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Pyrolysis is one of the most popular thermo-chemical treatment (TCT) methods known today. This is due to their immense
impacts on the environment and their operational output. The significant role of pyrolysis with waste plastics as feedstock is
trending. Most of these waste plastics which include high-density polyethylene (HDPE), low-density polyethylene (LDPE),
polyethylene terephthalate (PET) and polystyrene (PS), have continued to render our environment, our health and oceans in
deplorable conditions. This entry presents an assurance into the current findings of waste plastic thermal pyrolysis (WPTP)

and revealed some common research gaps and misconceptions surrounding this field.

waste plastics environmental pollution Pyrolysis useful materials

1. Common Influential Factors of Waste Plastic Thermal Pyrolysis
(WPTP)

Fundamentally, the process steps for pyrolysis as well as its complementing factors are significant to the general application
of pyrolysis. Thus, with thermal pyrolysis being the basis of any pyrolysis process, such factors influence the process and
eventually the outcome (products) in one way or the other. Inasmuch as most studies emphasise the effects of thermal
pyrolysis temperature, heating rate and chemical composition of feedstock with reference to the product yield, the general
essence of factors that affect pyrolysis is overwhelmingly significant. Common among other factors include the reactor type,
residence time and pressure, as discussed below. These factors have continued to influence many types of research

including their modification and further developments.

Various types of research over the years have depicted factors that affect plastic thermal pyrolysis, including the products of
pyrolysis. Reputable among these types of research are those conducted by Jung et al. &l and Zhang et al. [&, in which they
investigated the influence of pyrolysis temperature stretching from 200 °C to 800 °C. Banik et al. &, Gai et al. [4, Hassan et
al. ¥ and Mandal et al. [¢! looked into both pyrolysis temperature and feedstock as pyrolysis factors, and Zhao @ showcased
the effect of pyrolysis temperature, residence time and heating rate associated with a range of waste plastics, such as
polypropylene (PP), polycarbonate (PC) and high impact polystyrene (HIPS). As mentioned earlier, the significance of the
factors affecting plastic pyrolysis glues to and targets the desired yields and the pyrolysis process in general. These factors
influence the molecular structure of pyrolytic products (yields). The major factors include the chemical composition of the
feedstock under investigation, reactor type, cracking or decomposition temperature and heating rate, residence time and

operating pressure.

1.1. Chemical Composition of the Feedstock

The major component of this uniqueness is characteristic of the chemical structure of the feedstock. In research conducted
by Sun et al. [ it was established that the proportion of hydrogen (H), one of two of the major constituents of plastics,

shrank in all kinds of biochars, triggered by the elimination of moisture content and thus, dehydrogenation. Furthermore,
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upon the completion of the pyrolysis, the content of nitrogen (N) in coffee grounds, shrunk, but an increase was observed in
corn stalk. Similarly, for PVC feedstock, the composition is comprised of HCl/vinyl chloride, an impurity, and this is a source
for the pyrolytic yield of (H) and other fuel energies. Kim & pyrolytically experimented with PVC feedstock to produce

bioenergy through both a thermodynamic and kinetics study that revealed the production of bioenergy as a promising way to

go.

Buekens 19 highlighted three groups of plastics. From these groups, the first, a catalytic or peroxide-initiated polymerisation
of monomer(s), happens to be among the most desirable groups of plastics for the purpose of feedstocks for pyrolysis 19,
Thus, the quality of plastic-derived fuels is dependent largely on the process and the feedstock. The diesel-range products in
LDPE-derived fuels constitute similar linear alkane chains as those found in conventional diesel. In addition to this, additives
otherwise referred to as impurities, are associated with these feedstocks as contaminants, leading to a negative influence on
the feedstock performance, and hence poor product yields. Fundamentally, the feedstock is a significant factor, if not the
most significant of all, and with it (waste plastic) being chemically recycled into monomers, a mixture of chemicals or
conversion into fusion gas or reducing gas called fuels or other useful products are attainable 22 with the aid of the reactor
type that may be used in the pyrolysis.

1.2. Reactor Type

The type of reactor utilised in pyrolysis is just as significant as the fuel yield 2. Nonetheless, as mentioned earlier, other
factors are also significant to the yield percentage and fineness. In a study performed by Buekens 29, the selection of the
reactor type is due principally to technical considerations, primarily its feed and residue handling characteristics and heat
transfer. The selecting of a reactor is a key approach towards the mechanics of pyrolysis and is pivotal to product delivery.
This consequently explains the rationale behind the fact that the following two steps take effect from the
moment waste plastic goes into the reactor: (1) fusion of the waste plastics and (2) pyrolysis of the fused
waste plastics.

