CRITICAL ISSUES FOR THE DEPLOYMENT
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Abstract

Despite the urgent need to valorize plastic waste, subtracting them from uncontrolled release into the
environment, and the availability of consolidated thermal and catalytic technologies, the large-scale
deployment of pyrolysis as a reference technology for the efficient processing of plastic waste still
faces significant challenges. Accordingly, this review is focused on a number of issues that are
essential for the industrial development of plastic waste pyrolysis technologies: i) the use of
heterogenous catalysts for a better control of the product properties and the softening of the operation
conditions, analyzing the important limitations derived from catalyst deactivation, ii) the different
types of treatments investigated for the safe removal of halogens, which are often present in the
pyrolysis oils in the form of Cl- and Br-containing organic compounds, thus avoiding health and
environmental problems and the corrosion of equipment, iii) the co-processing of plastic waste with
other feedstocks (biomass, petroleum fractions, used tires, etc.), which may result in significant
synergistic effects, and iv) the multi-scale modelling of plastics pyrolysis processes as an essential

tool for the design of large scale plants.
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1. Introduction

While plastics have become essential materials in our life, their manufacture requires high energy and
raw materials consumptions. Moreover, their disposal at the of the lifecycle has become an issue of
increased concern due to the strong environmental impact of plastic wastes. Thus, once the waste
plastics reach the environment remain for decades due to their high stability and resistance against
degradation. The environmental impacts are strongly enhanced in the case of microplastics (both
primary and secondary) that may present particle sizes quite below 5 mm.

According to the first Global Plastic Outlook by the OECD !, the generation of plastic was doubled
between 2000 and 2019 reaching a value of 353 million tons. Focusing on the distribution of plastic
waste generation in Europe, packaging industry accounted for about 60 % of total production,
whereas electric/electronic, buildings/construction, agriculture and automotive sectors shared
approximately the same percentage of total plastic waste generation (= 5 % each) 2.

The major technical challenges towards the ‘Zero Waste goal’ for plastics are related to the
separation/sorting techniques and to the waste composition. A plastic waste stream usually consists
of many different polymers with low compatibility, hence their separation into individual fractions is
often required for their recycling. Moreover, contamination by other materials, as it occurs in the
municipal solid wastes. represents an issue than hinders the achievement of zero waste targets for
plastics . In this way, a great part of waste plastics is contained within the municipal waste stream,
which is a strong limitation for their recovery and recycling. Typically, a hierarchical approach is
considered for the management of plastic wastes according to the following priority order: reduction
of the generation, reuse of the spent goods, recycling, energy recovery and controlled disposal.
Currently, the most common way to recycle plastics is the so-called mechanical recycling that allows
their re-processing into other plastic goods. It consists of a number of steps like collection, sorting,
washing, grinding and extrusion. The main challenges of mechanical recycling deal with polymers
degradation, mixing and contamination, hence in many cases the recycled plastic materials present

low quality, which limits strongly their application *. Moreover, mechanical recycling cannot be



applied to thermostable plastics. Alternatively, feedstock recycling of plastic waste has emerged as a
very interesting route that involves its transformation into non-plastic products.

Among the different thermochemical processes available for the conversion of plastic waste,
pyrolysis is one of the most promising routes. Plastics pyrolysis involves their decomposition in an
inert atmosphere operating at intermediate temperatures (typically in the range 400 — 600 °C).
Pyrolysis enables a high yield of the organic liquid fraction that can be exploited to produce fuels
and/or raw chemicals, being recognized as a relatively simple and highly versatile technology. In this
way, pyrolysis can be applied to plastic wastes with complex compositions or even to mixtures of
plastics with other materials. When the pyrolysis products are intended to be used as fuels this
approach should really be considered as indirect energy recovery, having some advantageous in terms
of both efficiency and environmental impact in comparison with the direct incineration of the plastic
wastes. Nevertheless, the most interesting route at present is the use of the pyrolysis fractions for the
production of raw chemicals, which can be really classified as (chemical or feedstock) recycling.
Pyrolysis of plastic waste has been deeply covered by the scientific community during last decades
also with some important reviews, upgrading progressively the progress of the research in this field.
The attention was focused on some specific technical aspects: from the early works focused on
thermal pyrolysis *> quickly the attention moved to the use of catalytic *° exploiting the assessment
of different catalyst!'® and the role of process conditions in deactivation. Also the product composition

IL1Z 45 well as effect of the

was considered in the view of process implementation at industrial scale
waste characteristics to the process efficiency!® was a topic well exploited in the literature as well as
the techno-economic assessment of the process. However, despite the fact that also recent reviews
summarizes new trends in process development !#'6 also from a up-to-front engineering
perspective!’, there are still some of critical issues that should be rationalized in the view of
commercial deployment of thermal and catalytic processes of plastic waste pyrolysis. With the

particular perspective of future full development, the process at industrial level, beside the evaluation

of recent evidence of thermal and catalytic pyrolysis and co-pyrolysis, some of those open questions



have been addressed in this review. This is the case of the strategies to reduce the impact of the
presence of hetero-atoms (mainly halogens) in the waste-plastic and of a comprehensive multiscale
modeling approach, as illustrated in Figure 1.

Advantages of catalytic pyrolysis versus thermal decomposition processes in terms of softer
conditions and narrower product distribution is covered in section 2, addressing the important issue
of catalyst deactivation that may strongly limit the feasibility of using catalysts for promoting the
pyrolysis of plastic waste. Likewise, since the presence of halogenated compounds in plastic goods
is a relevant problem, section 3 reviews a variety of strategies that have been investigated to reduce
the halogen content in the pyrolysis oil. Another important aspect is the quality of the feed since very
often it is contaminated containing materials other than plastics that could in principle interact either
with synergistic or negative effects during the pyrolysis process. Accordingly, co-pyrolysis of waste
plastics with other types of materials is covered in section 4. As final topic, section 5 discloses works
published on multiscale modelling, including economic aspects, of plastic waste pyrolysis process.
This is an essential area for supporting the scale-up procedures and the reliable estimation of pyrolysis

process profitability at industrial scale.
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Figure 1. Main aspects for affording industrial plastic pyrolysis processes.
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2. Thermal and catalytic pyrolysis of plastic waste

Thermal pyrolysis of plastics usually results in a broad distribution of products, which has limited
commercial value. In contrast, the addition of a catalyst leads to a narrower and upgraded product
distribution, as well as it improves the conversion, allowing the pyrolysis to be carried out at lower
temperature. Thus, by designing conveniently the properties of the catalyst it is possible to drive the
plastic conversion process towards different products with commercial applications (gaseous olefins,
gasoline, diesel, waxes, or carbon materials). Figure 2 illustrates this concept, highlighting the most

convenient route depending on the type of product to be obtained.
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Figure 2. Main products that can be derived from thermal/catalytic pyrolysis of plastic waste.

2.1. Thermal pyrolysis

Thermal pyrolysis of plastics is governed by a few parameters, such as temperature, heating rate and
residence time. Normally, temperatures in the range of 400-700 °C are used under inert atmosphere
and pressures close to the atmospheric one °. For polyolefins, at low pyrolysis temperatures (about
400 °C), the main product is a heavy wax. In contrast, when temperature increases above 400 °C,
lighter products such as gaseous hydrocarbons and oils are also obtained '"!2. At high pyrolysis
temperatures, the share of gaseous hydrocarbons tends to hike at the expense of the oil production.
On the other hand, the product distribution is strongly influenced by the reactor type. In this regard,
during the thermal cracking of LDPE in a screw reactor, lower output of gases and higher yields of

wax and oil were attained in comparison with a semi-batch system'®. The screw reactor provided a
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quite uniform residence time distribution, which avoided the extension of overcracking reactions in
contrast with it occurred in the semi-batch system.

It is generally accepted that polyvinyl polymers, such as polyethylene (PE), polypropylene (PP) and
polystyrene (PS), thermally decompose through a chain radical mechanism'*?’. The random cleavage
of the chain backbone leads to the production of both radical and stable species, progressively
reducing their molecular weight. These polymers decompose according to bond cleavages occurring
mainly within the backbone, with little involvement of side functional groups (hydrogen, methyl or
phenyl group for PE, PP and PS, respectively). Random scission is the main initiation step that
proceeds by C-C bond cleavage along the polymer backbone leading to the formation of two end-
chain radicals. Propagation reactions can be generally grouped into two types: B-scission and H-
abstraction of intermediate radicals. B-scission is a cleavage of the B-position bond, whilst H-
abstraction can be intermolecular (i.e., it occurs between a molecule and a radical species) or
intramolecular. Termination reactions involve the reaction between two end chain radicals forming a
stable molecule.

