in conjunction with different types of economic models.

4. Thermal Plasmas in Recycling Processes

Thermal plasmas are most extensively used in recycling. They include plasma torches
and spark plasmas. In both cases, plasma is used to effectively heat up solid waste. Plasma
torches are commonly employed in plasma gasification (see Section 4.1) and metal recovery
(see Section 4.2), while spark plasmas are used to sinter ceramics (see Section 4.3). Plasma
torches are further classified into three different types in terms of their operation frequencies.
They are DC, RF, and MW plasma torches as shown in Figures 3–5. Table 2 summarises the
differences in these plasma torches.

Table 2. Comparison of plasma torches used for recycling.

Electrode Typical Max. Power Advantage DisadvantageReported [kW]

DC plasma torch Needed 118.8 [83] High power applicable
Contamination by
electrode erosion

RF plasma torch No need 75 [84] Electrodeless Use of matching network

MW plasma torch No need 10 [85,86]
Electrodeless,

Use of ignition system
arguably energy efficient

These are essentially the same with some minor differences, which make them suitable
for specific situations. Detailed descriptions are presented in Sections 4.1 and 4.2.

4.1. Plasma Gasification

A commonly used recycling process that utilises thermal plasmas is the thermal
gasification process. Plasma gasification produces a syngas (H2, CO) which can be used as
a fuel. The process also produces raw materials from which valuable resources, such as
hydrocarbons or ammonia, may be synthesised. It is evident that this process corresponds
to the recovery process in Figure 1, and therefore this is a tertiary recovery process in
Figure 2.

The plasma gasification process is a leading method for solid-waste treatment [87–133]
and has been reviewed quite extensively over the past several years [82,94–96,99,134,135].
This process, which usually involves thermal plasmas, is considered very effective and
environmentally friendly [109,110,134,136–146]. One important thing to note about the
plasma gasification process is that it is a purely thermal process.
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While there technically do exist gasification processes that do not utilise plasmas,
many cases where the term “gasification” is used implicitly refer to plasma gasification.

Done at high temperatures, plasma gasification entails the thermal decomposition of
waste. In the case of inorganic compounds, these are usually oxidised and turned into slag,
which can either be disposed of [147] or reused in materials like concrete [148], while the
organic compounds are turned into a syngas which has a double merit; not only is it a fuel,
but it is also cleaner than its more popular counterparts [87].

Syngas is environmentally friendlier than what is produced in gasification processes
that do not involve plasma, since hydrocarbons are produced for such processes. The
burning of hydrocarbons results in the production of CO2, whereas burning the hydrogen
gas in syngas from plasma gasification only produces H2O [107]. In the past, CO was also
used as a fuel [149], but it has recently been avoided due to its toxicity [150]. It is also worth
noting that while the components in the syngas may be used as a clean fuel, they can also
be used to make, e.g., ammonia (NH3), methane (CH4), methanol (CH3OH), formaldehyde
(HCHO), or formic acid (HCOOH).

A simplified schematic diagram of a typical plasma gasification process is shown in
Figure 10.

Figure 10. A diagram of the plasma gasification process.

Plasma gasification using thermal plasma involves a plasma torch, in which an electric
arc is generated and extended by a gas flow to heat the waste. The gas used to extend the
electric arc is often air, or oxygen-rich air. Sometimes, argon (Ar) is introduced as well so
that the ignition becomes easier at a lower voltage [12].

As for the plasma itself, its temperature can generally reach around 13,000 ◦C but
touches the waste in question at a much lower temperature, between 2700 to 4500 ◦C, which
is more than enough to decompose the target waste [151].

In recent publications, one can often find the terms “plasma pyrolysis” and “plasma
gasification”. Technically speaking, plasma pyrolysis is thermal decomposition of target
waste in “the near absence of oxygen” [152], while the presence of oxygen is encouraged in
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plasma gasification. However, these two terms are often used as synonyms [81,82,135,153],
and hence they are used synonymously in this review as well.

As illustrated in Figures 3–5, there are three main types of plasma torches that are
used for plasma gasification: DC plasma torches, RF plasma torches, and MW plasma
torches [81].

Due to the availability of large-scale power supplies, DC plasmas are capable of
generating a power output in the range of megawatts. Their main shortcoming is that since
the temperature of their arc is so high, the electrodes start to erode. Hence, impurities are
generated in the arc, and this affects the quality of the products which are processed by DC
plasmas [81].

RF plasmas can be generated in two ways: it can either be generated as an inductively
coupled plasma (ICP), or as a capacitively coupled plasma (CCP). In the ICP, the time-
varying magnetic field induces an electric field, whereas in the CCP, the electric field is
directly oscillated. The electron density can be higher in the ICP, whereas with the CCP,
a DC self-bias can be generated with an appropriate impedance-matching network, such
that the ions in the plasma are accelerated toward the powered electrode. This can be used
for physical etching of the target material. One must consider here that in gasification, a
rise in temperature is necessary; therefore, the ICP is more suitable in this case [154]. If it is
an ICP, RF plasmas are operated without the use of an electrode, and hence do not suffer
the disadvantage of generating impurities—the caveat being that they are less efficient
compared to DC plasma, generating only a few hundred kilowatts [81,135]. Additionally,
there are some issues with impedance matching [81,135].

MW plasmas can have a higher plasma density than RF plasmas, and their plasma
zone can also be much larger [78]. Their other advantages include that they are highly
effective and only require a “simple and robust” design for their reactor [82], while also
being a low-voltage operation. Additionally, they do not have any issues with impedance
matching, and they do not require electrodes either [135]. These are the reasons why some
researchers in the field consider MW plasmas to be the most superior type of thermal
plasmas [135]. However, MW plasmas do come with their own set of shortcomings. First,
MW plasmas generate the least amount of power out of the three types; they are generally
able to generate up to only 10 kW of power [81]. Furthermore, while they require the least
amount of power in sustaining the arc, the initial ignition of the arc requires a comparatively
high voltage [135] and thereby a separate ignition system, while neither DC nor RF plasma
requires this.