With reference to step one, a non-stop feeding system is permissible for controlled pyrolysis. Hence, the need for
improvement on this step is feeding into the reactor using different reactors 12131, Separating the above two steps fosters
the minimisation of secondary product formation, such as methane, char and even liquid (polycyclic aromatic hydrocarbons,
PAHs) 141, with the different reactors used for the experiment, including screw reactors, fluidised beds, conical spouted beds
and even spouted bed reactors, solid material particles were made use of, coated with the fused plastics, thereby facilitating
the heat and mass transfer between the plastics and the gas. Free-fall reactor is another notable reactor type, which Ellens
(23] ytilised to produce biofuels. In this work, the performance of a modern central composite design of the experiments leads
to the optimisation of the reactor. As mentioned in section 1.1, the feedstock (polymeric materials) utilised in pyrolytic
processes are often subjected to pre-treatments and related procedures before they are put into the reactors and related
mechanisms. Many processes proposed scenarios wherein the polymer is first scattered in a salt bath or quenched in a pool
of molten polymer or wax to lessen the viscosity of the meltdown 19, Furthermore, other processes can recommend the
utilisation of the exceptional heat transfer and combining properties of fluidised bed, thermal or even catalytic reactors. The
application of an extruder is a similar practical example of this. The extruder serves as a pre-treatment mechanism that links
to the reactor for an optimal pyrolysis process.

Fluidised bed reactors are among the notable reactors known in today’s chemical industry, especially regarding the

processes associated with solid elements. According to Zafar [28], fluidised bed furnaces are among the most used pyrolysis
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reactors in the chemical industry, as well as rotary hearth furnaces and rotary kilns. A major reason for this is the nature by
which they are built, a continuous feeding system 14, and their high heating capabilities 28, Pandey et al. 12 used a
fluidised bed reactor in their pyrolysis of waste plastics to produce environmentally friendly products. They highlighted
that fluidised bed reactors are one of the most reputable reactors utilised in the continuous conversion process of waste
plastics pitching towards operational optimisation. However, the conical spouted bed reactor has shown a more vigorous
movement of solid particles than in that of bubbling fluidised bed reactors. With reference to many citations by authors, this
stimulates the minimisation of the defluidisation problems of volatile sand melted plastic melting coating, influencing the

fusion of the waste plastics and pyrolysis of the fused waste plastics.

1.3. Decomposition Temperature and Heating Rate

The decomposition otherwise termed cracking temperature and heating rate in pyrolysis are as significant as the process of
pyrolysis itself. The temperature in this context refers to external heat/thermal application. This cracking or reaction
temperature can vary due to other factors, such as the type of waste plastic feedstock and the desired product. For example,
Singh and Ruj 29 ytilised a reaction temperature of 450—-600 °C to yield gaseous products from PE, PP, PS, and PET as
waste plastic feedstock, whereas, in the work conducted by Zafar 8l it was 350-800 °C for bio-oil production using
municipal solid wastes (MSW) as feedstock. Regarding the literature review by Gao 21, the reaction temperature with PE is
emphasised as the most vital factor that inclined the whole pyrolysis process. However, this reaction temperature can vary
even for similar reactors and feedstock materials. The variance in the position of the temperature sensor of the reactors
discussed in different studies is the reason for the difference in temperatures for the same reactor type and feedstock
composition 2. Another study conducted by Buekens 19 proved that temperature is the most vital functional factor
associated with pyrolysis. Decomposition temperature establishes both the rate of thermal disintegration and the stability of
feedstock and products yielded upon the completion of the reaction. This means that there must be some cracking or
degradation in the first instance for pyrolysis to occur. Heat and thus, the cracking temperature are the key parameters in this
process. Cracking or the decomposition temperature is the point at which the degradation of the polymers (plastic in this
case) takes effect, but with varying pyrolytic impacts with respect to the state of the product. Lépez et al. 22 proved that
temperature strongly affects the characteristics of pyrolytic liquids and to a lesser extent in gas and solid properties. With
reference to a work conducted by Singh and Ruj 2%, an increment in temperature favours an increase in oil yield in plastic
pyrolysis. In fact, with this rise in the oil yield, the polymeric aromatic components of the municipal plastic wastes (MPW) also
increase in formation. Generally, with an increase in temperature, the oil density decreases. In a study by Mansur et al. 23],
the breakdown of the plastic materials into chemicals of low carbon chains (say C8-C9) was partial, yet significantly
supported by the influence of heat and temperature. The heat and/or temperature in pyrolysis can adopt a range of low,
moderate or high temperatures to produce new materials. For example, a high temperature (>600 °C) and both vacuum and
yield dilution facilitate the manufacture of basic insignificant gaseous molecules 9. However, a low temperature (<400 °C)
and expanded pressure, point to additional viscous liquid yields, elevated rates of pyrolysis, an immense coking capability
and extra minor products and dehydrogenation (9. |t is worth noting that the plastic liquefaction of oil mainly consists of
cyclic chemical compounds. Additionally, cyclic compounds are known to constitute higher boiling points than their acyclic or
open-chain isomers. This means if the conversion of such oil into a more refined oil or related valuable yields, further