In the case of polyethylene, this radical mechanism results in a broad hydrocarbon distribution in
terms of carbon atom number. Interestingly, each fraction is made up mostly by the respective alkane,
1-alkene, and diene, since the occurrence of branching transformations is precluded 2. In this regard,
the highest yields by groups obtained in the thermal pyrolysis at 400 °C in a batch reactor of the main
polyolefins (LDPE, HDPE and PP) were for gasolines (Cs — Ci2 hydrocarbons) with the following
shares: 45%, 39% and 58%, respectively, followed by light diesel (Ci3 — Cig hydrocarbons) with
yields of 32%, 33% and 18% as well. It is also noteworthy the huge amounts of olefins present in the
liquids according to their bromine index measurements: 54.1 (LDPE), 64.6 (HDPE) and 83.8 (PP) g
Bra / 100 g sample??. Nevertheless, for a few polymers, thermal pyrolysis leads to a high selectivity
towards the constituent monomer. These are the cases of polymethyl methacrylate (PMMA),
)3

polystyrene (PS) and polytetrafluoroethylene (PTFE)~. Thus, for PS, its thermal cracking in a flow

reactor at 350 °C led towards 80.1% oils containing 70% of styrene monomer?*. On the other hand,



for the case of PET, which is another commodity plastic, its thermal cracking at 550 °C in a fluidized
bed resulted in a great deal of gases (49.1%), being formed mostly by carbon oxides (CO + CO; >
90%), while the share of liquids and solids were 39.4 and 12.8 %, respectively. Interestingly, the
major components of the liquids were benzene and toluene?. Likewise, the thermal cracking of
polyamides (PA) and polyurethanes (PU) in a fluidized bed at 760 °C gave rise to significant amounts
of gases (39.2 and 37.9, respectively) although the main product in both cases were a mixture of oil
and wax (56.8 and 56.3 %). In contrast, with polycarbonates (PC) at 710 °C, less gases were produced
(26.5 %) with liquids again as main products but obtaining significant amounts of char (24.6 %) as
well?. It should be borne in mind that , these polymers are thermally decomposed into different
nitrogen and oxygen-containing species and some of them finally end up in the oil fraction. Several

of these compounds can be interesting as raw chemicals, thus affording the circularity of plastic waste.

2.2. Catalytic pyrolysis

The different catalytic pyrolysis treatments may be classified into two groups (in-situ and ex-situ)
that refer to whether it exists or not, respectively, a direct contact between the plastics and the catalyst
in the reaction medium.

The in-situ treatments are more prone to undergo catalyst deactivation caused not only by
carbonaceous deposits (e.g., coke) but also by the presence of diverse impurities contained in the
plastics refuse. Additionally, the subsequent separation of the catalysts from the remaining solid
residue (char) after reaction is more difficult as well, hindering the catalyst recovery and reuse. Owing
to these facts, the in-situ treatments have been mostly investigated with virgin plastics with the aim
of investigating the performance of the different catalysts in plastic pyrolysis.

In contrast, ex-situ treatments are featured by the existence of two separate stages consisting of a first
thermal degradation of the raw plastic mixture followed by the catalytic upgrading of the products
coming from the first step. The ex-situ system can be coupled to process directly the vapors produced
in the thermal treatment or, alternatively, such vapors can be condensed in the form of oil or waxes

that can be storage, purified and transported long distances to be subjected finally to the catalytic
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upgrading step. In the ex-situ setup, the catalyst undergoes less deactivation by solid carbon
deposition and besides, it exists the possibility of removing non-desired components before coming
into contact with the catalyst, that attenuates its deactivation and facilitates the integration of the
process into a refinery 26, On the other hand, in the ex-situ setup, the catalyst can be easily retrieved
from the reactor and regenerated which enables its reuse. These facts render the ex-situ treatments
especially suitable to deal with real plastic wastes, being the preferred option for the large-scale
industrial application of catalytic pyrolysis with true plastic wastes.

The great advantage of catalytic pyrolysis is that by a convenient selection of the catalyst type and its
properties, the plastic pyrolysis process can be selectively directed to different types of products with
industrial interest: liquid mixtures of hydrocarbons to be used as fuels, light olefins that could be
employed as raw chemicals, hydrogen, and even high value carbon nanomaterials. Additionally, the
techno-economic viability of catalytic pyrolysis of plastic wastes has been proved, provided that the
plastics refuse prices remain low, especially for the plants having a high operational capacity '°.
Plastics cracking on acid catalysts follows a carbocationic mechanism. It usually proceeds in the
initial reaction steps via carbenium ions produced by the abstraction of a hydride ion (Lewis acid
sites) from the polymer or by the addition of a proton (Brensted acid sites) to the polymer forming a
carbonium ion. Subsequently, carbenium and carbonium ions decompose resulting in the formation
of shorter alkenes or alkanes, respectively, and additional cations of lower molecular weight which
undergo further cracking. Unstable cations can generate stable molecules via recombination,
disproportionation, cyclization, isomerization, hydrogen transfer, aromatization or polycondensation
(i.e., cyclic alkanes/alkenes and aromatics are formed) ?’. In addition, linear compounds (typical of
thermal degradation) are also produced simultaneously.

The main catalysts used in both in-situ and ex-situ catalytic pyrolysis are zeolites, mesoporous
aluminosilicates, clays and metal compounds supported over different carriers.

Zeolites are crystalline microporous aluminosilicates with a pore size below 1 nm showing an acid

site distribution of both Brensted and Lewis acid sites, whose amount and strength depends on the



aluminum content and the zeolitic structure. Thus, different zeolites have been tested in the catalytic
cracking of polyolefins such as ZSM-5, Beta, USY, Mordenite and others structures®®*!. The
incorporation of the zeolitic catalysts ramps up the conversion with respect to thermal cracking and
also changes the selectivity pattern in polyolefin cracking. The product distribution is shifted towards
a narrower one formed by lighter products with a different composition, favoring the formation of
aromatics and branched hydrocarbons by carbocationic reactions****. As a general trend, the share
of gaseous hydrocarbons increases with the acid strength of the zeolite. Thereby, over ZSM-5 zeolites,
which contains strong acid sites and a small micropore size (about 0.55 nm), yields of C,—Cs4
hydrocarbons above 60 % have been reported, made up mostly by olefins, while the liquids contain
significant amounts of monocyclic aromatic hydrocarbons?®2%-37:3941:4346 = Additionally, ZSM-5
suffered lower deactivation than other zeolites with larger micropore (Beta, HY) due to the hindered
growth of the coke precursors into its micropore structure. In contrast, over zeolite USY, liquid
hydrocarbons within the gasoline range were found as the main products due to both its larger
micropore size (= 0.73 nm) and weaker acidity than ZSM-5 3!*33_ Likewise, FCC catalysts, which
are based largely on zeolite Y, gave rise to high gasoline yields as well (above 80%) *’. Both Lewis
and Brensted acid sites of the zeolite are involved in the cracking process, although the latter seems
to play a leading role. Hence, the high C;-Cy selectivity shown by ZSM-5 was ascribed to the large
extent of end-chain cracking reactions taking place mostly over the strong Brensted acid sites of the
zeolite®®.

A particularly important issue to tackle with in the catalytic conversion of plastics is the bulky feature
of the polymers, which results in the appearance of severe diffusional and steric hindrances in small
pore catalysts, such as zeolites. Therefore, catalysts with high accessibility in terms of both pore size
and surface area are highly recommended for the processing of the polymers #°. In this way, the use
of conventional micrometer size zeolites with small micropores (e.g., ZSM-5) in the cracking of bulky
polyolefins resulted in lower activities due to transport limitations. To solve this problem, nanosized

zeolites with a crystal size within 10-80 nm were successfully harnessed, due to their increased share
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of external acid sites, fully accessible to the polyolefins, providing higher cracking activities >4, A
step forward in this direction of enhancing the active sites accessibility to facilitate polyolefin
cracking was the application of hierarchical/mesoporous zeolites. They are characterized by
possessing a bimodal microporous/mesoporous pore size distribution, whose nature depends on the
synthesis method !°2. The enhanced accessibility of the hierarchical zeolite resulted typically in
higher polyolefin cracking activities 37,

Additionally, the introduction of a CO; atmosphere instead of N> in the LDPE catalytic pyrolysis over
metal (Fe, Ni, Co, Mn, Ag, Cu) -modified mesoporous HZSM-5 increased meaningfully the
selectivity towards aromatics .

In addition to zeolites, other materials showing weaker acidities have been also tested in plastics
catalytic pyrolysis to increase the share of liquids. Thus, a number of clays have been explored®!-%,
Saponite and montmorillonite have shown higher yields of liquids (70 %) than USY zeolite (50 %),
being most of them in the range of gasolines while an Fe-pillared clay led to a great deal of diesel
range hydrocarbons (80.5 %). Likewise, the catalytic pyrolysis of waste LDPE packaging over 2 wt.-
% magnesium bentonite at 340 °C resulted in about 70 wt.-% of liquids with similar properties to
petroleum diesel in terms of its high cetane number, heating value and low viscosity. Interestingly,
the latter clay catalyst, considering its makeup, is meant to contain both acid and basic sites .
Al-MCM-41 and AI-SBA-15, characterized by the presence of uniform mesopores and a mild acid
strength due to the amorphous nature of their pore walls, have been also tested in polyolefin cracking.
Thus, the enhanced accessibility of AI-MCM-41 increased the kinetics for the catalytic cracking of
LDPE/HDPE and, especially, PP %46 Additionally, in PP cracking at 400 °C over AI-MCM-41,
high selectivities towards gasolines (Cs — Ci2) were achieved (65%), obtaining also meaningful
selectivities to light diesel hydrocarbons (Ci3 — C22), around 20%. For LDPE and HDPE cracking
over AI-MCM-41, the main products were gasolines as well although in slightly lower amounts (52

—63%), chiefly made up of olefins and isoparaffins and with little content of aromatic hydrocarbons®’.
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Although ex-situ systems represent a more feasible option for the catalytic pyrolysis of waste plastic,

they have been less investigated in the literature. In this way, it is noteworthy that ex-situ catalytic

pyrolysis of polyolefins over HZSM-5 zeolite has unveiled meaningful differences in the attained

product distribution with regards to the in-situ process harnessing the same catalyst *:47-7° Thus, over

nanosized HZSM-5 at 450 ° C, higher yields of gaseous products (74 wt.-%) were obtained in the

catalytic reforming of LDPE that were made up primarily of C, - Cs4 light olefins *!. In another study

87 the in-situ catalytic pyrolysis of LDPE and PP at 600 °C led towards more aromatics and solid

carbon residues than the ex-situ process. Interestingly, the ex-situ catalytic pyrolysis gave rise to a

huge augment in the C, — C4 olefins yields reaching up to roughly 80 %, instead of the approximate

