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Abstract: For decades, significant work has been conducted regarding plastic waste by dealing with
rejected materials in waste masses through their accumulation, sorting and recycling. Important
political and technical challenges are involved, especially with respect to landfilled waste. Plastic
is popular and, notwithstanding decrease policies, it will remain a material widely used in most
economic sectors. However, questions of plastic waste recycling in the contemporary world cannot
be solved without knowing the material, which can be achieved by careful sampling, analysis and
quantification. Plastic is heterogeneous, but usually all plastic waste is jointly handled for recycling
and incineration. Separation before processing waste through the analytical approach must be
applied. Modern landfill mining and site clean-up projects in contemporary waste management
systems require comprehensive material studies ranging from the macro-characterization of waste
masses to a more detailed analysis of hazardous constituents and properties from an energy calorific
standpoint—where, among other methods, thermogravimetric research coupled with life cycle
assessment (LCA) and economic assessment is highly welcomed.
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1. Introduction: Plastic as a Material and Waste

Plastic is widely used in industry, domestic, chemical engineering, construction and many other
applications. The most important problem of plastic materials is that many of them degrade slowly
and, as particles decrease in size, the problem becomes less visible but remains the main concern.
No doubt everyone has seen plastic throughout the environment; its accumulation is of particular
in oceans [1]. Degradation involves a range of physical and chemical processes, photodegradation,
melting, etc., depending on the chemical composition of a material. However, environmental concerns
are crucial nowadays. Scientists point out that we live in the Plasticene era [1,2], where geologists
already find plastic conglomerates as deposits. Furthermore, the ocean biota are overwhelmed with
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plastic, both in water and biomass. Solutions for plastic waste are widely discussed—the first is to
substitute; the second is to recycle sorted waste or reuse waste for energy. Furthermore, there is a huge
amount of landfilled historical waste that is hard to sort and preliminary separation while investigating
properties during landfill mining is compulsory.

Recycling and recovery, minimization of consumption of the landfilled waste are extremely
important; however, striving for ‘beyond zero waste’ is challenging for today and the future [3]. There
are more than half a million dump sites just in Europe, where a plethora of plastic waste is buried and
forgotten by the linear economy [4].

2. Concerns, Challenges and Solutions in Plastic Waste Treatment

Challenges. With the growth in population and economic development, the production of municipal
solid waste in Europe and worldwide presents high-risk or irreversible changes in the environment
through the replenishment of resources and the diffuse spread of contamination in ecosystems, oceans
and soils. How to deal with this problem is a task for all nations; however, it is important to split the
problem into smaller parts, and one of the solutions is that plastic, together with other materials, might
be employed as an alternative energy resource by implementing the ‘waste-to-energy’ concept [5-7].
This is already being regulated by the European Union (EU) Parliament directive on waste and is
becoming more and more popular [8]. Moreover, it provides the diversification of waste processing
options [9].

Recycling. In assessing the end-of-life management solutions of plastics, there is no doubt that
the best possible approach is recycling, while it must be taken into consideration that only 15-20%
of all plastic waste can be effectively recycled using conventional technologies [10]. Solutions that
do not lead to the disintegration of plastic’s polymeric structure (e.g., landfilling or uncontrolled
dumping) are categorically undesirable due to actual or potential environmental pollution with
microplastics [11]. While comparing the disintegrating methods of plastic waste treatment—incineration
and pyrolysis/gasification—the results of a life cycle assessment (LCA) point to pyro-gasification or
pyrolysis as the preferable methods [12,13].

Pyro-Gasification. Among the major problems hampering the implementation and wide use of
waste material pyro-gasification, the high diversity and heterogeneity of waste materials should be
considered. Different thermal behavior of various waste leads to very complex processes in a reactor:
some compounds decompose in a melted state, others melt without decomposition, while other
constituents decompose without melting. Furthermore, the decomposition characteristics of some
compounds can impact the decomposition of others [10]. Polymers and synthetic resins are giant
organic molecules with various properties of density, shear strength, etc.; as the size of the molecule
rises, the melting or softening point increases—such materials become stronger and more rigid. Thus,
to advance the processing of municipal waste materials containing plastic, there is a need to increase
the understanding of the thermal transformation process of plastic waste materials. This knowledge is
especially valuable considering the need to develop pyrolysis/gasification technologies [14-16].