cracking is required. Hence, more heat energy and longer residence time.

It is imperative to note that the formation of char is voluminous with MPW being that the feed materials sourced from MSW
consist of extra particles and related impurities 24231, The study used virgin or simulated plastic waste pyrolysis for its

verification. The quantity of char produced was typically low. This difference in the results can point to the presence of
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impurities and related contamination factors, such as additives 24, Wang et al. 28 found that biochars prepared at an
increased pyrolysis temperature, heighten the productions of (H) and established that the pH cushioning volume is the
central component of biochar promoting fermentative (H) production. Unlike biochar, other petrochemical wastes, such as
plastics in general, require a higher pyrolysis temperature to increase the degree of carbonisation 22, Hydrogen (H) and
carbon (C) are the most predominant constituent elements of these petrochemical wastes. Additionally, aside from (H) and
(C) formations, gaseous products (also constituents of H and C) are the other reputable materials acquired. Singh and Ruj
[29] reported the effect and formation of gaseous products with respect to the experimental tests, demonstrating that an
increase in (H,), gives rise to a temperature increment with a decrease in low molecular weight hydrocarbons (HCs). This
seems to be in agreement with Buekens 19, whose work revealed that the increase in temperature significantly influences
the relative stability of a variety of products, including the kinetics and physical conditions of the reacting mixture.
Nonetheless, the initial stage of pyrolytic reactions was solidly affected by the spectre of additives, such as pigments,
plasticisers and stabilisers. As such, a medium temperature ranging between 400-500 °C was chosen, and the plastics were
in a liquid phase, whereas ‘gas phase’ processes made way for liquid polymer films, spreading across the grains of the
fluidised bed pyrolysis reactor type 29, These additives in the feedstock that affect the initial stage of the pyrolysis process
do so not only after the decomposition of temperature and heating rate but also the residence time as well to allow complete

reaction.

1.4. Residence Time

Residence time, otherwise referred to as reaction time, is another pivotal factor of plastic pyrolysis. Research has shown that
primarily decomposition/reaction temperature determines the required residence time. Short residence time is believed to aid
the creation of primary products, such as monomers, while the creation of more thermodynamically stable products, such as
H,, methane (CH,), aromatics and (C) are linked to long residence times 2. Monomers of plastics can include but are not
limited to, the organic compounds of ethylene, propylene, styrene, vinyl chloride, formaldehyde and even phenol 28, The
formation of these monomers, including other HCs, such as propane, and n-butane is influenced by the residence time of
volatiles in a reactor 22, As mentioned earlier, there is a strong relationship between reaction temperature and residence
time. Singh and Ruj 29 pointed out this relationship in their work, in which the effect of residence time is portrayed to be
large at higher temperature process requirements, leading to the production of heavier HCs in gas and in oil than in wax, with
PE as feedstock. This is among the conditions under which no carbon monoxide (CO) and/or carbon dioxide (CO,) is
noticeable, but there is certainly a noticeable increase in H, production. The production of CO, CO, and H, gases are
associated with waste plastic pyrolysis as oxidation occurs during pyrolysis. This is referred to as oxidative pyrolysis, giving
rise to the production of non-condensable gases, such as CO and CO, One other significant effect of this condition is the
recovery time of non-condensable gases, which is perceived to be a smaller amount at increased temperatures, but with a
generally increased yield upon increasing the operating temperature. This is technically in alignment with thermal pyrolysis.
However, optimising this approach with the aid of a catalyst has experimentally shown that the yield of such non-
condensable materials can increase exponentially. A reputable example for this scenario can be seen in a work carried out
by Singh and Ruj 29 and Gao [21. They revealed that with the application of a ZSM-5 catalyst, the percentage of the non-
condensable gases is boosted from 17% w/w to approximately 60% w/w by adding 10% w/w NKC-5 into the PE feedstock.
The residence time can be strongly identified from the positions at which the classification of pyrolysis is analysed.
Technically, each of these classifications has a different definition of what residence time is. Slow pyrolysis (and batch
process), which is the conventional pyrolysis, depicts residence time as the time duration from when the waste plastic begins
to heat up to that when the products are attained 9. This means that a slow heating rate and long residence time are