It is interesting to see just how many areas of waste management plasma gasifica-
tion is used in: the treatment of medical waste [141,155,156] and municipal solid waste
(MSW) [142,157], as well as deriving fuel from enhanced landfill mining (ELM) [158] and
from the conversion of coal [159] and biomass [160,161], as well as plenty more.

However, plasma gasification proves to be disadvantageous through the lens of eco-
nomic viability [113,162]. With regards to this, it is highly debatable whether plasma
gasification is necessarily the most efficient method of waste decomposition. As will
be discussed in Section 5.1, although low-temperature plasma (i.e., nonthermal plasma)
may also be used to gasify waste [91,96,118], the plasma gasification process primarily
involves thermal plasma which, as stated previously, inevitably involves an extremely
high processing temperature [96,118]. Additionally, it is not always the case that the waste
product needs to be decomposed into its molecular constituents, at least not to the extent
that plasma gasification allows. Here, one must take the waste management hierarchy
model and the circular economy model into consideration. If waste was decomposed to its
molecular components every time, the process is not as energy-efficient or as cost-effective
as reusing a less-decomposed part of the original material.

In terms of the waste management hierarchy model [163] in Figure 1, plasma gasifi-
cation corresponds to the recovery step, which is far from ideal. In other words, purely
economically speaking, plasma gasification is not the most ideal method of recycling using
plasmas. However, it is worth noting that the major advantage of plasma gasification
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renders the sorting of waste into specific categories unnecessary or at least reduces its need,
since the waste is decomposed into its molecular constituents anyway.

Currently, a motivating factor of plasma gasification research seems to be to maintain
the high gas temperature while decreasing the input power [135], as the high input power is
a major setback of the thermal plasma. However, since this type of plasma is inherently char-
acterised by a high input power and a high pressure, this is not an optimal solution. One can
only hope that the theoretical framework of plasma gasification is further developed to fix
its setbacks [82], and that the development of numerical models [142,156,157,161,164–170]
will optimise the efficiency and effectiveness of this process in the future. For example,
it may be advantageous for future numerical methods to simulate a situation in which a
temperature limit is set for the plasma discharge, such that the target material is selectively
thermally decomposed. For instance, selecting an appropriate temperature window may
facilitate selectivity [142,156,157,161,164–170].

4.2. Recovery of Metals

Plasma processes are also commonly used in the recovery of inorganic materials. For
example, as mentioned earlier, slag can be recovered in the gasification process for use
in construction.

Thermal plasma may also be used in the recovery of metals from waste. Most of
these cases involve thermal plasma torches. The recovery of metals also corresponds to
the recovery process in Figure 1 and therefore corresponds to tertiary recycling in Figure 2.
Pyrometallurgy and hydrometallurgy are commonly used techniques for recycling metal.
Pyrometallurgy is a thermal recycling technique that extracts metals from electronic waste,
often using thermal plasmas. In other words, if pyrometallurgy is employed, a thermal
plasma process is often involved. Hydrometallurgy is a wet process using liquids. It does
not require high temperatures but emits significant amounts of waste liquids.

For example, the recovery of metals from household uses, industrial applications
such as steel, aluminium, and copper, and electronic waste is one of the most popular
applications of thermal plasma [3,171–177], and it is commonly performed with secondary
batteries and waste circuit boards. However, the recycling of secondary batteries is compli-
cated, so it is discussed further in Section 5.3. For waste circuit boards, a plasma torch is
used to ensure that the organic molecule macrostructures in the circuit board are destroyed
to generate a syngas (plasma gasification), and the bonds connecting the metals and fibre-
glass boards are also broken efficiently [172]. However, the main purpose of this process
is not in the generation of combustible gases but rather the recovery of metals from the
waste. Indeed, the remaining metals exist in a mixture [175,177]. This mixture of metals can
then promptly be coupled with acid leaching and a depolariser to yield desirable metals
like copper, aluminium, and iron [177]. DC plasma torches are most often used for this
process, as the high temperature improves the separation of the slag metal [175]. In all
cases, thermal plasma torches are used, similarly to the plasma gasification process.

There are of course other applications of plasmas in the recovery of metals from
different types of waste. For example, another application of plasmas in this area is the
recovery of pig iron from red mud [178]. Red mud is a hazardous residue that is separated
from sodium aluminates during the Bayer process [178,179]. A DC plasma torch is used for
this process [178].

Similarly, electroplating sludges usually come from electroplating plants and consist of
a large quantity of heavy metals [180,181]. While metals like chromium and nickel among
others can be obtained from this waste using vitrification [180], in-flight treatment of the
waste with a DC plasma torch has also been used to obtain these same metals [182].

For galvanic sludge, a byproduct of industrial metal surface treatment, a DC plasma
torch is used for the decomposition [1,175].

Lastly, aluminium dross (or slag), which is considered an odorous hazardous waste [1,175,183],
may be treated using plasmas. This may achieved by using a plasma torch to recover
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aluminium at a very high efficiency [175,184], or by applying an MW plasma torch to
produce calcinated alumina [183].

For a comprehensive review of these processes, consult the review by Changming [175].
It is important to note, however, that some also consider the decomposition of zircon

to fall under this category [175]. This is not the case. It is indeed true that zircon refractories
may be thermally decomposed using plasmas [185,186], but these processes do not belong
in this waste decomposition category as zircon is not waste. Zircon is the source for
zirconia, a mineral with many uses [187], and additionally has been considered as one of
the leading hosts for radioactive waste [188,189]. Hence, zircon is not waste, and should
not be considered as such.