30% for the in-situ treatment.®* In general terms, these results hold promise considering the industrial

application of ex-situ catalytic pyrolysis of polyolefins. Table 1 summarizes the main commented

features of the catalysts used for polyolefin cracking:

Table 1. Main features of the catalysts used in the catalytic pyrolysis of polyolefins

Catalyst Advantages/disadvantages

Plastic

Main product

References

High acid strength

Conventional | Reduced accessibility by its

~60—-70 % Cz—Cy4,

4 — 15% in liquids

HDPE, mostly olefins,
HZSM-5 low micropore size 28,29,46,65.,68
LDPE 5 —15% MAH in liquids
zeolite Lower cracking activity
Lower coke yields
with bulky polymers (PP)
High acid strength
Nanosized Good accessibility by its 70 — 80 % Cz — C4, mostly
LDPE 4
HZSM-5 high external surface area olefins
High cracking activity
60 — 80 % Cz — Ca4, chiefly
Hierarchical LDPE,
High acid strength olefins 48,54,59,68,70
HZSM-5 PP
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Improved accessibility by
its bimodal (micro/meso)
pore size distribution

Higher cracking activity

Medium acid strength

50 — 80 % gasolines,

HDPE, | higher amount of saturated
HUSY zeolite | Large micropores and cages 33,3531
PP hydrocarbons
Higher coke yields
Mixture zeolite USY plus
other components (mostly 70 - 80% gasolines
FCC catalyst silica-alumina) LDPE | High aromatic content (20 47
Medium acid strength —50%)
Better accessibility
LDPE,
High/medium acid strength
Zeolite HBeta HDPE, 60 — 70% gasolines 4
Large micropore
PP
Medium acid strength LDPE,
AI-MCM-41,
High accessibility by its HDPE, 50 — 65% gasolines 49,65
Al-SBA-15
uniform mesoporosity PP
Clays/Pillared Weak acid strength 50 — 70% gasolines,
LDPE 61.62
Clays Large micropores High olefin content

Other polymers different from polyolefins have also been converted by catalytic pyrolysis. Hence,
both PA and PUR were decomposed over HUSY and NH4NaY zeolites at 500 °C in a pyrolizer
coupled to GC-MS 7!, leading to mixtures with a significant concentration of potentially valuable N-

containing compounds, such as hexanedinitrile, aniline, p-toluidine, pyrrols and pyrrolidines, in
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addition to a variety of aromatic hydrocarbons. However, PUR catalytic pyrolysis has been focused
primarily on the removal of N-containing pollutants such as NH3 and HCN converting them into
gaseous Na. To this end, CaO has proved to be particularly effective increasing three-fold N> yields
and making disappear virtually HCN”2, On the other hand, the presence of EVA copolymers resulted
in the quick deactivation of both AI-MCM-41 and AI-SBA-15 by the generation of unhindered
crosslinked structures, finally leading to coke . Polycarbonates were also subjected to catalytic
pyrolysis over both Zr and Fe supported oxides over zeolite HY at 650° C 7*. The addition of Zr
increased the share of aromatic hydrocarbons (particularly monocyclic ones) by its higher content of
Lewis acid sites (oxygen vacancies), which facilitated the deoxygenation of phenolic products.
Hence, over Zr/HY, the share of monocyclic aromatics (e.g. benzene, toluene, xylenes, ehylbenzenes,
etc.) augmented from 19.3% (non-catalytic) to 36.4% while those of phenolics dropped from 70.1%
(non-catalytic) to 52.2%"°. In the case of PET, its catalytic pyrolysis over ZSM-5 at 600 °C promotes
decarboxylation reactions leading mostly towards benzene (5%), benzene derivatives (3%) and
indenes/naphthalenes (3%). This product makeup differs heavily from that obtained in the thermal
pyrolysis which resulted chiefly in benzoic and acetylbenzoic acids (20%) with low amounts of
benzene and benzene derivatives (< 1.5%). Interestingly, CaO, that is a basic oxide, also enhanced
decarboxylation and produced even more benzene (7%) than ZSM-5 in the catalytic pyrolysis of PET
at 600 °C, at the expense of generating less yields of benzene derivatives and
indenes/naphthalenes’®”’,

In addition to hydrocarbon mixtures, other interesting products (hydrogen and carbon) can be
obtained by catalytic pyrolysis of polyolefins. In this regard, different metals supported on carriers of
diverse nature have been investigated. Thus, bimetallic Nix-Fey supported over y-Al,O3 allowed to
obtain high yields of both carbon nanotubes and hydrogen from real plastic waste in an ex-situ
configuration reactor ’8. The remarkable performance of this catalyst was ascribed to its improved
interaction with the support which favors the dispersion of bimetallic Nix-Fey particles. A similar

process comprising firstly pyrolysis of LDPE over ZSM-5 followed by the catalytic decomposition
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of the obtained hydrocarbons over FexMoy supported on MgO also resulted in high yields of carbon
nanomaterials. Interestingly, the type and morphology of the latter depended distinctly on the Fe/Mo

ratio over the MgO support 7°.

2.3. Catalyst deactivation and regeneration

During catalytic pyrolysis of plastic waste, the catalyst may suffer strong deactivation, which is one
of the major limitations for this type of process to be applied at large scale. As illustrated in Figure 3,
the main pathways identified for the catalyst deactivation during plastic cracking correspond with

coke deposition, formation of Al extra-framework species and acid sites poisoning.
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Figure 3. Deactivation types of acid catalysts used for plastics pyrolysis.

Coke is formed by means of several cooperative reactions (cyclization, hydrogen transfer,
oligomerization, dehydrogenation, and aromatization) which are catalyzed by the zeolite acid sites
308081 The deposition of coke not only abates the activity of the zeolitic catalyst but also results in a
substantial modification of the product distribution. For instance, a reduction of the yields of
aromatics and paraffins, due to the acid sites deactivation, which restricts hydrogen transfer reactions,
has been reported 8283, It is noteworthy that the physicochemical properties of the catalyst are heavily
affected by coke deposition . In terms of acidity, the strong acid sites are more quickly deactivated
by coke while weak acid sites remain virtually unaffected 2. In addition, both Brensted and Lewis

acid sites are blocked by coke deposition although the former are affected in a larger extent 0.
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Two kinds of coke were observed over deactivated MFI zeolite after HDPE catalytic pyrolysis: coke
I, whose maximum combustion rate in TGA experiments was placed at 440-460 °C and coke I,
wherein the maximum rate occurred at higher temperature (520-540 °C) 2. Coke I is considered to
contain higher amounts of aliphatic groups while coke II shows a larger share of aromatic groups.
Additionally, coke I is expected to be placed preferentially over the external surface of the zeolite. In
contrast, coke II is meant to be present mostly inside the zeolite micropores.

The amount of deposited coke is largely bound up with the micropore size and the share of
mesopore/external surface. Thus, the larger the micropore size (Dp) of the zeolite, the higher the
amount of deposited coke, as the growth of coke precursors is less constrained, as it is the case of
ZSM-5 zeolite 3*3!. It is also noteworthy that hierarchical ZSM-5 showed enhanced tolerance to
deactivation with regard to conventional ZSM-5, highlighting the importance of mesoporosity to slow
down the zeolite deactivation by the fast removal of coke precursors .

Coke deposition is usually a reversible event since the catalyst can be regenerated by oxidation with
air or oxygen . However, there is a temperature limit for the regeneration treatment to avoid loss of
both crystallinity and textural properties of the catalyst. Additionally, care should be taken if steam
is present at temperatures above 450°C. This causes dealumination of the zeolite framework,
transforming Brensted acid sites into Lewis sites, which may negatively affect the catalytic activity.

On the other hand, during the catalytic pyrolysis of plastic waste, poisoning of the acid sites may
occur, mostly related to the presence of N and/or S but also by O and halogen containing compounds
in the feedstock. This fact was observed in the catalytic cracking of a 70/30 (%w/w) LDPE-lubricating
oil base mixture, the latter containing meaningful amounts of both N and S. This fact led to an activity
decay at 400/450 °C for AI-MCM-41, so higher temperatures (450/500°C) were required to attain full

conversion %>,
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3. Pyrolysis of  halogen-containing plastic waste:
dehalogenation treatments

Halogen-containing compounds are widely used as additives to improve mechanical, electrical,
chemical, and thermal properties of plastic goods. In addition, halogens can be incorporated into
plastics through reactive monomers. This is the case of polyvinyl chloride polymer, which is the main
chlorine source in waste plastics as it contains about 58 wt.% of Cl. Bromine is instead mostly present
in the form of Brominated Flame Retardants (BFRs). An additional contribution to the presence of
halogens in plastic waste is related to salts arising from both contamination and the plastics separation
process by flotation/sedimentation in saline solutions.

Accordingly, the presence of halogens represents one of the main issues to be faced in plastics thermo-
chemical conversion, which affects both process management and pyrolysis products to be used in
the recovery chain. With particular regard to pyrolysis oil, a maximum halogen concentration of 50
ppm is required to be used as fuel according to Stockholm Convention (2015) 6. That is because, as
a result of combustion, the organohalides present in the pyrolysis oil can be partially oxidized to form
toxic and carcinogenic polyhalogenated dioxins. Additionally, hydro-halogen acids (dangerous for
human health and corrosive to the industrial plants) can be released in the pyrolysis treatment or
during its subsequent processing in petrochemicals units.