Resource Recovery. Nevertheless, thermal methods are not the only solutions. As for the upcoming
century, one of the biggest challenges is to provide mankind with relevant and sufficient resources.
Recovery options of secondary resources play a significant role [17]. Industrial processes developed
to regain minerals for the production of commodities in a circular economy have become ever more
important in the EU and worldwide. This led to the development of the landfill mining (LFM)
concept, which constitutes an important technological toolset of processes that regains resources and
redistributes them. Simultaneously reduction of environmental contamination spread and other threats
for human health possibly emerging from former dump sites and landfills is done [3,18]. ‘Classical
LFM’ is a useful technology to discover hidden resources and look at the big picture of resources
from the local, regional and global perspectives. It is called the ‘beyond zero waste’ concept, where
mankind, instead of conquering space and the abyssal plains to conduct mining in the deepest oceans
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on the Earth, is starting with the reuse of historically dumped materials—of which plastic waste is a
significant part [19].

Landfill Research. A landfill is a complex mixture of organic and inorganic waste such as
contaminated soil, organic materials, oily sludge from car washes, plastic, etc. [20]. It contains
extremely heterogeneous materials in organic and inorganic forms and usually there is a lack of
information about its composition, volume and physical chemical properties [21,22]. Therefore, an
analytical toolset is needed to establish physical and chemical properties to find suitable methods for
recycling and recovering if landfill resources are to be mined. First of all, a geological investigation
has to be performed—sampling for landfill mining characterization studies has been evaluated in
several works [22-25]. The most common categories of landfilled waste are as follows: soft plastic,
rigid plastic, wood, paper, ferrous metals, nonferrous metals, ceramics, textile, rubber, stones, glass
and unidentified material (fine particles of waste that cannot be identified by visual inspection) [26,27].

Environmental Concerns about Nanoplastics. Environmental concerns appear with use of nano-sized
materials including plastics and polymers [28]. Critical evaluation of human and environmental risks
posed by these nanomaterials, especially those with a high production volume, requires analysis.
This is because nanomaterials are materials that combine nano-sizes and high chemical reactivity.
Nanomaterials pass treatment systems and accumulate in unpredictable ways in biomass [29]. There is
an urgent need for broad and integrated studies that address the risks of engineered nanomaterials and
other emerging pollutants, including their impacts on waste composition, to consider them for landfill
mining and the recovery of valuables [30], as well as the recovery potential of the nanomaterial itself.

The future hypothesis is that a portion of ancient waste, including plastics, might achieve important
potential that can be referred to as the ‘reserves’ or ‘bank account” of nowadays for the future of the
circular economy.

3. Thermogravimetry as a Promising Method in Plastic Waste Decomposition

The only way to permanently eliminate plastic waste is by destructive thermal treatment such as
combustion or pyrolysis. However, it must be considered that recycling is not a way to eliminate final
disposal, but only an approach that allows the final disposal to be postponed [31]. Thermochemical
waste processing methods such as pyrolysis and/or gasification are often viewed as advanced
waste-to-energy approaches. This point of view must be considered as outdated today, when we are
trying to build up circular cycles of materials. Simple waste-to-energy is an approach of the 20th
century that must be viewed as a way to return resources that today are considered as waste, and that
cannot be recycled in a simpler way, back into the cycle, by using thermal distillation and fractionation.
The main problem limiting the pyrolysis and gasification of plastic waste is the presence of halogens
in the composition of some plastics. Halogens may act as acid-forming substances causing damage
to technical equipment. In the case of pyrolysis to liquid fuels, halogens act as pollutants that make
the resulting fuel unusable [32]. Furthermore, halogens can become a source of persistent organic
pollutants, some of which are very well studied [33], while others are almost unknown [34]. The
decomposition of halogen-containing polymers strongly differs from the decomposition of ‘clean’
plastic materials (Figure 1).