4.3. Spark Plasma Sintering

Spark plasma is used to sinter ceramics. The process is called spark plasma sintering,
which is also called plasma pressure compaction or pulsed electric current sintering, and it
is additionally referred to as a field-assisted sintering technique [190–204]. Spark plasma
sintering is a pressure-assisted sintering process, in which a material is subjected to a
simultaneous uniaxial pressure and high-intensity pulsed current induced by a spark.
It is similar to hot pressing, but in spark plasma sintering, thermal energy is directly
provided to a material by a current flow in a plasma. The original concept was proposed in
1912 [205], but its practical use started in the 1980s after the first laboratory-scale systems
were developed [206]. The development of commercial spark-plasma-sintering systems
induced a wide range of use for sintering.

Spark plasma sintering is also applied to waste processes. Spark plasma sintering
is proposed as a solid-state recycling technique [207], exemplifying the consolidation of
aluminium alloy scraps [208]. Calcareous waste concrete powder is processed by spark
plasma sintering [209], improving the flexural strength and modulus of the sintered bodies.
It is reported that rice straw agricultural waste can be processed by spark plasma sintering
to produce aluminosilicate matrices for caesium immobilization [210]. Calcium silicate
matrices are manufactured from boric acid production waste using spark plasma sintering
for removing and immobilizing 60Co [211].

5. Nonthermal Plasmas in Recycling Processes

Nonthermal plasmas are characterised by their high electron temperatures and low
gas temperatures, as listed in Table 1. The electron temperature is high enough to affect
the chemical bonding of molecules, while the gas temperature may be as low as room
temperature. They are therefore suitable for surface chemical processes and gas-phase
chemical processes. Gas-phase reactions in nonthermal plasmas typically involve several
hundred reactions [212]. On the other hand, since the gas temperature is low, nonthermal
plasmas do not exhibit optimal performance if a thermal process is desired for solids
or liquids.

Nonthermal plasmas may also be applied to waste recycling processes. A number of
their applications are listed below, and are discussed in detail in the following subsections:

• Plasma reforming;
• Wind turbine blade recycling;
• Battery recycling;
• Paper recycling.

In short, plasma reforming is an example of gas-phase reactions. In wind turbine blade
recycling, there has been an attempt to use nonthermal plasma for a moderate thermal
process with less success. Recycling processes for lithium-ion batteries and papers employ
plasma surface modifications.

5.1. Plasma Reforming

Plasma reforming is a very broad term that entails the production of usable fuels and
raw materials. Reforming is not only used for waste handling, but also the conversion of
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organic compounds like methane or other hydrocarbons and alcohols to hydrogen, syngas,
or valuable organic molecules [213–215].

Plasma reforming using nonthermal plasmas, at least in the literature, considers
only gas-phase reactions, since bulk properties of solids or liquids are not significantly
affected by the nonthermal plasma. Plasma reforming encompasses both (nonthermal)
plasma gasification and plasma liquefaction; these processes are possible using nonthermal
plasmas, by tuning the selectivity of reactions. The major difference between nonthermal
plasma gasification and plasma liquefaction is the state of the main product at room
temperature, whether it be gas or liquid; otherwise, they are essentially the same. The term
“plasma gasification” is mostly used for the thermal plasma process. To avoid confusion,
this review collectively refers to both nonthermal plasma gasification and nonthermal
plasma liquefaction as plasma reforming.

Nonthermal plasmas are often used in the production of hydrogen from waste plas-
tics [216–219], or for the conversion of methane [220–223] or other organic materials to
hydrocarbons [224,225]. A high selectivity is needed for such a process, and therefore,
nonthermal plasmas are desirable.

It is interesting to see that plasma reforming is often used for the treatment of organic
materials [224–229]. Namely, gasification or liquefaction via nonthermal plasmas is often
used in combination with biomass [230,231]. For example, this process is used to combine
biorefinery with the chemical recycling of plastics [232], to upgrade biomass vapours so
that biofuels may be produced [230], or for the refinery of biomass by removing tar from
it [231]. The last process particularly benefits from the plasma reforming process, as the
level of tar produced from this process is less than 0.1% of the level of tar in usual plasma
gasification processes [96].

Although it is reported that thermal gasification is also used in processes like the
decomposition of municipal waste [96], it is in fact an example of cold plasma pyrolysis, a
thermal process operated at around 600 ◦C that decomposes plastic waste with the help of
biological catalysts [91,233]. At this range of temperatures, this plasma process is regarded
as a nonthermal plasma process.

While admittedly the energy required for this process is significantly lower than if
one were to use thermal plasmas, the same shortcomings regarding economic viability
in terms of the two models still apply. This is to say, it still corresponds to the recovery
step in the waste management hierarchy model in Figure 1. There is also an additional
shortcoming regarding the efficiency of gasification; since gasification is a purely thermal
process, the low temperature of the nonthermal plasma is not advantageous to the speed of
this procedure. Hence, gas production using nonthermal plasmas is less efficient than with
thermal plasmas.

It is important to understand that plasma gasification is favourable if syngas or
hydrogen are desirable products. However, some processes may require the use of syngas
as a raw material in an organic compound. Since plasma reforming allows for the direct
formation of favourable compounds, this is the more appropriate process for such instances.

While plasma gasification produces a syngas, the corresponding main product pro-
duced in plasma liquefaction is liquid fuel. It is evident that this process, much like plasma
gasification, also corresponds to the recovery process in Figure 1 and is therefore also a
tertiary recovery process. The production of liquids is not possible using thermal plasmas,
since the temperatures achieved by thermal plasmas are too high for the target product fuel
to remain as a liquid that can still be further decomposed.