To address these specifications, different dehalogenation processes have been developed to be
coupled to pyrolysis technology (Figure 4): dechlorination by thermal pre-treating (stepwise
pyrolysis), in situ dehalogenation sorbent/catalyst-mediated, and ex situ upgrading of pyrolysis oil ¥’
In addition, hydrodehalogenation technologies have been studied, which however fall outside the

scope of this work but that have been covered in other review articles 8%,
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Figure 4. Plastic waste pyrolysis-associated dehalogenation processes.

3.1. In-situ dechlorination treatments

Among halogenated polymers, polyvinylchloride (PVC) is the most widespread. The high PVC
chlorine content represents one of the main problems for the large-scale deployment of waste plastics
pyrolysis processes. Based on the binding energies, the breaking order of the polymer bonds is C-Cl,
C-H and C-C. Therefore, the early stages of thermal cracking are characterized by hydrochloric acid
release from side-groups-elimination, resulting in an unsaturated chain 6. On this basis, a preliminary
low temperature dehydrochlorination step, generally carried out in the temperature range of 200-400
°C and in an inert atmosphere, is a good option to reduce the halogen content. This technological
solution of a stepwise pyrolysis consists of a two-stage thermochemical process, wherein the
dehalogenation treatment is followed by conventional pyrolysis *°. The dehydrochlorination
efficiency is related to the feedstock composition and reactor type, depending also on the reaction
parameters, e.g., temperature and holding time.

Bockhorn et al. °! investigated the stepwise pyrolysis of a pure polymers mixture (polyamide,
polystyrene, polyethylene and polyvinylchloride) increasing the temperature up to 800 °C. Reported
results indicated that hydrochloric acid release starts at 220 °C, with a maximum evolution rate at 280
°C, reaching the highest chlorine removal of 83 % at 400 °C. The influence of holding time and
temperature was studied by Lopez et al. °2. The authors demonstrated that 99.2 % of the initial chlorine
can be removed by treating a PVC-containing polymer mixture at 300 °C for 30 min, in a semi-batch

reactor. Furthermore, distribution and composition of the subsequent pyrolysis products are affected
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by the dehydrochlorination step, so that the stronger the treatment, the higher the gas yield and the
heavier the hydrocarbons in the oil. This finding was also confirmed by Yuan et al. performing
dehydrochlorination pre-treatment of pure PVC in a lab-scale gas-liquid fluidized bed reactor . HCI
release started during the melting stage and 300 °C was confirmed as the most efficient temperature,
whilst a further increasing was accompanied by the polymer chain decomposition, resulting in an
increment in light hydrocarbons production. In these conditions, up to 99.5 % of the initial chlorine
was eliminated. An even higher dechlorination degree, equal to 99.86 %, was obtained by pre-treating
pure PVC at 320 °C for 20 minutes in a fixed bed reactor, which then led to a low chlorine content
oil, as well as rich in aromatics *.

On the other side, a double-step process, consisting of a low temperature dechlorination pre-treatment
followed by fast-pyrolysis, of a real waste PE/PVC mixture was investigated by Marino et al. °>.The
authors demonstrated that the thermal treatment at 350 °C for 30 minutes can eliminate the 87 % of
chlorine in form of HCI, safely stored.

Experiments at larger scale were carried out by Lei et al. %

, using a vented screw conveyor to
continuously dechlorinate 1 kg/h of PVC-containing plastic waste with a stirred batch reactor, before
the pyrolysis step. Investigating the effects of the residence time and the rotational speed at 300 °C,
they concluded that long residence time and low screw speed favourably impact on the halogen
removal efficiency (greater than 98%). Furthermore, all thermal and catalytic pyrolysis experiments
resulted in low-chlorine oil and char since the evolved halogen was mainly accumulated in the
gaseous fraction.

With the view to reaching a single-step process, dechlorination by thermal co-pyrolysis with
adsorbents has been also investigated. The sorbent materials can trap the emitted HCI by adsorption,
retaining it in the solid fraction. For the same purpose, a variety of catalysts and catalyst/sorbent
composites have been tested, with the dual function of upgrading the pyrolysis products and inhibiting
the hydrochloric acid release, including zeolites, calcium- and aluminium-based sorbents, Al-Zn

composites, heavy metals, and metal oxides *~1%2.
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Calcium-based sorbents have been extensively studied for their ability to fix chlorine as CaCly. It has
been demonstrated that in presence of CaO, a temperature of 500 °C represents the limiting operating
parameter, since higher values lead to the volatilization of metallic chlorides *®. The calcium chloride
formation is also affected by both the chlorine species and vapour residence time inside the reactor
and, therefore, by the inert gas flow rate. In fact, very short or long contact times of vapours with the
sorbent bed can limit the CaCl, formation in favour of the generation of HCI and chlorinated
hydrocarbons, respectively *°.

On the other hand, aluminium-based catalyst/sorbent composites have been also widely investigated.
Aluminium, in form of Al,Os or silica-alumina, has been found to have just a slight HCI fixing power,
acting mainly as catalyst %%, Instead, when composites sorbents were used, such as Red Mud '°° and
Al-Zn Composite Catalyst (AZCC) '°!, the chlorine concentration in pyrolysis oil dropped
dramatically, denoting the ability of iron and zinc to fix chlorine in form of metallic chlorides.

The combined effect of stepwise pyrolysis and different sorbents was also studied by Hubacek et al.,
which pyrolyzed a model plastic mixture containing 10 % of PVC. The authors showed that thermal
treatment at 350 °C, followed by the use of Fe3O4 as sorbent in an ex-situ configuration, allowed to

drastically reduce the chlorine content in the liquid fraction '%.

3.2. In-situ debromination treatments

The main bromine source in waste plastic lays in Brominated Flame Retardants (BFRs), widely used
as additives in plastic products to increase the fire resistance. Among the diversity of commercially
available BFRs, Polybrominated Diphenyl Ethers (PBDE), Brominated Epoxy Resins (BE),
Tetrabromobisphenol A (TBBPA), Hexabromocyclododecane (HBCD) and Polybromobiphenyls
(PBB) represent the most used types. During pyrolysis, no early decomposition of BFRs is observed
in contrast to what occurs in the same temperature range for PVC. Therefore, stepwise pyrolysis does
not represent a suitable option for bromine removal ® and the conventional way to address the
debromination of pyrolysis products consists of incorporating sorbents to the pyrolysis process able

to physically adsorb or chemically react with organobromines, bromine radicals and hydrobromic
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acid, resulting from BFRs decomposition. In addition, it must be highlighted that BFRs are typically
used in combination with antimony trioxide, which provides a synergistic effect as it is able to
increase their activity by quenching the radicals formed during the combustion. Nevertheless, SbOs3
represents an additional pollutant present in these plastic wastes, which makes the achievement of
contaminants-free pyrolysis products even more challenging.

Due to their double nature of catalyst and sorbent, zeolites have been widely investigated in catalytic
pyrolysis in presence of brominated compounds under different operation conditions and feedstocks.
Zeolite pores size plays a key role in the debromination efficiency. Thus, large pores in 13X and NaY
led to the complete cracking of big BFRs that, in contrast, was inhibited by the partial pores
inaccessibility of the molecular sieve 4A %4,

To enhance the debromination efficiency, iron-containing zeolites and composites were also tested in
catalytic pyrolysis of BFRs-containing polymer mixtures 3%194°1% [t has been shown that iron oxide
can react with HBr and bromine radicals to form brominated salts, inhibiting simultaneously the
formation of volatile SbBr3, and then avoiding its migration into the oil and enhancing the capture of
both antimony and bromine in the pores of the sorbent. Nevertheless, the interaction between Fe and
organobromines proved to be more effective than that with hydrobromic acid, so that both the reaction
temperature and the catalytic effect of zeolites used as supports need to be tailored to avoid the
complete cracking of BFRs in HBr. A further oil debromination was achieved (up to 95 %) by using
mesoporous materials as iron supports, as the bigger channels allow access to larger organic
bromides, improving the cracking by acidic terminal silanols '®°. In this way, also the interaction
between iron oxide and antimony is enhanced, leading to a stronger Sb trapping in the sorbent,
whereas the conversion of organobromines to coke is promoted due to the carbon solubility of metal
oxides.

As for chlorine capture, Ca-based sorbents have been designed also in debromination processes.
CaCOs and Ca-C composite were tested by Brebu et al., achieving a 40 % and 80 % reduction of Br

in pyrolysis oil at 450 °C, respectively '%. Likewise, Jung et al. demonstrated that the bromine
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removal in oil increases in the order CaO, CaCOs, Ca(OH)2(57.4, 65.5 and 75.4%), with a substantial
enhancement of 83.4 % of antimony trapped in the solid residue when calcium hydroxide was used
107 The mechanism of bromine trapping by calcium hydroxide was studied by Gao et al., integrating
experimental pyrolysis of BE-containing PCBs and absorption computational tests '%. The authors
demonstrated that, at temperature above 450 °C, Ca(OH), decomposes into CaO, leading to an
oxide/hydroxide blend with a higher specific area and larger diameter, which promotes the interaction
between calcium and hydrobromic acid, resulting in brominated salts formation. Furthermore, it has
been showed that the metal can interact also with bromophenols, acting directly as debromination
agent of organobromine compounds. A more recent work shows that a Br-free oil can be obtained by
co-pyrolyzing tetrabromobisphenol A as model compound with calcium hydroxide between 200 and
500 °C. In this system, the sorbent promotes the complete fixation of bromine, while inducing

hydrocarbons cracking at the same time %

3.3. Ex situ dehalogenation treatments of pyrolysis oil

Post-pyrolysis treatments represent other alternative to obtain a low-halogen content in the liquid
fraction. The ex-situ oil upgrading mainly consists of a catalyst/sorbent-mediated process, which
allows to customize the liquid fraction properties by simultaneous cracking and dehalogenation. It is
usually performed downstream of thermal and/or catalytic pyrolysis.