associated with this class of pyrolysis, and it enhances the yield of the carbonisation process, resulting in a greater yield of
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tar and char. With a longer residence time, a further conversion process of the primary products into secondary ones (such
as light molecular weight hydrocarbons and non-condensable gases), which are more thermally stable [2IEAB1 g
achievable. A long residence time is known to foster light hydrocarbon yields (21, unlike a short residence time, in which case
the volatiles minimise the formation of secondary products, such as methane, liquid and char 2332 Fast, or otherwise
referred to as a continuous pyrolysis process, defines this as the contact time from the point the plastic touches the hot

surface until the end of the reaction 33!,
1.5. Pressure

Operating pressures influence both pyrolysis processes and their subsequent products. Operating pressures in pyrolysis can
be either low or high. A low pressure (under vacuum or in the presence of inert diluent) favours the production of primary
products, including monomers, whereas complex liquid fractions are associated with high pressures 9. With high pressure,
the boiling point of pyrolytic products attains an increment. This increment fosters a pressurised environment, a condition in
which heavy HCs are further pyrolysed rather than vaporised at a given operating temperature 4. Essentially, as explained
in the work of Sato and Sakata 4, more heat energy is permissible for increased HC cracking with respect to a pyrolysis
system subjected to a pressurised reaction. The issue of a pressurised system is associated with high pressure, in effect. It is
worth looking at Figure 1a, which is a graphical representation of Gay Lussac’s Law, to put this into context. As such, with an
increase in pressure, the system becomes compressed, implying less occupying space for the gases (non-condensable
gases in this case), thereby giving rise to a reduction in their average molecular weight due to their increased speed. In the
computed Table 1 below, Sato and Sakata 24 showed this effect. Furthermore, the role of temperature with respect to
pressure is depicted; the relationship is directly proportional. With a temperature increase, the pressure increases

(pressurised), thereby increasing the motion of the gas molecules (gas yield for the case of pyrolysis).

Temperature Vs Pressure

—
(=]

Pressure (MPa)
O = ROW OBV O~ 0 WD

1 2 3 4 5
Temperature (*C)

(a)

https://encyclopedia.pub/entry/20138 5/11



Waste Plastic Thermal Pyrolysis | Encyclopedia.pub

Waste plastics

feedstock
Pl . T TN
AL - T

Equal number of
gas molecules

T2= 2Ta

P2 =2P1 .-.?--‘i -

V1=V2 "-....*‘..)'

N1= N2 ST IR s
s Ti... . -
':‘d‘ f':. :-'-.

Ti<T2

-® g
P1< P2 Bunsen Burer Hest Source
(b)
Figure 1. (a) A graphical representation of Gay Lussac’s Law, (b) A schematic of Gay Lussac’s Law (adapted from [32)),

Table 1. Relationship of pressure with respect to the different temperatures for gas yield (adapted from (4],

Gas Yield/wt vs. Degeneration Pressure/Mpa

@ 410 °C 6.4vs. 0.1 7.0vs.0.2 9.0vs. 0.4 10.4vs. 0.6 13.0vs. 0.8
@ 420 °C 4.4vs.0.1 5.4vs. 0.2 6.0vs. 0.4 7.3vs. 0.6 8.0vs. 0.8
@ 430 °C 4.3vs.0.1 4.4vs.0.2 5.2vs. 0.4 6.0vs. 0.6 6.2vs. 0.8
@ 440 °C 3.8vs. 0.1 4.0vs. 0.2 48vs. 04 5.0vs. 0.6 5.8vs. 0.8

The graphical representation in Figure 1a is a theoretical display of Gay Lussac’s Law, which asserts that the pressure of a
given quantum of gas at ideal conditions held at a constant mass and volume is directly proportional to the temperature
involved 28, In the context of pyrolysis, the heating of the system paves the way to increased temperatures. This engages
the molecules of the waste plastic feedstock in an excited state, increasing their impacts on the reactor walls. Hence, a
pressurised reaction system is established. This then gives rise to the increased motion of the gas molecules, as depicted in
Figure 1b and supported by Gao and Sato and Sakata 2134, Figure 1b gives a schematic glance into what Gay Lussac’s
Law is, with waste plastics as feedstock materials. The reaction chamber with the heat source (T, < T;) shows an increased
motion of the gas molecules of the feedstock, hitting one another, thereby giving rise to a more pressurised system, and,

hence, a gaseous yield.