Plasma liquefaction using nonthermal plasma is a process by which solid biomass is
transformed into a liquid form, with the help of catalysts and solvents. This is an attractive
process, since producing liquid forms of fuels is advantageous [234]. Note the two following
reasons. Firstly, in applications other than in fuel, there is a preference to keep biomass in a
form where their molecules are decently large: this usually corresponds to a liquid form.
Secondly, transportation becomes easier when biomass is in a liquid form; the transport of
gaseous fuels requires containers that can sustain high gas pressures.
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5.2. Wind Turbine Blade Recycling

There are two major challenges in the recycling of wind turbine blades. The first
challenge is that wind turbine blades have a complicated structure, and the separation of
components can prove to be quite difficult [235]; therefore, primary recycling of these blades
is challenging. The second challenge is that wind turbine blades are partially made from
fibre-reinforced polymers (FRP), typically with high contents of inexpensive glass fibres.

FRPs are widely used in aerospace and aeronautics [236,237], construction [238–240],
transportation [241,242], and of course, wind energy, among many other areas. This is
due to their light weight, environmental friendliness, mouldability, resistance to corrosion,
and general mechanical properties [242]. FRPs are mainly composed of two materials:
1. fibres that are made of glass, carbon, or natural fibre [243] among others and 2. polymer
matrices, which are either thermoplastics or thermosets [244]. The fact that there are various
combinations for FRPs provides different challenges in their decomposition and separation.
Recycling by way of heating proves to be particularly difficult when thermosets are present
in the FRP, as thermosets remain hard when exposed to heat [245]. In wind turbine blades,
thermosets are generally used.

There are two main ways to separate glass fibres: first, by retaining the original shape
of the fibre, e.g., recycling glass fibres by using nonthermal plasma, or second, by melting
it at a high temperature [244]. In the former case, the physical properties of the fibre are
severely degraded, while the latter may only be performed at the laboratory level [241].
Additionally, the fact that glass fibre is not so expensive in the first place decreases the merit
of melting it, especially considering the cost associated with the recycling process. The
volume fraction of polymers in wind turbine blades is not very large. Although polymer
matrices in wind turbine blades are much more valuable for recycling than glass fibres, this
means that the plasma gasification of wind turbine blades produces significant amounts of
degraded glass while also producing a limited amount of syngas, even in comparison to
the regular plasma gasification process, which is unfavourable. Therefore, the wind energy
community considers that it is cheapest to directly dispose of FRPs in landfills, and this is
what is done in the majority of cases [246–249]. In this respect, it may be considered that
wind energy is not an environmentally friendly green technology. Admittedly, FRPs are
also used in electronic parts including circuit boards, whose wastes are generally handled
by thermal plasma as discussed before. The important difference when recycling electronic
wastes is that it primarily aims at recycling valuable metal components.

From this, it is not surprising to see that plasmas are not commonly used to recycle
FRPs in wind turbine blades. There have been attempts to upcycle the carbon fibre in
FRPs via pyrolysis, but the problem is that the upcycled carbon fibre is still degraded in
comparison to virgin carbon fibres. Even though the use of thermal plasma somewhat miti-
gates the amount of graphitization that is usually seen [250], the previous issues regarding
heat degradation still stand. However, the recovery of carbon fibres from carbon FRPs
via chemical swelling and plasma treatment has been performed with success; compared
to the original fibres, the recycled carbon fibres had 93.55% tensile strength and 118.76%
interfacial shear strength [251].

Recycling entire wind turbine blades has also been attempted [252,253], and while
researchers seem to be hopeful despite the degraded recycled products, the fact that most
wind turbine waste is disposed of in landfills suggests that research in this field has proved
to be unsuccessful so far.

5.3. Recycling Lithium-Ion Batteries

Lithium-ion batteries (LIBs) are referred to as secondary batteries, and are widely used
in cars, mobile phones, and the like.

Plasmas are commonly used in the production processes of LIBs [6,254–277]. Both
thermal plasmas [278–280] and nonthermal plasmas [281–285] are used for these production
processes. The recyclability of LIBs is limited, and there are also many challenges that such
a process would entail, which include the variety of battery designs and the limitations of
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current recycling technologies [286,287]. There are many expensive components in a LIB
that are preferably recovered rather than recycled, which complicates the recycling process
further [286]. Therefore, components are selectively recycled, and for LIBs, this is the case
for metal components.

Broadly speaking, there are two different methods of recycling LIBs:

1. A heat-based smelting process (pyrometallurgy);
2. A liquid-based leaching process (hydrometallurgy).

Of these, smelting is a thermal process for which thermal plasmas are often used [288].
However, nonthermal plasmas have also been used to recycle LIBs, albeit very briefly: for
example, to heat and combust the byproduct gas in an LIB recycling process [287], and the
used graphite anode in the LIB has been shown to be fully functional after reactivation
using a plasma jet [255]. According to the corresponding patent, the temperature of the
plasma torch is 1150 ◦C (ca. 900 K) [289]. Such a temperature can be easily achieved
using a quenched gliding arc. So, in this review, it is assumed to be a nonthermal plasma.
This process can be broadly considered as a part of recycling techniques, as properties of
substances or materials under the subjects are somehow recovered or improved so that they
are ready to use and or reuse. On a tangent, it is very important to consider that techniques
which have previously been considered out of the scope of recycling may potentially be
applied in relevant recycling processes.

The latter process would be an example of reuse, as in Figures 1 and 2.

5.4. Paper Recycling

De-inking used paper is a useful and environmentally conscious process in recy-
cling [290,291] and may be considered a tertiary recycling process that corresponds to the
recovery and recycling processes in Figures 1 and 2. While biological catalysts like cutinases
are commonly used [290,291], nonthermal plasmas, like atmospheric-pressure helium DBD
plasmas, are also employed to speed up these catalytic reactions in recycling [292]. One
may use MW low-pressure plasma to increase the hydrophilicity of the paper and decrease
its disintegration time. This treatment decreases the energy consumption of the de-inking
process [292,293].