A number of sorbents and catalysts have been tested in ex-situ dehalogenation treatments, such as
heavy metals-based, metal oxides, FCC catalysts and zeolites 13, The latter have been widely
studied thanks to the possibility of customizing their adsorbent and catalytic properties by modifying
structural and acidic properties. As mentioned above, the zeolite catalytic activity must be considered,
since hydrocarbons cracking reactions can lead to the formation of halogenated gases instead of
halogen retention. The loading of metals (Mg, Zn, Cu, Ag, Fe) over zeolites can help to overcome
this problem by reducing the catalyst acidity and increasing the dehalogenation efficiency through

metal halides formation ''°.

22



Hwang et al. tested HY zeolite loaded with different percentage of iron oxide in the catalytic
upgrading of chlorinated heavy liquid fraction deriving from pyrolysis of plastic wastes. The authors
have demonstrated that Fe-impregnated HY zeolite simultaneously promotes hydrocarbons cracking
and Cl-fixation. However, the two effects must be controlled, since a too low iron concentration leads
to a high cracking degree, and thus HCI and short Cl-hydrocarbons formation, whilst a too high metal
loading brings to a dramatic reduction in zeolite acidity, and then in its cracking activity ',

Due to the well-known dehalogenation ability of iron-based sorbents, a-Fe>Os, y-Fe2O3 and Fe-C
composite were tested in the dechlorination of the oil produced from the pyrolysis of a PE, PP and
PVC mixture, using a fixed bed reactor at 350 °C!'>!!3, The results revealed that iron oxide initially
reacts with HCI, being converted into FeCl.. The formed salt is still able to convert organochlorines
by reversible interactions, but its cracking activity rapidly decreases, leading to no substantial change
in carbon number distribution. Higher dechlorination efficiency and longer sorbent activity can be
then reached by continuously removing the generated hydrochloric acid, i.e., by properly modulating
the carrier gas flow rate.

The combined effect of metals oxides such as iron, silicon, and aluminium, was studied by Lopez-
Urionabarrenechea et al., by testing waste red mud in the dehalogenation of two pyrolysis oils in a
stirred autoclave at 325 °C ''!. When compared with a reference thermal experiment, the chlorine
retention in the heavy fraction increased by 43-84 % in presence of red mud, together with the gas
yield rise, confirming that the zeolitic nature of silica and alumina promotes the cracking, whilst iron
mainly acts as sorbent. Furthermore, it was demonstrated that the oil composition plays a key role,
since the higher the unsaturated hydrocarbons content, the higher the cracking, then favouring the
formation of chlorinated light oil and gases. On the contrary, a high aromatics content-oil undergoes
polymerization rather than cracking in these reaction conditions, leading to enhanced heavy fraction
yield and dechlorination efficiency (84 %).

The dechlorination mechanism of aromatic and aliphatic hydrocarbons in presence of metal oxides

has been recently studied !'>. Using 2-chlorobutane, 2-chloroethylbenzene and chlorobenzene as
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model compounds, it has been demonstrated that when an aliphatic hydrogen is adjacent to chlorine,
the interaction with metals easily leads to HCI release and olefin formation at relatively low
temperature (180 °C). On the contrary, higher temperature is required for the dechlorination of
aromatic hydrocarbons (300 °C), as it firstly involves the interaction with a carbocation, which
increases the positive charge of the aromatic ring, allowing the negatively charged oxygen of the

metal oxide to break the carbon-chlorine bond (Figure 5).
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Figure 5. Dechlorination mechanism of aliphatic and aromatic chloro-compounds in presence
of metals (adapted from '5),
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4. Co-pyrolysis of plastics with other feedstocks

Usually, plastic waste appears mixed with other types of residues, making necessary their separation
by energy intensive and costly methods. However, one interesting alternative is the co-processing of
these mixtures, for instance by using them as feedstock for pyrolysis, which may have benefits in
terms of improving the economic feasibility of the industrial processes due to the increased plant
scale. In addition to that motivation, research on co-pyrolysis has been boosted in recent years due to
the synergistic effects that have been observed when plastics are co-processed with other types of
waste or even with fossil-based feedstocks (Figure 6) !'¢-118 Understanding such synergistic effects
are key points for process design minimizing adverse interactions and promoting positive ones.

Organicwaste or fossil-fuel feedstocks:
Lignocellullose Coal EOL Tire

« 1 2
Plastic Waste :> H CO-PYROLYSIS

T Yield and quality of oils Fuels
) . > :
Hydrogen-pools & Char yield Chemicals

REFINERY T Yield of LPG and gasoline Gasoline, diesel
b H (FCC, HYDROPROCESSING) ] ) —>

I Coke yield , overcracking Monomers

Figure 6. Alternatives and benefits of co-processing plastic waste.

4.1. Types of blending: searching for synergistic effects

Among the mixtures with plastics investigated in co-pyrolysis, those with lignocellulosic biomass
have attracted a great attention among the scientific community. Here the interest is mainly to
improve the properties of bio-oils from lignocellulose, which are characterized by high oxygen
contents, acidity, and viscosity, making them unstable, with low heating values and, therefore,
unsuitable to be used as fuels in the transport sector. Plastics are used as hydrogen-pools during the
co-pyrolysis with lignocellulosic biomass, leading to an improvement of both the yield and quality of
bio-oils. Synergistic effects derive from the interactions between thermal decomposition mechanisms

of biomass and synthetic polymers. It has been stated that biomass starts decomposing at lower
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temperatures than plastics, hence the radicals so generated promote the further decomposition of
plastic polymeric chains, e.g., by B-scission, being then transformed into different alkanes, carbonyl,
and hydroxyl groups or even aromatics. In a final reaction stage, biomass and plastic-derived radicals
can combine each other and stabilize the molecule structures !'*~'?!, In addition, these interfering
reactions gain predominance as the temperature increases due to a larger formation of free radicals.
As a result of such interactions, not only the pyrolysis oil is upgraded in terms of composition and
stability, but also other collateral benefits can be achieved, such as lower char formation.

The appearance of beneficial and synergistic effects during the co-pyrolysis of plastics and
lignocellulosic biomass is strongly influenced by the nature of both types of waste as well as by the
operating conditions. For instance, it has been reported that co-feeding lignocellulose-based waste
with PE plastics increases the yield of oil at the expense of char '2%!22, The larger production of oil
has been attributed to the hydrogen transfer from PE chain to biomass, enabling both a wider extent
of radical-mediated cracking of the synthetic polymer and the stabilization of primary compounds
from lignocellulose decomposition. However, this beneficial effect can be lost when the biomass is
contaminated with inorganics, mainly metal oxides, as they can catalyze the decomposition of
aliphatic hydrocarbons from PE plastics leading to an increase of the char yield '*. When PVC is
used as feedstock, an opposite synergistic behavior than for PE has been reported, with less oil and
more char being produced regarding the theoretical values 2124125 Thus, the increase of the solid
fraction has been attributed to dehydration of cellulose and inhibition of the pine wood
depolymerization caused by the release of HCI from PVC. In addition, it seems that the amount of
PVC to be blended with biomass has to be limited to avoid excessive Cl contamination of the oil '*°.
Although in a lower extent, co-pyrolysis of plastics has been expanded to other organic waste. This
is the case of tires that tend to generate high amounts of solids by pyrolysis, but feeding mixtures with
plastics reduces such fraction in favor of oil yields, which also contain progressively larger amounts

of lighter compounds as the proportion of plastic is increased '27-1%°.
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The hydrogen donor role of plastics has also been exploited in the co-pyrolysis with low-quality coals
130-132 and other fossil-based feedstocks '33713%. Thus, blending with waste plastics is considered one
of the most promising alternatives for the utilization of low-rank coals in high-quality tar production.
For instance, when Pingshuo coal and high-density polyethylene (HDPE) were co-pyrolyzed a large
amount of short-chain alkenes (butene and heptadiene) and diphenols were observed, the latest
compounds being attributed to the reaction between hydrogen from plastic and the phenoxy group
from coal '*°. Pyrolysis of mixtures of low-quality lignite and high-density polyethylene (HDPE)
leads to positive effects at temperatures above 450 °C. Thus, liquid and gas yields, as well as the
quality of pyrolytic products, were significantly improved compared with pyrolysis of lignite alone
31 Regarding oil sludge or heavy petroleum fractions from crude-oil industry, it has been
demonstrated that co-feeding plastic waste in the pyrolysis units helps to improve the quantity and
quality of pyrolytic oils, which become lighter and with larger proportions of paraffinic hydrocarbons
133,134 n fact, the oil industry could play a key role in the plastic waste management chain as plastics
can be blended with several refinery streams without severe changes in their production strategies,

provided they are free of contaminants like halogen-containing species.

4.2. Catalytic co-pyrolysis

Although co-pyrolysis of plastics and other types of waste has proven to be an effective strategy to
improve the performance and properties of pyrolysis oils, their composition and physicochemical
properties, such as density and viscosity, are still too far from the specifications to be marketed or
blended in refineries. The integration of the co-feeding of waste with catalysts, that is, catalytic co-
pyrolysis, could bring the process closer to industrial scale applications.