With reference to Gao [2ll it is revealed that at high pressure, the yield of non-condensable gases increases, but with a
decrease in the liquid yield. Lower molecular weight gases are typical examples of such non-condensable gases, and they

include gases that constitute CO and CO,. Partial vacuum, otherwise termed negative pressure, is a key factor in plastic
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pyrolysis as it ensures the minimisation of oxidation reactions, and further hastens the removal of gaseous vapours pitching
towards the reduction of secondary reactions’ incidence in the process chamber of a pyrolytic reactor B4, Oxidation is bound
to occur during plastic pyrolysis or even during oxidative pyrolysis, due to the presence of oxygen in the structure of plastics.
Generally, nitrogen (N,) can be used as the purging substance for the removal of air and related contaminants in the
chamber, thus it does not necessarily participate in the reaction process. This is essential since pyrolysis constitutes
oxidation; oxygen, water, or related reagents are barred. Furthermore, the elimination or the formulation of a barrier towards
undesirable by-products is realised. As a result, during this process, the waste plastic is gently ‘cracked’ at relatively low
temperatures to enhance the primarily straight-chain aliphatic HCs with a minimal formation of by-products. Thermal
pressure is known to be a significant player, especially in the context of plastic recycling. According to a Central Pollution
Control Board report, it takes between 2-3 times only as per virgin plastic material recycling, since plastic materials

deteriorate due to the thermal pressure on every recycling process 28!,

However, high temperatures and heating rates, low pressures and residence times facilitate the formation of major products.

Equally, long residence times lead to a prevalence of other steady products, such as methane and cooking gases 19,

2. Active Commercial Plastic Pyrolysis Processes and
Technologies

As many solutions are emergent on the management and useful handling of waste plastics and related polymeric wastes
around the globe, many parts of the world have been and are continually developing pyrolysis mechanisms and other
chemical reaction systems to enhance this. Thus, waste plastic pyrolysis (WPP) plants have been developed and built in
many countries. In research conducted by Fivga et al. B2, an industrial-scale pyrolysis plant was modelled for production
yield optimisation and economic viability of waste plastics into heavy fuel-oil alternatives. The net present value (NPV) and
payout period (PO) of the plant were calculated technically to attain this. The calculated model is in support of the literature
reported by Liu et al. 4% and Gao 3. Aboulkas et al. 2 developed and utilised a special laboratory fluidised bed pyrolysis
reactor to produce gasoline and styrene monomers with PE as feedstock. However, two key factors concerning the
effectiveness and use of pyrolysis plants are tied to the effects of the feedstock composition and the adjoining technology. In
Section 1.1, a detailed investigation is carried out on the chemical composition of the feedstock. The remainder of the
subsections of Section 1 can be grouped under ‘technology’, as the second of two factors surrounding the effectiveness and
utilisation of pyrolysis processes or pyrolysis plants. Thus, feedstock and the technology utilised are two of the most

significant factors encompassing the effectiveness and utilisation of pyrolysis processes/plants.

3. A Brief Quality Guarantee Analysis of Waste Plastic Pyrolytic
Liquid Fuel and Conventional Diesel

With reference to the New Zealand diesel regulations, 18 requirements are utilised in the conventional diesel comparison
with plastic-derived fuels. These 18 requirements are grouped into thermodynamic properties, component distribution,
performance properties and flow properties. Benzene, toluene and xylene (BTX) aromatics can be grouped under plastic-
derived fuels. Jung et al. “3 produced BTX aromatics from pyrolignic waste PE and PP plastics with the support of a
fluidised bed reactor. The investigation centred on feed rate, decomposition temperature, and the influence of the fluidised
bed on the product range. These properties align with two (thermodynamic properties and component distribution) of the four

groups of the '18 requirements' for diesel comparison with plastic-derived fuels, as stated earlier. These same two groups
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can be linked to the HC yields of mixed plastics as reported by Sophonrat et al. 44, Distinct treatments are utilised in relation
to the two product distributions of HCs and oxygenated materials obtained. The third group, performance properties can be
connected to their study as per the circular economic benefits (useful industrial materials, chemicals and/or energy
recoveries) of the products. The two products including the plastic-derived (cetane-index-based) product of HCs are
produced via multi-step pyrolysis with reference to their various reaction temperatures that encompass the thermodynamic
property group as explained above. From the regulation for commercial types of diesel, the cetane number or cetane index is
the most significant thermodynamic properties, as they depict the auto-ignition conditions of the fuel 2. Fuel density and the
distillation range are used for the cetane number calculation. These parameters can be found as part of the regulatory
requirements; hence, all three properties (cetane index, fuel flow and fuel performance) are essential for the property
makeup of diesel.