In publications that discuss de-inking, references are sometimes made to “plasma jets”.
This is synonymous to a cold plasma torch, or a nonthermal plasma torch. In recent years, it
has been discovered that cold plasma torches that use helium are more efficient at increasing
the hydrophilicity of polymethyl methacrylate (PMMA) [294] than those that use argon.
This increase in wettability was found through surface characterization techniques, using
the contact angle measurements of PMMA with water [294]. When surface modification
plays an important factor in finding a solution in recycling processes, the concepts of surface
energy and surface tension, as well as simple surface characterisation techniques such as
contact angle measurements, are considered to be important [295–306].

These examples indirectly assist recycling processes. Enthusiastically considering
these indirect processes as plasma recycling techniques may lead to novel applications.

6. A Critique of Applying Plasmas in Recycling Processes

In general, thermal plasmas are suitable for thermal processes, while nonthermal
plasmas better suit applications in surface processes and gas-phase reactions. Since each
advantage is distinctively different, one possible perspective to synergistically combine
the processes of thermal and nonthermal plasmas in recycling can be to employ a thermal
plasma to generate gases, which are afterwards treated by a nonthermal plasma. Alter-
natively, after inorganic solids are processed by a thermal plasma, their surfaces may be
modified by a nonthermal plasma.

Both thermal and nonthermal plasma processes are known to be environmentally
friendly, dry processes that do not use solvents. However, one cannot neglect the expenses
induced by employing them into any specific application. The investment cost including a
plasma generator and a chamber usually dominates the expense of the process. It means
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that if the plasma system used is not efficiently used for mass production, the investment
cost may become high.

Another important issue is the use of electricity within the running cost. Plasmas used
for materials processing are electric gas discharges, which inevitably consume a certain
amount of electric energy. If the mass consumption of electrical energy is an issue, the use
of plasma should be avoided.

It is often the case that costs are the major driving force for selecting a process, and
not the effectiveness of the technologies themselves. Since this is also the case for recycling
processes, it is difficult to foresee future trends. For example, owing to recent serious devel-
opments in the generation and storage of electricity, as well as technological advancements,
the above concerns regarding expenses may become minor issues.

From the viewpoints of the recycling classifications discussed in Section 2, it is desir-
able not to destroy waste down to a molecular level, but to preserve bulk properties. In
this sense, nonthermal plasmas will play a more important role in solutions of recycling.
However, in order for nonthermal plasmas to play more important roles in recycling, an
overall change is required with respect to the design, manufacture, and suitability of the
treatment to a given process.

7. Conclusions

When thermal plasmas are used for waste management, these are generated in plasma
torches in all cases excluding spark plasma sintering. While the terminology differs from
publication to publication, it is seen that the processes are essentially all the same. It
has also been noted that when a large quantity of waste is thermally processed, this is
most efficiently achieved by using a thermal plasma; this also helps achieve the maximum
temperature. This is because the electrical impedance of thermal plasmas is low, so a high
current can be generated from a low voltage. This leads to a high-power process, in which
a high-temperature environment can easily be achieved from the Joule heat. With regards
to DC, RF, and MW plasmas, if the contamination from the electrodes melting is not a
significant issue, DC plasmas are the most efficient for large-scale processes.

The shortcomings of thermal plasmas are that a high power is needed to achieve
a high temperature, and that they need an environment or a container resistant to high
temperature. It is advisable to consider these limitations. Additionally, the residue waste
after gasification will also be exposed to high temperatures; for cases in which this is not
appropriate, it is important to select a process that does not reach very high temperatures.

The number of attempts that use nonthermal plasmas in recycling processes are
much less than for thermal plasmas. This is due to the fact that nonthermal plasmas are
unsuited for the high-speed processing of bulk solids or liquids. However, considering
their selectivity, gas-phase reactions, and their affinity for surface reactions with solids and
liquids, there are applications that are able to utilise these advantages.

Alternatively, one may consider nonthermal plasmas in processes that assist the main
recycling process. In these cases, nonthermal plasmas may be found to be increasingly
more useful. In reality, nonthermal plasmas are already used in recycling processes, even
if they are not explicitly defined as such. In order to improve recycling processes in the
future, this may be something worth considering.
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The following abbreviations are used in this manuscript:

MDPI Multidisciplinary Digital Publishing Institute
DC Direct current
AC Alternating current
RF Radiofrequency
MW Microwave
ICP Inductively coupled plasma
CCP Capacitively coupled plasma
MSW Municipal solid waste
ELM Enhanced landfill mining
DBD Dielectric barrier discharge
LIB Lithium-ion battery
PMMA Polymethyl methacrylate
FRP Fibre-reinforced polymer
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126. Tamošiūnas, A.; Gimžauskaitė, D.; Uscila, R.; Aikas, M. Thermal arc plasma gasification of waste glycerol to syngas. Appl. Energy
2019, 251, 113306. [CrossRef]

127. Vecten, S.; Wilkinson, M.; Bimbo, N.; Dawson, R.; Herbert, B.M. Hydrogen-rich syngas production from biomass in a steam
microwave-induced plasma gasification reactor. Bioresour. Technol. 2021, 337, 125324. [CrossRef]

128. Yin, K.; Zhang, R.; Yan, M.; Sun, L.; Ma, Y.; Cui, P.; Zhu, Z.; Wang, Y. Thermodynamic and economic analysis of a hydrogen
production process from medical waste by plasma gasification. Process Saf. Environ. Prot. 2023, 178, 8–17. [CrossRef]

129. Yoon, S.J.; Yun, Y.M.; Seo, M.W.; Kim, Y.K.; Ra, H.W.; Lee, J.G. Hydrogen and syngas production from glycerol through microwave
plasma gasification. Int. J. Hydrog. Energy 2013, 38, 14559–14567. [CrossRef]