Blends of lignocellulosic biomass with synthetic polymers (e.g., PE, PP, PS, etc.) and zeolite-based
catalysts is by far the most studied tandem in catalytic co-pyrolysis research '3¢-13¥ Nowadays, it is
well known that the combination of acidic zeolites and hydrogen-rich feedstocks result in significant
improvements in the yield of petrochemicals (aromatics and olefins) from pyrolysis of biomass. Due

to their unique acidity and microporous (shape-selectivity) properties, zeolites are excellent catalysts
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to induce, not only cracking, but also other desired reactions, such as decarboxylation, dehydration,
isomerization, and aromatization, resulting in a promotion of aromatics and furans from biomass. If
plastics are co-fed, zeolites decompose them into light olefins and promote their further combination
with biomass-derived furans through Diels-Alder reactions followed by dehydration to yield more
aromatic hydrocarbons. In addition, the plastic-derived olefins could individually be converted into
aromatics by cyclization, aromatization, and oligomerization reactions. An overall reaction network
for the catalytic co-pyrolysis of lignocellulose and plastics was illustrated by Zhang et al.'*° . Finally,
in their role as hydrogen-donors during cracking, plastics can mitigate (but not eliminate) the
formation of coke on the catalyst surface. It has been proposed that hydrogen from plastics reacts
with phenolic compounds derived from lignin causing their stabilization and, therefore, preventing
their polymerization to coke 3140,

Most of the research in this area has been carried out with ZSM-5 zeolite since its strong acidity,
microporosity, relatively high surface area and stability make this material an efficient catalyst to
produce both olefins and aromatic hydrocarbons !3%!41:142 Nevertheless, despite the excellent
catalytic properties of ZSM-5, there is still room to improve its performance and, consequently,
achieve larger yields of high-quality oils. Higher selectivity to valuable petrochemicals, lower coke
formation and higher resistance to chemical deactivation by heteroatoms from waste, are the main
challenges nowadays. Different strategies have been proposed for the modification of ZSM-5 zeolite
based on the incorporation of additional active phases with hydrogen transfer capacity, introduction
of mesoporosity (hierarchical zeolites) and/or modification of acidity '*. On the other hand, in
addition to zeolites, low-cost catalysts, such as activated carbons ** and red mud '*° are also being
explored in co-pyrolysis processes to improve their economic feasibility. Table 2 summarizes the

above commented main results of catalytic co-pyrolysis
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Table 2. Main results on catalytic co-pyrolysis of plastic waste.

e Catalyst: ZSM-5

e Reactor: Ex-situ MW-induced
pyrolysis system

the jet fuel range.

e LDPE-derived olefins hinder the formation of
polyaromatics from cellulose by suppressing
polymerization reactions.

Blending & Catalytic system Highlights Ref.
' e Adding LDPE to biomass: higher oil carbon
e Biomass: Douglas fir (DF) yield while less char and coke.
sawdust; Cellulose o . o
) e Optimized T and plastic/DF ratio: liquid
* Plastic: LDPE carbon yield of 40.54% with compositions in 139,142

¢ Biomass: Cellulose, xylan and
milled wood lignin

e Plastic: PE
e Catalyst: ZSM-5

e Reactor: Tandem micropirolyzer

e Thermal co-pyrolysis: increased light
oxygenates from carbohydrates, more
phenolic monomers from lignin and shorter
olefins from PE.

e Catalytic co-pyrolysis: synergetic effect
towards aromatic HCs production (26, 30, 50
% higher than theoretical in blendings with
cellulose, xylan and lignin, respectively).

140

e Real MSW: Mix of PP, LDPE,
HDPE, newspaper, cardboard
and others.

e Catalyst: Zeolite (ZSM-5,
SAPO-11)-based composites

e Reactor: Batch and continuous
tubular reactors

e Zeolite-based catalysts promote cracking of
polyaromatics and aromatization reactions.

e Monoaromatics concentration increases from
6.1 (thermal pyrolysis) up to 18.2 % with
ZSM-5-based catalyst.

141

¢ Biomass: Douglas fir (DF)
sawdust.

e Plastic: LDPE

e Catalyst: Hierarchical ZSM-5 vs
conventional ZSM-5

e Reactor: Fixed-bed reactor

Introduction of mesoporosity by alkaline
treatment leads to:

e Higher selectivity to monoaromatics (18 vs 32
% in parent and hierarchical ZSM-5,
respectively)

e Coke formation inhibition.

146

e Biomass: Sawdust.

e Plastic: Real MSW (mix of food
waste, PVC and lignocellulose)

e Catalyst: Multilamellar MFI
nanosheets vs conventional
ZSM-5

e Reactor: Micropyrolyzer

Introduction of mesoporosity and changing the
acidity through lamellar morphology leads to:

e Higher yield of mono and polyaromatics.

e Lower yield of oxygenated compounds (14.82
vs 3.37 %)

147

e Biomass: Wheat straw

e Plastic: HDPE

Moditying ZSM-5 by metal impregnation leads
to:

e Higher organic oil yield mainly due to more
aliphatics and aromatics.

148
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e Catalyst: Metal (Mn, Ni, Zn)
modified-ZSM-5

e Reactor: Fixed-bed reactor

e Proportion of aromatics directly related to the
total acidity of catalysts (larger total acidity
than parent ZSM-5 up to 5% metal loading)

e Metal incorporation promoted deoxygenation
reactions, being particularly boosted with 5%
Ni loading.

¢ Biomass: Douglas fir sawdust
pellets

e Plastic: LDPE pellets

e Catalyst: Activated carbon
modified with Fe

e Reactor: Fixed-bed reactor

¢ Adding LDPE to biomass: thermal synergy
decreasing the formation of char.

e Strong promotion of aromatics and yield of
phenols (3.0%) much lower than the
theoretical value (38.8%).

144
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5. Multi-scale modelling and process analysis

5.1. Kinetic modelling of plastic pyrolysis

Lumped kinetic models are typically applied for plastics pyrolysis, calculating the solid feedstock
conversion () as a function of the temperature through an Arrhenius-type power law. Table S1 in the
Supporting Information reports the most common kinetic models, whilst Table S2 summarizes the
main results from kinetic investigations of plastic pyrolysis available in the open literature '**~1°°. As
a general trend, polyethylene presents greater activation energy than polypropylene and polystyrene.
Three different studies (1#*1°%152) identified the reaction model R2 (contracting sphere) and R3
(contracting cylinder) as the best fitting methods for PE and PP thermal pyrolysis, respectively.

To increase the model accuracy, some multi-equation models (semi-lumped) have been also proposed
160-162 " \where thermal pyrolysis is described through the evolution of macro-categories of
intermediates/products, such as gas, liquid, char, waxes, and aromatics evolving in a combination of
parallel and series of decomposition reactions.

Focusing on thermal decomposition of PE, PP and PS, each elementary step of degradation
mechanism is characterized by specific kinetic parameters '>?°. Therefore, the mass balance for each
involved radical and stable species should be solved to completely describe the time evolution of
species population. Paraffinic, olefinic and diolefinic species (molecules/radicals) can be identified
and tracked. All the mass balances thus can form a set with hundreds thousand ordinary differential
equations (ODEs), leading to a time-consuming procedure for numerical resolution. Some techniques,
as steady-state approximations, discrete section and method of moments have been proposed to
reduce the calculation effort 1%,

The methodology for kinetic assessment of catalytic pyrolysis via lumped models follows the same
approach described for thermal decomposition, hence kinetic parameters can be evaluated for
different solid catalysts and polymers*®!93-172 As a general trend (see Table S3 in the Supporting

Information), catalyst causes a reduction of the activation energy with respect to thermal pyrolysis

and modifies the values of the kinetic parameters fitted since the catalyst presence induces important
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changes in the reaction mechanisms. On the other hand, experimental validation is done via reactant
conversion and (apparent) kinetic parameters are expected (both for thermal and catalytic pyrolysis).
Since real decomposition mechanism includes different both intermediate/products and reaction
pathways as a function of temperature, kinetic parameters could be rather inconsistent. This a
reasonable consequence of the use of a unique kinetic equation to describe a complex multi-step
phenomenon (like carbenium ion mechanism, as previously pointed out).

Some authors have proposed semi-lumped reaction schemes accounting for the main steps of the
decomposition reaction pathways, lumping the pyrolysis products into main groups (as shown in
Figure 7). Huang et al., !7® proposed a kinetic model based on the carbenium ion mechanism already
described for polymers cracking over acidic zeolitic (USY, ZSM-5, Mordenite) and non-zeolitic
(MCM-41, ASA) catalysts. According to this model, the fed solid polymer instantaneously melts and
forms a polymer/catalyst complex. Intermediates like long-chain olefins and precursors for carbenium
ions are formed. During this phase large alkanes may be generated. Then, further reactions could lead
to the formation of shorter chain olefins in equilibrium with surface carbenium ions, as well as
alkanes, BTX and coke. For each lumped step, the reaction rate includes an activity decay term
accounting for catalyst deactivation, expressed as an exponential function of produced coke. The
simultaneous reactions are simple first-order expressions. The generation of intermediates like long-
chain olefins is faster (especially for zeolites) than the production of paraffinic, BTX and coke lumps.
Zeolites seems to be more effective in converting polymers to intermediates of volatile precursors
than amorphous catalysts.

Till et al., ' proposed a reaction network with ten irreversible reactions between six lumps. Plastic
feedstock firstly decomposes, forming a cracked lighter intermediate that may subsequently undergo
decomposition into heavy/light liquid, gas, and coke (which can be additionally produced by further
reaction of liquids). Each lumped group includes several species/molecules; light and heavy liquids
include species with carbon atom number in the range 6-15 and 16-30, respectively. Plastic feedstock,

cracked intermediate, and coke are treated as quasi-solid species, while the other groups are
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considered in fluid status, without mass transfer limitations between the two phases. Reaction rates
are considered to follow first-order Arrhenius-type equations, and stoichiometric matrix enables the
calculation of production/consumption rates.