Essentially, the constituent elemental compositions for each of the waste plastics in comparison to either gasoline or diesel
are approximately the same, but with a minimal difference in the sulphur (S) content, which can be taken care of in the
pyrolysis of plastics. This highlights the fact that waste plastics can indeed be pyrolysed into liquid fuels or petrochemical
products. It also proves that waste plastics are products of crude oil or petroleum. The high heating values (HHV) for PE is
nearly equivalent to that of gasoline and diesel in the size of 46 MJ/kg #3481, Going by this, PE being a significant feedstock
in high yields of pyrolytic liquid fuels, as explained above, concludes the liquid-fuel potential associated with PEs, and is
supported by a range of experimental kinds of literature.

| 4. Practical Implications of this Literature

The underlying practicalities of this research cover a range of benefits in the chemistry and chemical engineering fields, the
environment, industrial-scale production and research supports, among other related implications. It reveals some common
gaps and misconceptions surrounding waste plastics pyrolysis and provides clear arguments against them. These
misconceptions and gaps such as pyrolysis not being a sustainable solution to waste plastics and the idea that waste plastic
is indeed wealth due to its potential of being converted into fuel and other useful materials. Practically, these are challenges
(current and/or future) embedded in this field. This literature offers a detailed understanding of the major factors that
influence WPTP. Furthermore, the review paper aids the future work of other researchers in this field and will enable them to
attain meaningful conclusions.

References

1. Jung, K.-W,; Kim, K.; Jeong, T.-U.; Ahn, K.-H. Influence of pyrolysis temperature on characteristics and
phosphate adsorption capability of biochar derived from waste-marine macroalgae (Undaria pinnatifida
roots). Bioresour. Technol. 2016, 200, 1024-1028.

2. Zhang, X.; Zhang, P.; Yuan, X.; Li, Y.; Han, L. Effect of pyrolysis temperature and correlation analysis on
the yield and physicochemical properties of crop residue biochar. Bioresour. Technol. 2019, 296, 122318.

3. Banik, C.; Lawrinenko, M.; Bakshi, S.; Laird, D.A. Impact of Pyrolysis Temperature and Feedstock on
Surface Charge and Functional Group Chemistry of Biochars. J. Environ. Qual. 2018, 47, 452—-461.

4. Gai, X.; Wang, H.; Liu, J.; Zhai, L.; Liu, S.; Ren, T.; Liu, H. Effects of Feedstock and Pyrolysis Temperature
on Biochar Adsorption of Ammonium and Nitrate. PLoS ONE 2014, 9, e113888.

https://encyclopedia.pub/entry/20138 8/11



Waste Plastic Thermal Pyrolysis | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Hassan, M.; Liu, Y.; Naidu, R.; Parikh, S.J.; Du, J.; Qi, F.; Willett, I.R. Influences of feedstock sources and

pyrolysis temperature on the properties of biochar and functionality as adsorbents: A meta-analysis. Sci.
Total Environ. 2020, 744, 140714.

. Mandal, S.; Donner, E.; Vasileiadis, S.; Skinner, W.; Smith, E.; Lombi, E. The effect of biochar feedstock,

pyrolysis temperature, and application rate on the reduction of ammonia volatilisation from biochar-
amended soil. Sci. Total Environ. 2018, 627, 942-950.

. Zhao, X.; Zhan, L.; Xie, B.; Gao, B. Products derived from waste plastics (PC, HIPS, ABS, PP and PAG)

via hydrothermal treatment: Characterization and potential applications. J. Chemosphere 2018, 207, 742—
752.

. Sun, Y.; Gao, B.; Yao, Y.; Fang, J.; Zhang, M.; Zhou, Y.; Chen, H.; Yang, L. Effects of feedstock type,

production method, and pyrolysis temperature on biochar and hydrochar properties. Chem. Eng. J. 2014,
240, 574-578.

. Kim, S. Pyrolysis kinetics of waste PVC pipe. Waste Manag. 2001, 21, 609-616.

Buekens, A. Introduction to Feedstock Recycling of Plastics. In Feedstock Recycling and Pyrolysis of
Waste Plastics; Scheirs, J., Kaminsky, W., Eds.; John Wiley & Sons, Ltd.: Brussels, Belgium, 2006; pp. 3—
41.

Moses, K. Production and Characterization of Liquid Fuel from Mixed Plastic Wastes Using Catalytic
Pyrolysis. Master’s Dissertation, Makerere University, Kampala, Uganda, 2014.