130. Zhang, Q.; Dor, L.; Fenigshtein, D.; Yang, W.; Blasiak, W. Gasification of municipal solid waste in the Plasma Gasification Melting
process. Appl. Energy 2012, 90, 106–112. [CrossRef]

131. Zhang, Q.; Dor, L.; Zhang, L.; Yang, W.; Blasiak, W. Performance analysis of municipal solid waste gasification with steam in a
Plasma Gasification Melting reactor. Appl. Energy 2012, 98, 219–229. [CrossRef]

132. Zhang, Q.; Wu, Y.; Dor, L.; Yang, W.; Blasiak, W. A thermodynamic analysis of solid waste gasification in the Plasma Gasification
Melting process. Appl. Energy 2013, 112, 405–413. [CrossRef]

http://dx.doi.org/10.1016/j.fuproc.2014.06.028
http://dx.doi.org/10.1016/j.fuel.2015.02.059
http://dx.doi.org/10.1109/TPS.2008.2007643
http://dx.doi.org/10.1016/j.wasman.2018.08.048
http://www.ncbi.nlm.nih.gov/pubmed/30343813
http://dx.doi.org/10.1016/j.fuel.2015.09.095
http://dx.doi.org/10.1134/S0869864316040144
http://dx.doi.org/10.1016/j.ijhydene.2023.08.183
http://dx.doi.org/10.1016/j.wasman.2011.08.020
http://dx.doi.org/10.1016/j.energy.2020.117419
http://dx.doi.org/10.1016/j.energy.2021.122600
http://dx.doi.org/10.1109/TPS.2018.2844867
http://dx.doi.org/10.1016/j.wasman.2017.09.022
http://www.ncbi.nlm.nih.gov/pubmed/28965703
http://dx.doi.org/10.1016/j.enconman.2021.114635
http://dx.doi.org/10.1186/s40580-023-00386-2
http://dx.doi.org/10.3390/en12010137
http://dx.doi.org/10.1016/j.enconman.2020.112508
http://dx.doi.org/10.1016/j.rser.2021.111762
http://dx.doi.org/10.1016/j.biombioe.2010.09.010
http://dx.doi.org/10.1016/j.jclepro.2022.134684
http://dx.doi.org/10.1109/TPS.2016.2533363
http://dx.doi.org/10.3390/en10050710
http://dx.doi.org/10.1016/j.apenergy.2019.113306
http://dx.doi.org/10.1016/j.biortech.2021.125324
http://dx.doi.org/10.1016/j.psep.2023.08.007
http://dx.doi.org/10.1016/j.ijhydene.2013.09.001
http://dx.doi.org/10.1016/j.apenergy.2011.01.041
http://dx.doi.org/10.1016/j.apenergy.2012.03.028
http://dx.doi.org/10.1016/j.apenergy.2013.03.054


Materials 2024, 17, 1687 24 of 30

133. Zhang, Q.; Dor, L.; Biswas, A.K.; Yang, W.; Blasiak, W. Modeling of steam plasma gasification for municipal solid waste. Fuel
Process. Technol. 2013, 106, 546–554. [CrossRef]

134. Fabry, F.; Rehmet, C.; Rohani, V.; Fulcheri, L. Waste gasification by thermal plasma: A review. Waste Biomass Valorization 2013,
4, 421–439. [CrossRef]

135. Oliveira, M.; Ramos, A.; Ismail, T.M.; Monteiro, E.; Rouboa, A. A review on plasma gasification of solid residues: Recent advances
and developments. Energies 2022, 15, 1475. [CrossRef]

136. Achinas, S.; Kapetanios, E. Efficiency evaluation of RDF plasma gasification process. Energy Environ. Res. 2013, 3, 150–157.
[CrossRef]

137. Agon, N.; Hrabovský, M.; Chumak, O.M.; Hlína, M.; Kopecký, V.; Mašláni, A.; Bosmans, A.; Helsen, L.M.; Skoblia, S.; van Oost,
G.; et al. Plasma gasification of refuse derived fuel in a single-stage system using different gasifying agents. Waste Manag. 2015,
47, 246–255. [CrossRef] [PubMed]

138. Montiel-Bohórquez, N.D.; Agudelo, A.F.; Pérez, J.F. Effect of origin and production rate of MSW on the exergoeconomic
performance of an integrated plasma gasification combined cycle power plant. Energy Convers. Manag. 2021, 238, 114138.
[CrossRef]

139. Montiel-Bohórquez, N.D.; Saldarriaga-Loaiza, J.D.; Pérez, J.F. Analysis of investment incentives for power generation based
on an integrated plasma gasification combined cycle power plant using municipal solid waste. Case Stud. Therm. Eng. 2022,
30, 101748. [CrossRef]

140. Cudjoe, D.; Wang, H. Plasma gasification versus incineration of plastic waste: Energy, economic and environmental analysis.
Fuel Process. Technol. 2022, 237, 107470. [CrossRef]

141. Chen, H.; Li, J.; Li, T.; Xu, G.; Jin, X.; Wang, M.; Liu, T. Performance assessment of a novel medical-waste-to-energy design based
on plasma gasification and integrated with a municipal solid waste incineration plant. Energy 2022, 254, 123156. [CrossRef]

142. Chu, C.; Boré, A.; Liu, X.W.; Cui, J.; Wang, P.; Liu, X.; Chen, G.; Liu, B.; Ma, W.; Lou, Z.; et al. Modeling the impact of some
independent parameters on the syngas characteristics during plasma gasification of municipal solid waste using artificial neural
network and stepwise linear regression methods. Renew. Sust. Energ. Rev. 2022, 157, 112052. [CrossRef]