In summary, for catalytic plastics pyrolysis a semi-lumped reaction scheme (instead of a fully
mechanistic approach) probably represents a good trade-off between precision of products

distribution and computational cost when reactor modelling and sizing is carried out.

a b
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complex {Wp)
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ke Liquid - Liquid
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Figure 7. Semi-lumped kinetic schemes proposed for catalytic pyrolysis of a) PE/PP/PS mixture
over acidic cracking catalysts (adapted from !”°) and b) PE/PP waste mixture over zeolites
(adapted from '7%),

5.2. Reactor features

Table 3 summarizes benefits and challenges for the main classes of reactors employed to perform

plastics pyrolysis processes. Additional details and description can be found for fixed bed '

, rotary
kiln '?° auger '7°, fluidized-bed !’® and spouted-bed reactors 2. Rotary kiln and auger/screw types
are usually employed in thermal pyrolysis '77, whilst fixed bed, batch/semi-batch and
fluidized/spouted bed can be operated with or without a solid catalyst.

The choice of the most suitable reactor for pyrolysis at industrial scale strongly depends on the process

that is carried out. For slow thermal pyrolysis, rotary kiln, auger and semi-batch reactors probably

represent the best options, since they are designed to ensure long residence time. If fast (thermal or
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catalytic) pyrolysis is targeted, fluidized bed reactor is the most convenient type also due to the scale-
up ease. In the case of fast thermal pyrolysis in fluidized bed reactors, the heat needed for the
endothermal decomposition can be provided by using a solid inert in contact with the feedstock. When
catalytic pyrolysis in a fluidized bed is carried out, a separated section for catalyst regeneration should
be considered. If this operation is exothermal, regenerated catalyst can also represent the heat carrier

providing at least part of the required thermal energy.

Table 3. Main reactor types involved in pyrolysis.

simple design

Reactor type Advantages Drawbacks
e Difficulties in uniform heating at
commercial scale.
Fixed bed Low cost

e Poor catalyst-particle contact when
catalytic pyrolysis is carried out.

Batch/semi-batch

Operating condition control
High conversion

e Char/solid residues removal.

e Non uniformity of products (Variability
of products composition from batch to
batch)

e In catalytic pyrolysis case catalyst
regeneration is not straightforward.

Continuous operation
High heat/mass transfer

Simple feedstock pre- e Heat transfer limitation (if compared
Rotary kiln treatment with fluidized bed).
Good solid mixing ¢ High residence time.
Continuous operation e Short residence time hard to achieve.
Auger/screw Good residepge time control | ¢ igh char yield.
reactor Good scalability and e High maintenance costs.
portability
e Only for fast pyrolysis (low residence
Process flexibility time.).. o
. Easy scale-up e Attrition (especially in presence of a
Fluidized bed
Hidlzea be Good heat/mass transfer catalyst).
Limited maintenance costs | ® If @ catalyst is employed, regeneration.
e Char separation
Suitable for pyrolysis of e Small particles required.
i e Scale-up is not easy.
Spouted bed waste materials p y

e Catalyst circulation (if present).
e Attrition (but lower than fluidized bed).
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Computational fluid dynamic (CFD) models have been developed to analyze pyrolysis reactors
performance, using a combination of Eulerian and Lagrangian approaches to describe the evolution
of both fluid phase (solid and/or liquid) and particles (solid, catalyst, molten plastic).

Xiong et al. '

, overviewed possible models for solid feedstock pyrolysis at reactor scale and CFD
modelling of coupled hydrodynamics and kinetics has been grouped into three main categories
according to reactor characteristics: (i) porous media modelling (PMM) for fixed-bed pyrolysis, (ii)
multifluid modelling (MFM) of fluidized bed pyrolysis and (iii) discrete particle modelling (DPM).
Porous media models (PMM) can be used for fixed bed modelling, where governing equations (mass,
momentum, energy, and species balance, respectively) are formulated for gas phase. Mass, energy,
and species conservation equations for solid bed can be formulated without convective term since
solids remain stationary. Intraparticle mass and heat transfer can be coupled with PMM when they
are not negligible. Zavala-Gutiérrez et al. !” developed a model for catalytic pyrolysis of HDPE in a
fixed-bed reactor assuming tubular plug-flow. Isothermal operation was considered, as well as the
absence of transport limitations. A pseudo-mechanistic kinetic scheme was implemented, leading to
a set of 20000-50000 ODEs that must be simultaneously solved.

Fluidized-bed pyrolysis reactors behavior is usually simulated through multifluid models (MFM),
where the involved phases (solid and fluid) are modelled as interpenetrating continua. Conservation
equations for gas-solid transfer is modelled by using interphase coefficients (e.g., drag coefficient for
momentum equation). Contrarily to PMM, the solid phase is not static and thus a solid stress term
must be included through the kinetic theory of granular flow, where the so-called granular
temperature is defined to obtain pseudo-solid transport properties (e.g., viscosity) !’. Niksiar and
Sohrabi developed a mathematical model to simulate unsteady behavior of a conical spouted bed
reactor for pyrolysis of waste plastics. Conservation equations have been written for the three main
zones in which the domain have been divided, i.e., spout, annulus, and fountain core '*°.

Each solid particle can be tracked individually (Lagrangian approach) and treated as a discrete object

in the discrete particle model (DPM). Interactions between solid particles are reproduced through
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collision models. In DPM the computational cost is mainly devoted to solid phase equations and is
thus almost proportional to the number of solid particles. On the other hand, if compared to MFM,
the accuracy of DPM is greater. Nevertheless, due to computational effort reasons, simulation of
commercial scale reactors through DPM is not feasible because of the huge number of solid particles
that must be simultaneously modelled.

A two-dimensional model (built on ANSYS Fluent) was recently reported to simulate catalytic
pyrolysis of HDPE within a fluidized-bed reactor by using ZSM-5 '¥!. A semi-lumped scheme was
considered for the pyrolysis kinetics. Navier-Stokes equations were solved throughout the domain,
while heat and mass transfer were accounted for via Reynolds, Sherwood and Nusselt dimensionless
groups. Gidaspow's approach was used for the fluid—solid exchange. The k-epsilon model was
employed for turbulence. Sensitivity analysis was carried out to evaluate the effect of temperature
and space velocity on conversion and product distribution. According to the presented results, the
reactor fed with a flux of 1 kg m? s at 500 °C showed the best gasoline production (= 31 wt.-%) and
the lowest energy consumption, while simulations at 400 °C showed the best liquid-to-gas ratio.
Gala et al. '3, simulated (via CFD model built in Comsol Multiphysics) a reactor at pilot scale (30
kg/h) for ex-situ catalytic hydrotreatment of oil from LDPE decomposition. A multi-tubular, fixed-
bed, reactor equipped with 37 tubes (filled with catalyst) is fed with a hydrocarbon mixture ranging
between Cs and Cs2. A thermal oil (circulating in the shell) is used as coolant to moderate the
temperature rise throughout the tube due to exothermal reactions occurring. Navier-Stokes equations
with the Brickman correction for the catalytic porous medium were solved. Sensitivities has been
carried out to evaluate the effect of spatial time, coolant flow and Ho/pyrolysis oil ratio. A complete
olefin conversion into paraffins was estimated to be achieved after 1000 mm from the inlet.
Numerical modelling thus represents a useful tool for the design of pyrolysis and catalytic ex-situ
reactors at pilot/full scale, driving the choice of key parameters like size, temperature, space velocity

and catalyst-to-feedstock ratio. In case of catalytic pyrolysis, catalyst deactivation kinetics may be
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implemented into the model to assess the performance time evolution or the design of regeneration

unit (when fluidized reactor is involved).

5.3. Pyrolysis at process scale

As illustrated in Figure 8, a typical plant/process for plastics pyrolysis involves feedstock pre-
treatment, solid displacement, heating systems, pyrolysis reactor, product upgrading and separation
and auxiliary sections (compression, recirculation, heat recovery, heat exchangers). Feedstock
generally requires pre-treatment like mechanical particle size reduction prior to feeding into a
pyrolysis reactor 83, Separation of plastics from metals and residues as well as feedstock drying
should be carried out. Special attention should be paid to dehalogenation processes that can eventually
be carried out before pyrolysis to avoid the formation of pollutant and corrosive halogenated
compounds as HCL

Before thermal decomposition, feedstock must be melted and heated up to the decomposition
temperature whatever thermal or thermo-catalytic decomposition can be carried out. Non-
condensable gases and char exiting the pyrolysis reactor can be fully/partly burned to provide the
necessary process heat for feedstock decomposition and steam generation. After pyrolysis, the
produced vapor enters a solid separation section, being then sent to a series of heat exchangers and
separators operating at decreasing temperature (from = 400 °C to = 25 °C) where the condensable
fraction is collected. As above indicated, a catalyst can be employed to carry out in-situ or ex-situ
upgrading of the oil phase. Further conversion may be required if the final product should meet
prescriptions to be considered as a substitute of fossil-derived fuels as gasoline, naphtha, or diesel.
One or more steps of upgrading could be required depending on the quality of the original raw stream
184,185