The dechlorination of polyvinylchloride (PVC) takes place at significantly lower temperatures
than the decomposition of other plastics, while the development of fluorine-containing species occurs
at much higher temperatures. First of all, these qualities may be used to sort out unwanted chemical
elements (especially chlorine) from feedstock by a multistage thermal process with precise temperature
control. Secondly, it gives the opportunity to control feedstock quality in automated regime, using a
very simple and cheap method, called thermogravimetry, by using decomposition maximums specific
for halogenated plastics as indicators of the presence of unwanted elements [16,35].

The thermal decomposition or co-gasification of plastic waste with coal and biomass has been
studied and the conversion efficiencies of waste polyethylene (PE) and polyethylene terephthalate
(PET) were determined [36]. The paradigmatic change of perception of municipal waste from simply
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waste to an opportunistic form of energy appears to be promising. For example, in the United Arab
Emirates, where fossil fuels are very cheap and tax-free, the question of sustainable energy creation
from waste has been addressed by policy makers [37]. Business ventures to recover waste for energy or
for petrochemical fuels have appeared for sorted plastic feedstock (such as PE, PET, polypropylene (PP),
polystyrene (PS), and polyvinylchloride (PVC)), because of their predominance (>50%) in packaging.
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Figure 1. Decomposition temperature of various polymers.

Thermogravimetry as a Research Method. Gasification could diminish environmental hazards and
pressure on landfills, increase energy outputs and could be expanded for LFM excavated waste [38—40].
The analytical tool to study the thermal decomposition of organic materials, including plastic [41,42],
can be performed under atmospheric, inert conditions, or in oxygen is a thermogravimetric analysis.
This tool can be used to describe the combustion and pyrolysis of combustible materials and their
mixtures [42] as well as the thermal behavior of plastic—for example, thermal susceptibility and
flammability [43], melting processes during the thermal treatment, etc. However, the high heterogeneity
of waste plastic compositions can be considered a problem, depending on the region, country, season
and many other factors. The high heterogeneity of plastic waste samples hampers the use of thermal
decomposition studies on specific municipal waste samples as well as the extrapolation possibilities of
the obtained results.

Thermal decomposition in a nitrogen atmosphere usually occurs in a range of temperatures
(400-500 °C). The decomposition of natural rubber is observed earlier at 300 °C. The decomposition of
the most widespread fluorine organic polymer requires a temperature of 480 °C to 585 °C. The potential
opportunity to take away problematic elements from mixed plastic waste using precise temperature
control (in the range of 375-385 °C) is attractive, while the interval of 470480 °C is appropriate for
the pyrolysis of plastic waste without initiation of the development of fluorine containing volatiles.
Significant amounts of stable carbon form due to the presence of rubbers, PVC and PET in feedstock;
therefore, heating methods that are not disturbed by the formation of carbon, e.g., inductive heating,
are preferable for use in these technologies.

Examples of Thermogravimetry. Polyamide polymers known under the market name nylons are the
group of polymers mainly used as synthetic textiles. The material analyzed by us, nylon 6, is one of the
most significant representatives of this group in the world’s market. As it is shown in Figure 2, nylon 6
undergoes one-staged complete decomposition, which can be significantly affected by an oxidative
environment. In nitrogen, the process occurs at 400-510 °C and reaches the maximum intensity at 463
°C. An oxidative atmosphere initiates a very slow decomposition substage at 300400 °C with Am
equal to 5%, divides the main decomposition process in multiple substages, reduces its intensity and
shifts the stabilization temperature up to 530 °C.
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Figure 2. Decomposition of synthetic polyamide nylon 6 in nitrogen (on the left) and in oxygen (on the
right).

Another example, shown in Figure 3, is of polytetraflourethylene (PTFE), also known as
teflon/Gore-Tex. This is very stable polymer due to the strong C-F bond shielded by a highly
electronegative fluorine atom [44]. In nitrogen, PTFE completely decomposes at the temperature
interval of 480-630 °C with a maximum at 586 °C and a pronounced secondary maximum at 610 °C. An
oxidative atmosphere shifts the beginning of decomposition to a higher temperature (500 °C), strongly
increases the intensity of the reaction, reduces the intensity of the secondary maximum and reduces
the temperature of stabilization to 610 °C [16].
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Figure 3. Decomposition of polytetraflourethylene (PTFE) in nitrogen (on the left) and in oxygen (on
the right).