143. Mountouris, A.; Voutsas, E.C.; Tassios, D.P. Solid waste plasma gasification: Equilibrium model development and exergy analysis.
Energy Convers. Manag. 2006, 47, 1723–1737. [CrossRef]

144. Mountouris, A.; Voutsas, E.C.; Tassios, D.P. Plasma gasification of sewage sludge: Process development and energy optimization.
Energy Convers. Manag. 2008, 49, 2264–2271. [CrossRef]

145. Moustakas, K.G.; Fatta-Kassinos, D.; Xydis, G.A.; Malamis, S.; Haralambous, K.J.; Loizidou, M.D. Demonstration plasma
gasification/vitrification system for effective hazardous waste treatment. J. Hazard. Mater. 2005, 123, 120–126. [CrossRef]
[PubMed]

146. Moustakas, K.G.; Xydis, G.A.; Malamis, S.; Haralambous, K.J.; Loizidou, M.D. Analysis of results from the operation of a pilot
plasma gasification/vitrification unit for optimizing its performance. J. Hazard. Mater. 2008, 151, 473–480. [CrossRef] [PubMed]

147. Galeno, G.; Minutillo, M.; Perna, A. From waste to electricity through integrated plasma gasification/fuel cell (IPGFC) system.
Int. J. Hydrog. Energy 2011, 36, 1692–1701. [CrossRef]

148. Sanjaya, E.; Abbas, A. Plasma gasification as an alternative energy-from-waste (EFW) technology for the circular economy: An
environmental review. Resour. Conserv. Recycl. 2023, 189, 106730. [CrossRef]

149. Homel, M.; Gür, T.M.; Koh, J.H.; Virkar, A.V. Carbon monoxide-fueled solid oxide fuel cell. J. Power Sources 2010, 194, 6367–6372.
[CrossRef]

150. Trimm, D.L. Minimisation of carbon monoxide in a hydrogen stream for fuel cell application. Appl. Catal. A Gen. 2005, 296, 1–11.
[CrossRef]

151. Favas, J.; Monteiro, E.; Rouboa, A. Hydrogen production using plasma gasification with steam injection. Int. J. Hydrog. Energy
2017, 42, 10997–11005. [CrossRef]

152. Bhatt, K.P.; Patel, S.; Upadhyay, D.S.; Patel, R.N. A critical review on solid waste treatment using plasma pyrolysis technology.
Chem. Eng. Process. 2022, 177, 108989. [CrossRef]

153. Huang, H.; Tang, L. Treatment of organic waste using thermal plasma pyrolysis technology. Energy Convers. Manag. 2007,
48, 1331–1337. [CrossRef]

154. Lei, F.; Li, X.; Liu, Y.; Liu, D.; Yang, M.; Yu, Y. Simulation of a large size inductively coupled plasma generator and comparison
with experimental data. AIP Adv. 2018, 8, 015003. [CrossRef]

155. Erdogan, A.A.; Yilmazoglu, M.Z. Plasma gasification of the medical waste. Int. J. Hydrog. Energy 2021, 46, 29108–29125. [CrossRef]
[PubMed]

156. Erdogan, A.A.; Yilmazoglu, M.Z. Experimental and numerical investigation of medical waste disposal via plasma gasification.
Appl. Energy 2024, 353, 122014. [CrossRef]

157. Indrawan, N.; Mohammed, S.; Kumar, A.; Huhnke, R.L. Modeling low temperature plasma gasification of municipal solid waste.
Environ. Technol. Innov. 2019, 15, 100412. [CrossRef]

158. Diaz-Silvarrey, L.S.; Zhang, K.; Phan, A.N. Monomer recovery through advanced pyrolysis of waste high density polyethylene
(HDPE). Green Chem. 2018, 20, 1813–1823. [CrossRef]

159. Galvita, V.; Messerle, V.E.; Ustimenko, A.B. Hydrogen production by coal plasma gasification for fuel cell technology. Int. J.
Hydrog. Energy 2007, 32, 3899–3906. [CrossRef]

http://dx.doi.org/10.1016/j.fuproc.2012.09.026
http://dx.doi.org/10.1007/s12649-013-9201-7
http://dx.doi.org/10.3390/en15041475
http://dx.doi.org/10.5539/eer.v3n1p150
http://dx.doi.org/10.1016/j.wasman.2015.07.014
http://www.ncbi.nlm.nih.gov/pubmed/26210232
http://dx.doi.org/10.1016/j.enconman.2021.114138
http://dx.doi.org/10.1016/j.csite.2021.101748
http://dx.doi.org/10.1016/j.fuproc.2022.107470
http://dx.doi.org/10.1016/j.energy.2022.123156
http://dx.doi.org/10.1016/j.rser.2021.112052
http://dx.doi.org/10.1016/j.enconman.2005.10.015
http://dx.doi.org/10.1016/j.enconman.2008.01.025
http://dx.doi.org/10.1016/j.jhazmat.2005.03.038
http://www.ncbi.nlm.nih.gov/pubmed/15878635
http://dx.doi.org/10.1016/j.jhazmat.2007.06.006
http://www.ncbi.nlm.nih.gov/pubmed/17624665
http://dx.doi.org/10.1016/j.ijhydene.2010.11.008
http://dx.doi.org/10.1016/j.resconrec.2022.106730
http://dx.doi.org/10.1016/j.jpowsour.2010.04.020
http://dx.doi.org/10.1016/j.apcata.2005.07.011
http://dx.doi.org/10.1016/j.ijhydene.2017.03.109
http://dx.doi.org/10.1016/j.cep.2022.108989
http://dx.doi.org/10.1016/j.enconman.2006.08.013
http://dx.doi.org/10.1063/1.5016354
http://dx.doi.org/10.1016/j.ijhydene.2020.12.069
http://www.ncbi.nlm.nih.gov/pubmed/33840883
http://dx.doi.org/10.1016/j.apenergy.2023.122014
http://dx.doi.org/10.1016/j.eti.2019.100412
http://dx.doi.org/10.1039/C7GC03662K
http://dx.doi.org/10.1016/j.ijhydene.2007.05.039