Catalytic cracking over porous acid solids (mainly zeolites) allows optimizing the mixture
composition, especially when the final product is destinated to automotive fuels or petrochemical
industry '3¢-188 Hydrotreating is commonly used in the oil industry to selectively remove heteroatoms

like S, N, Cl and O that may be present in some plastic pyrolysis oils '*. It is carried out through a
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hydrogen-rich stream in the presence of a solid catalyst (e.g., Ni-Mo/Al>03) at high pressure (20-200
atm) and temperature usually in the range 300-400 °C 83186190 Trickle-bed reactors are commonly
used in hydrotreating. To preserve the most active catalyst from poisoning and deactivation, a
common industrial strategy is to place different catalyst beds in series, with increasing order of
activity '°°. Hydrotreating can be followed by hydrocracking to break down heavy molecules into
shorter chains in presence of hydrogen !*°. Hydrocracking is usually carried out at a pressure up to
70 atm and at a temperature in the range of 300-400 °C '°1°2, Thus, catalysts with Ni on different
acidic supports like H-Beta, SAPO-11 and HMCM-41 have been investigated for the hydrocracking
of polyolefins pyrolysis waxes. '¥?Via hydrocracking of plastics pyrolysis oil, the production of a
good quality naphtha can be achieved !°!. Nevertheless, one of the main obstacles in implementing
hydrotreatment and hydrocracking is the cost of hydrogen. Another challenge affecting costs and
commercial viability is catalyst poisoning effect when hydrocracking of PVC-derived products is
carried out ',

On the other hand, among the possible ways to upgrade the decomposition products, pyrolysis with
in-line steam reforming is reported when the main desired product is hydrogen !*3. Reforming step
occurs in a second reactor connected with the pyrolyzer and it is commonly carried out at a
temperature range of 600-800 °C and in presence of a Ni-based catalyst, which should be preserved
from impurities that could deactivate it . Steam reforming reactions are endothermal and convert
hydrocarbons (and oxygenates, when present) into H> and CO. Fixed bed reactors are usually
considered for steam reforming, even though - with some pyrolysis vapor compositions - it may be
affected by coke deposition on the catalyst surface, leading to deactivation and bed blockage '**. H»
potential production strongly depends on the raw plastic material and thus on the composition of
pyrolysis vapors. When pure hydrogen production is required, the gaseous stream should be sent to a
water gas shift section to convert CO into CO», which can be more easily separated in a subsequent

pressure/temperature swing adsorption (PSA/TSA) unit.
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Finally, treated pyrolysis products can be selectively separated and stored for direct use or further

refining through fractional condensation, scrubbing, and distillation unit 8518619519
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Figure 8. Schematic of a typical plastics waste pyrolysis process.
Some studies available in the open literature have addressed the process modelling and techno-
economic assessment of commercial-scale waste plastics pyrolysis plants °62°! Aspen Plus™ is
often used as simulation software for mass and energy balances of the single units and for the whole
system 2927295 Economic assessment is generally based on discounted cash flow analysis. This
approach is related to the calculation of the net present value (NPV).
Table 4 presents an overview of economic results from articles available in the open literature dealing

197.199 carried

with techno-economic assessment of waste plastics pyrolysis processes. Some works
out a cost analysis of fuel substitute production via catalytic and thermal pyrolysis of plastic waste,
respectively. Both articles focused on processes involving a fluidized bed reactor and analyzed the
effect of scale-up on the production cost. A comparison of the results from these two works indicates
that the economic feasibility is achieved with a larger plant size, mainly because of higher investment
cost at similar scale. In general, the cost analysis and the economic feasibility estimation are affected
by several factors like the involved cost functions (and the uncertainty in capital cost estimation), the
scale factors (e.g., Lang factor or capital cost exponent), the composition of inlet plastic waste and

the desired final product (e.g., a specific olefin or a hydrocarbon mixture). The last aspect strongly

affects the process configuration, the conceptual design, and the required equipment, leading to
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different capital cost expenditure. The chosen final product has an impact on the economic feasibility
since it should be compared with the corresponding current market price, which may fluctuate over
time. Furthermore, other parameters that may affect economic analysis are the feedstock and external
energy cost, as well as financial assumptions like discount rate and lifetime. Sensitivity analyses
should be carried out to evaluate their impact on process economics.

The recently published techno-economic assessments agree in concluding that scale-up at full
industrial size is essential to ensure the economic feasibility of plastics pyrolysis, making the
production cost of investigated process comparable with the corresponding market price. Even though
the size allowing the economic profitability differs between the studies, it generally lies in the range
10-100 kt of fed plastics per year. When ethylene monomer recovery was investigated a plant of about
150 kt/y was considered, leading to a production cost of =~ 0.39 €/kg, considerably lower than that of
conventional route ( = 0.83 €/kg) 2%°. This means that even a lower plastics input should ensure the
economic feasibility. If the target is pyrolysis oil production as substitute of hydrocarbon mixtures, a
size of about 10 kt per year has been reported to achieve the economic profitability of plastics
pyrolysis '%°, although a recent work provided a less optimistic evaluation, estimating a break-even

size of about 100 kt/year 2%,
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Table 4. Overview of techno-economic assessments for plastics pyrolysis processes. ROR stays
for rate of return. TCI is total investment cost.

Brief process description Main economic results Ref.

Catalytic fluidized bed reactor
Small scale. ROR: 4.17%; payback: 24 y

Medium scale. ROR: 23.76%; payback: 4.5 y 197
Large scale. ROR: 35. 69%; payback: 1.5y

Small size: 10 kt/y
Medium size: 60 kt/y
Large size: 120 kt/y

Fluidized bed reactor 0.1 t/h. TCI: 0.99 M£; product cost: 0.87 £/kg
0.1 t/h (base case) 1 t/h. TCI: 3.06 M£; product cost: 0.26 £/kg 100
Scaled-up cases: 1; 10 and 100 t/h 10 t/h. TCI: 9.35 M£; product cost: 0.05 £/kg

100 t/h. TCI: 56.77 M£; product cost: 0.03 £/kg

Furnace pyrolysis reactor fed with PE

(18.9 t/h) Total installation cost: 29.9 M€ 200

Main products: ethylene, methane, Ethylene production cost: 0.386 €/kg

propylene, butene, benzene

4 kt/y. TCI: 3.63 M$; IRR: 9.6 %
8 kt/y. TCI: 4.41 MS; IRR: 27.1 % 202
16 kt/y. TCI: 6.44 MS$; IRR: 37.1 %

Molten salt pyrolysis reactor.

Mixed plastic waste.

Pyrolysis of mixed (PE+PP) plastics

Total investment cost: 40 M$
waste (base case: 84 kt/y) 203

Minimum selling price for pyrolysis oil: 600 $/t
Produced oil: 37 kt/y gp pyroly
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6. Conclusions and perspectives

Pyrolysis is one of the most promising technologies to deal with the enormous volume of plastic
waste currently generated. Compared to traditional management alternatives, like incineration or
landfilling, those plastic waste non-suitable for mechanical recycling could be valorized into
chemicals or high-quality liquid fuels by pyrolysis, contributing to the objectives of circular economy.
However, current industrial plants apply thermal pyrolysis treatments to a limited range of waste
plastics, since the presence of pollutants and halogens in the composition of many raw materials pose
technological barriers that still need to be resolved.

Catalytic pyrolysis is expected to emerge at industrial scale as the next generation of thermochemical
processes for the conversion of plastic waste into more valuable products than those coming from
thermal pyrolysis. Among the challenges to be faced, catalyst deactivation and regeneration are
relevant issues due to the possible presence of catalyst poisons in the plastic waste feedstock. In
addition, the development of specific catalysts with enhanced accessibility is required to deal with
the bulky compounds present or derived from plastic waste. In this way, special attention should be
paid to confinement effects around the acid sites and the hierarchy and interconnectivity of the porous
structure, since they affect meaningfully to both the conversion and product distribution as well as to
the catalyst deactivation by coke deposition.

The presence of halogens in plastic waste represents a strong limiting factor for the scale-up of the
pyrolysis processes due to their relevant negative impacts according to health and environmental
criteria, as well as regarding the possible corrosion of the industrial plants. In recent years, significant
progresses have been achieved on both ex-situ and in-situ dechlorination/debromination treatments.
Future efforts should be devoted to the development of single-step processes, based on the use of
sorbent/catalyst composites able to direct the pyrolysis products distribution while simultaneously
removing different halogens, without suffering poisoning and/or deactivation. This would allow to

reduce limitations and costs related to the multi-step pyrolysis processes.
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The pyrolysis plants of the future must be versatile and robust to respond to the heterogeneity of the
waste to be processed: mixture of plastics or even containing other organic wastes and/or biomass
residues. In this way, the oil industry should play a leading role in the chain of plastic waste upcycling
since the pyrolysis oil can be blended with several refinery streams. Moreover, with proper research
and understanding of the interactions that can occur between these feedstocks and even with catalysts,
beneficial synergistic effects can be identified.

Kinetic analysis is crucial for multi-scale modelling of thermal and/or catalytic plastics pyrolysis,
allowing the estimation of products distribution. Lumped, semi-lumped and mechanistic approaches
have been reported, with the latter ones providing a more precise estimation of pyrolysis products,
even though with a greater computational cost. Future works should be focused on the investigation
of techniques reducing the numerical effort still guaranteeing an acceptable precision. These kinetic
models are needed to be coupled with mass, energy and momentum balances at reactor scale
providing a proper estimation of the behavior of commercial-scale pyrolysis devices. The choice of
reactor type depends on the feedstock, desired products, operating conditions and size, as well as on
the presence of a solid catalyst to carry out catalytic pyrolysis. According to economic criteria,
thermal pyrolysis systems require lower investment costs than catalytic processes, although the latter
leads to more valuable upgraded products. Thus, catalytic pyrolysis may drive the process towards
components that could be used as monomers or raw chemicals, thus enhancing the plastic waste
circularity.

In spite of the great number of literature references produced in the past years on plastic pyrolysis,
some aspects need to be further covered for accelerating the industrial implementation of these
processes, such as: tests with real plastic waste addressing the problems derived from their
complexity, enhanced focus on the performance of ex-situ catalytic pyrolysis systems, better
understanding of the halogen fate during pyrolysis and deeper exploitation of the co-pyrolysis of

waste plastics with other materials.
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