An oxidative environment has different impacts on the decomposition of plastic materials.
Pyrolysis without oxidation seems to be much simpler and easier to manage than oxidative pyrolysis,
and elimination of the presence of oxygen is very important not only considering the quality of the
resulting pyrolysis products, but also considering the simplicity of the operation of the pyrolysis
equipment [15,16].

If gasification is the best solution, it will be shown with the time; however, small- to medium-scale
gasification plants might be the best solution from an economic-environmental point of view as waste
landfilling and recycling facilities nowadays are centralized. The decentralization and transformation
of closed small to medium dumps and the implementation of local to regional gasification (or
co-gasification) facilities that might work simultaneously with landfill-mined old waste and new sorted
material represent new options to be exploited [14].

4. Discussion on Economic Background

Plastic waste creates 30-50% of landfilled waste. Because of the high heterogeneity of the plastic
mixed waste in closed historical landfills, only thermal methods might appear attractive for the clean-up
and possible recycling of waste in the transformation of waste to energy, waste to oils and waxes,
waste to syngas, biochar and other useable materials. Another physical problem is increased moisture
and dirt coupled with tiny degraded plastic particles. Finally, from an economic point of view, it
should be noted that China has already banned the import of plastic waste and, therefore, all the waste
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exporters are currently looking for alternative markets, including large exporters such as the USA
and Europe. This ban will lead to saturated markets and price decreases, which will greatly influence
European recycling industries. Morgan Stanley and the Wall Street Journal reported that 87% of plastic
waste in the EU was exported to China. The UK industry currently ships about 4.5 million tons of its
waste to China. This includes around 494,000 tons of plastic waste and 1.4 million tons of recovered
paper. Germany exported around 800,000 tons of plastic to China in 2017, and 1.2 tons during previous
years. USA also exported tremendous amounts of plastic before the ban. In addition, the Chinese
ban could result in more virgin plastic consumption. It could shift about 2% of global polyethylene
plastics supply from recycled to new plastic materials. According to Morgan Stanley, China is already
increasing its imports of virgin plastics—it imported 19% of virgin polyethylene and reduced its scrap
polyethylene imports by 11% in 2017. The USA plastic industry is preparing for this shift—four new
plants will begin annual production of 3.6 million tons of polyethylene. On the other hand, it was
calculated that the municipal solid waste buried in old landfills of China and the energy embedded in
the buried plastic waste amount to 1.37 billion tons of standard coal equivalent, which is 38% of the
total annual energy consumption of China (3.62 billion tons of standard coal in the year 2012) [45].

Important circular priorities, due to their interpretation in different business environments (e.g.,
repair, remanufacture, repurpose), are dependent on the development state of the country. Overall, the
circular transition takes time and political will [4].

5. Conclusions

Energetic utilization of reclaimed landfill material in conventional waste-to-energy facilities is
generally possible, even if incineration went out of fashion some time ago. The necessity to re-cultivate
old landfill sites will increase in the future, predominantly driven by factors such as ecology and urban
planning. Modern landfill mining and site clean-up projects in contemporary waste management
systems require comprehensive material studies ranging from the macro-characterization of waste
masses to more detailed analyses of hazardous constituents and properties from an energy calorific
standpoint, where thermogravimetric research coupled with LCA and economic assessment is highly
welcomed. All the properties of plastic’s original status are usually changed due to physical, chemical
and biological influence over time. Moisture, impurities (even after special cleaning) and ash are the
problems to be solved for recovery of LFM plastic waste in a circular economy. Therefore, extensive
studies of landfill waste have been performed in the Baltic States, Sweden, the USA, Benelux countries
and elsewhere. In the future, if large clean-up projects are planned through LFM processing, the use of
thermogravimetry is important to estimate calorific values as well as the thermal conversion process in
itself, upscaling the data to simulation.

Gasification is not a competitor of recycling, but LFM waste after the removal of inert material,
recyclable metals, glass and paper—pre-processing and after-processing—must increase the amount of
recyclables in a circular economy. Additionally, many end-of-life plastic waste, wood residues and
paper can serve as a good, high energy feedstock for gasification since they cannot be sorted out and
recycled otherwise. An additional benefit is the availability of small-scale plants eligible for gasification
when other solutions are economically impractical.
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