Aguado, J.; Serrano, D.P.; Escola, J.M. Catalytic Upgrading of Plastic Wastes. In Feedstock Recycling and
Pyrolysis of Waste Plastics; Scheirs, J., Kaminsky, W., Eds.; John Wiley & Sons, Ltd.: Mostoles, Spain,
2006; pp. 73-110.

Mastellone, M.L.; Perugini, F.; Ponte, M.; Arena, U. Fluidized bed pyrolysis of a recycled polyethylene.
Polym. Degrad. Stab. 2002, 76, 479-487.

Della Zassa, M.; Favero, M.; Canu, P. Two-steps selective thermal depolymerization of polyethylene. 1:
Feasibility and effect of devolatilization heating policy. J. Anal. Appl. Pyrolysis 2010, 87, 248-255.

Ellens, C.J. Alternative Pyrolyzer Design: Free Fall Reactor. lowa State University Center for Sustainable
Environmental Technologies; 2021. Available online: https://www.cset.iastate.edu/research/current-
research/alternative-pyrolyzer-design-free-fall-reactor/ (accessed on 3 January 2020).

Zafar, S.; Pyrolysis of Municipal Wastes. BioEnergy Consult Powering a Greener Future. Available online:
https://www.bioenergyconsult.com/pyrolysis-of-municipal-waste/ (accessed on 27 November 2021).

Al-Salem, S.M.; Antelava, A.; Constantinou, A.; Manos, G.; Dutta, A. A review on thermal and catalytic
pyrolysis of plastic solid waste (PSW). J. Environ. Manag. 2017, 197, 177-198.

Mastral, F.J.; Esperanza, E.; Garcla, P.; Juste, M. Pyrolysis of high-density polyethylene in a fluidised bed
reactor. Influence of the temperature and residence time. J. Anal. Appl. Pyrolysis 2002, 63, 1-15.

Pandey, U.; Stormyr, J.A.; Hassani, A.; Jaiswal, R.; Haugen, H.H.; Britt, M.E. Pyrolysis of Plastic Waste to
Environmentally Friendly Products. In Energy Production and Management in the 21st Century 1V;

https://encyclopedia.pub/entry/20138 9/11



Waste Plastic Thermal Pyrolysis | Encyclopedia.pub

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Moldestad University of South-Eastern Norway: Kongsberg, Norway, 2020; p. 61.

Singh, R.K.; Ruj, B. Time and temperature depended fuel gas generation from pyrolysis of real world
municipal plastic waste. Fuel 2016, 174, 164-171.

Gao, F. Pyrolysis of Waste Plastics into Fuels. Ph.D. Thesis, University of Canterbury, Christchurch, New
Zealand, 2010.

Lépez, A.; de Marco, |.; Caballero, B.; Laresgoiti, M.; Adrados, A. Influence of time and temperature on
pyrolysis of plastic wastes in a semi-batch reactor. Chem. Eng. J. 2011, 173, 62-71.

Mansur, D.; Simanungkalit, S.P.; Fitriady, M.A.; Safitri, D. Liquefaction of Plastic for Fuel Production and
Application of Volcanic Ash as Catalyst. 2018. Available online: https://aip.scitation.org/doi/pdf/10.1063/1
(accessed on 17 September 2020).

Muhammad, C.; Onwudili, J.A.; Williams, P.T. Thermal Degradation of Real-World Waste Plastics and
Simulated Mixed Plastics in a Two-Stage Pyrolysis—Catalysis Reactor for Fuel Production. Energy Fuels
2015, 29, 2601-2609.

Adrados, A.; de Marco, |.; Caballero, B.; Lopez, A.; Laresgoiti, M.; Torres, A. Pyrolysis of plastic packaging
waste: A comparison of plastic residuals from material recovery facilities with simulated plastic waste.
Waste Manag. 2012, 32, 826—832.

Wang, G.; Li, Q.; Dzakpasu, M.; Gao, X.; Yuwen, C.; Wang, X.C. Impacts of different biochar types on
hydrogen production promotion during fermentative co-digestion of food wastes and dewatered sewage
sludge. Waste Manag. 2018, 80, 73-80.

Li, W.; Cheng, C.; He, L.; Liu, M.; Cao, G.; Yang, S.; Ren, N. Effects of feedstock and pyrolysis
temperature of biochar on promoting hydrogen production of ethanol-type fermentation. Sci. Total Environ.
2021, 790, 148206.