Materials 2024, 17, 1687 25 of 30

160. Hlína, M.; Hrabovsky, M.; Kopecký, V.; Konrad, M.; Kavka, T.; Skoblia, S. Plasma gasification of wood and production of gas
with low content of tar. Czechoslov. J. Phys. 2006, 56, B1179–B1184. [CrossRef]

161. Ismail, T.M.; Monteiro, E.; Ramos, A.; El-Salam, M.A.; Rouboa, A. An Eulerian model for forest residues gasification in a plasma
gasifier. Energy 2019, 182, 1069–1083. [CrossRef]

162. Munir, M.T.; Mardon, I.; Al-Zuhair, S.; Shawabkeh, A.; Saqib, N.U. Plasma gasification of municipal solid waste for waste-to-value
processing. Renew. Sust. Energ. Rev. 2019, 116, 109461. [CrossRef]

163. Ibarra, R.M. Chapter 20—Recycling of thermosets and their composites. In Thermosets: Structure, Properties, and Applications;
Woodhead Publishing: Philadelphia, PA, USA, 2018; ISBN 978-0-08-101021-1. [CrossRef]

164. Ibrahimoglu, B.; Cucen, A.; Yilmazoglu, M.Z. Numerical modeling of a downdraft plasma gasification reactor. Int. J. Hydrog.
Energy 2017, 42, 2583–2591. [CrossRef]

165. Minutillo, M.; Perna, A.; Di Bona, D. Modelling and performance analysis of an integrated plasma gasification combined cycle
(IPGCC) power plant. Energy Convers. Manag. 2009, 50, 2837–2842. [CrossRef]

166. Okati, A.; Khani, M.R.; Shokri, B.; Monteiro, E.; Rouboa, A. Numerical modeling of plasma gasification process of polychlorinated
biphenyl wastes. Energy Rep. 2021, 7, 270–285. [CrossRef]

167. Zitouni-Petrogianni, A.; Voutsas, E. Modeling, optimization and cost analysis of municipal solid waste treatment with plasma
gasifcation. Environ. Process. 2021, 8, 747–767. [CrossRef]

168. Sakhraji, M.; Ramos, A.; Monteiro, E.; Bouziane, K.; Rouboa, A. Plasma gasification process using computational fluid dynamics
modeling. Energy Rep. 2022, 8, 1541–1549. [CrossRef]

169. Tavares, R.; Ramos, A.; Rouboa, A. A theoretical study on municipal solid waste plasma gasification. Waste Manag. 2019,
90, 37–45. [CrossRef]

170. Zhang, Q.; Dor, L.; Yang, W.; Blasiak, W. Eulerian model for municipal solid waste gasification in a fixed-bed plasma gasification
melting reactor. Energy Fuels 2011, 25, 4129–4137. [CrossRef]

171. Samal, S.; Blanco, I. An overview of thermal plasma arc systems for treatment of various wastes in recovery of metals. Materials
2022, 15, 683. [CrossRef]

172. Bai, L.; Sun, W.; Yang, Z.; Ouyang, Y.; Wang, M.; Yuan, F. Laboratory research on design of three-phase AC arc plasma pyrolysis
device for recycling of waste printed circuit boards. Processes 2022, 10, 1031. [CrossRef]

173. Szałatkiewicz, J. Metals recovery from waste of printed circuit boards processed in plasmatron plasma reactor. IFAC Proc. Vol.
2013, 46, 478–483. [CrossRef]

174. Mitrasinovic, A.; Pershin, L.; Wen, J.Z.; Mostaghimi, J. Recovery of Cu and valuable metals from E-waste using thermal plasma
treatment. JOM 2011, 63, 24–28. [CrossRef]

175. Changming, D.; Chao, S.; Gong, X.; Ting, W.; Xiange, W. Plasma methods for metals recovery from metal-containing waste. Waste
Manag. 2018, 77, 373–387. [CrossRef]

176. Wang, S.B.; Cheng, C.M.; Lan, W.; Zhang, X.H.; Liu, D.P.; Yang, S.Z. Experimental study of thermal plasma processing waste
circuit boards. Adv. Mater. Res. 2013, 652–654, 1553–1561. [CrossRef]

177. Rath, S.S.; Nayak, P.; Mukherjee, P.S.; Chaudhury, G.R.; Mishra, B.K. Treatment of electronic waste to recover metal values using
thermal plasma coupled with acid leaching—A response surface modeling approach. Waste Manag. 2012, 32, 575–583. [CrossRef]

178. Rath, S.S.; Jayasankar, K.; Bijoy, K.S.; Mishra, B.K.; Mukherjee, P.S. Kinetics and statistical behaviour of iron recovery from red
mud using plasma arc furnace. High Temp. Mater. Process. 2011, 30, 211–215. [CrossRef]

179. Tang, W.; Khavarian, M.; Yousefi, A. Chapter 14—Red Mud. In Sustainable Concrete Made with Ashes and Dust from Different Sources;
Woodhead Publishing: Kidlington, UK, 2022; ISBN 978-0-12-824050-2. [CrossRef]

180. Chou, I.C.; Kuo, Y.M.; Lin, C.; Wang, J.W.; Wang, C.T.; Chang-Chien, G.P. Electroplating sludge metal recovering with vitrification
using mineral powder additive. Resour. Conserv. Recycl. 2012, 58, 45–49. [CrossRef]

181. Kabtamu, D.M.; Wu, Y.n.; Chen, Q.; Zheng, L.; Otake, K.i.; Matović, L.; Li, F. Facile upcycling of hazardous Cr-containing
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