Freudenrich, C. How Plastics Work. 2007. Available online: https://science.howstuffworks.com/plastic2.htm
(accessed on 7 January 2020).

Aguado, J.; Serrano, D.P.; Vicente, G.; Sanchez, N. Enhanced Production of a-Olefins by Thermal
Degradation of High-Density Polyethylene (HDPE) in Decalin Solvent: Effect of the Reaction Time and
Temperature. Ind. Eng. Chem. Res. 2007, 46, 3497-3504.

Ludlow-Palafox, C.; Chase, H.A. Microwave-induced pyrolysis of plastic wastes. Ind. Eng. Chem. Res.
2001, 40, 4749-4756.

Miller, S.J.; Shah, N.; Huffman, G.P. Conversion of waste plastic to lubricating base oil. Energy Fuels
2005, 19, 1580-1586.

Kaminsky, W. Pyrolysis with Respect to Recycling of Polymert. First Published: October 1995. Available
online: https://onlinelibrary.wiley.com/doi/10.1002/apmc.1995.052320110 (accessed on 14 September
2020).

Ayhan, D. Effects of temperature and particle size on bio-char yield from pyrolysis of agricultural residues.
J. Anal. Appl. Pyrolysis 2004, 72, 243-248.

https://encyclopedia.pub/entry/20138 10/11



Waste Plastic Thermal Pyrolysis | Encyclopedia.pub

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Sato, M.K.K.; Sakata, Y. Effect of pressure on thermal degradation of polyethylene. J. Anal. Appl. Pyrolysis
2004, 71, 569-589.

Chem.Fsu.Edu, (n.d). Gas Laws—Gay Lussac’s Law. Available online:
https://www.chem.fsu.edu/chemlab/chm1045/gas_laws.html (accessed on 5 July 2021).

Helmenstine, A. Gay-Lussac’s Law—Definition, Formula, Examples. Available online:
https://sciencenotes.org/gay-lussacs-law-definition-formula-examples/ (accessed on 5 July 2021).

Ali, M.F,; Siddiqui, M.N. Thermal and catalytic decomposition behaviour of PVC mixed plastic waste with
petroleum residue. J. Anal. Appl. Pyrol. 2005, 74, 282-289.

Central Pollution Control Board (CPCB) Report. Material on plastic waste management. Parivesh Bhaham

2004, East Argum Nagar Delhi-110032. Available online:
https://www.nswai.org/docs/An%200verview%200f%20Plastic%20Waste%20Management%20by%20CPCB.pdf
(accessed on 14 September 2020).

Fivga, A.; Dimitriou, I. Pyrolysis of plastic waste for production of heavy fuel substitute: A techno-economic
assessment. Energy 2018, 149, 865-874.

Liu, Y.; Qian, J.; Wang, J. Pyrolysis of polystyrene waste in a fluidized-bed reactor to obtain styrene
monomer and gasoline fraction. Fuel Process. Technol. 2000, 63, 45-55.

Gao, F. Pyrolysis of Waste Plastics into Fuels. Ph.D. Thesis, University of Canterbury, Christchurch, New
Zealand, 2010.

Aboulkas, A.; El harfi, K.; EI Bouadili, A. Thermal degradation behaviours of polyethylene and
polypropylene. Part I: Pyrolysis kinetics and mechanisms. Energy Convers. Manag. 2010, 51, 1363-1369.

Jung, S.-H.; Cho, M.-H.; Kang, B.-S.; Kim, J.-S. Pyrolysis of a fraction of waste polypropylene and
polyethylene for the recovery of BTX aromatics using a fluidized bed reactor. Fuel Process. Technol. 2010,
91, 277-284.

Sophonrat, N.; Sandstrém, L.; Zaini, I.N.; Yangaa, W. Stepwise Pyrolysis of Mixed Plastics and Paper for
Separation of Oxygenatedand Hydrocarbon Condensates; Department of Materials Science and
Engineering, KTH Royal Institute of Technology: Stockholm, Sweden, 2018; Available online:
www.elsevier.com/locate/apenergy (accessed on 9 May 2021).

Gerpen, J.V. Diesel Combustion and Fuels. In Diesel Engine Reference Book, 2nd ed.; Challen, B.,
Baranescu, R., Eds.; Society of Automotive Engineers, Inc.: Warrendale, PA, USA, 1999.

Encinar, J.; Gonzalez, J.F.G. Pyrolysis of synthetic polymers and plastic wastes. Kinetic study. Fuel
Process. Technol. 2008, 89, 678—686

Retrieved from https://encyclopedia.pub/entry/history/show/48421

https://encyclopedia.pub/entry/20138 11/11



