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ARTICLE INFO ABSTRACT

Keywords: Thermochemical recycling of plastic waste to base chemicals via pyrolysis followed by a minimal amount of
Thermochemical conversion upgrading and steam cracking is expected to be the dominant chemical recycling technology in the coming
Chemical recycling decade. However, there are substantial safety and operational risks when using plastic waste pyrolysis oils
g:r;c:::;t;n instead of conventional fossil-based feedstocks. This is due to the fact that plastic waste pyrolysis oils contain a
Contaminants vast amount of contaminants which are the main drivers for corrosion, fouling and downstream catalyst
Upgrading poisoning in industrial steam cracking plants. Contaminants are therefore crucial to evaluate the steam cracking

feasibility of these alternative feedstocks.

Indeed, current plastic waste pyrolysis oils exceed typical feedstock specifications for numerous known con-
taminants, e.g. nitrogen (~1650 vs. 100 ppm max.), oxygen (~1250 vs. 100 ppm max.), chlorine (~1460 vs. 3
ppm max.), iron (~33 vs. 0.001 ppm max.), sodium (~0.8 vs. 0.125 ppm max.) and calcium (~17 vs. 0.5 ppm
max.). Pyrolysis oils produced from post-consumer plastic waste can only meet the current specifications set for
industrial steam cracker feedstocks if they are upgraded, with hydrogen based technologies being the most
effective, in combination with an effective pre-treatment of the plastic waste such as dehalogenation.

Moreover, steam crackers are reliant on a stable and predictable feedstock quality and quantity representing a
challenge with plastic waste being largely influenced by consumer behavior, seasonal changes and local sorting
efficiencies. Nevertheless, with standardization of sorting plants this is expected to become less problematic in
the coming decade.

Abbreviations: AAS, Atomic absorption spectroscopy; ABS, Acrylonitrile butadiene styrene; AED, Atomic emission detector; ASTM, American Society for Testing
and Materials; ASR, Automotive shredder residue; ATR, Attenuated total reflection; CHNS/O, Carbon, hydrogen, nitrogen, sulfur / oxygen elemental analyzer; CIC,
Combustion Ion Chromatography; CSTR, Continuous stirred tank reactor; ECD, Electron capture detector; EDXRF, Energy dispersive X-ray fluorescent spectroscopy;
EPA, Environmental protection agency (US); EU, European Union; FBP, Final boiling point; FCC, Fluid catalytic cracking; FIA, Fluorescent indicator adsorption; FID,
Flame ionization detector; FTIR, Fourier-transformed infrared; GC, Gas chromatography; GC x GC, Two-dimensional gas chromatography; HDPE, High-density
polyethylene; HIPS, High impact polystyrene; HPLC, High performance liquid chromatography; IBP, Initial boiling point; ICP, Inductively coupled plasma; Incl.,
Including; JIS, Japanese industrial standards; LC, Liquid chromatography; (L)LDPE, (linear) low-density polyethylene; LOD, Limit of detection; LOQ, Limit of
quantification; MAPD, Methyl acetylene and propadiene; MPO, Mixed polyolefins; MS, Mass spectrometry; NCD, Nitrogen chemiluminescence detector; ND, Not
detected; NMR, Nuclear Magnetic Resonance; OES, Optical emission spectrometry; PA, Polyamide; PAH, Polyaromatic hydrocarbons; PET, Polyethylene tere-
phthalate; PFO, Pyrolysis Fuel Oil; PIONA, Paraffins, (iso-) paraffins, olefins, naphthenes, aromatics; PMMA, Polymethylmethacrylate; PP, Polypropylene; ppb, Parts
per billion; ppm, Parts per million; PS, Polystyrene; PTFE, Polytetrafluoroethylene; PUR, Polyurethane; PVC, Polyvinylchloride; PVDC, Polyvinylidene chloride; SCD,
Sulfur chemiluminescence detector; STR, Stirred tank reactor; TCD, Thermal conductivity detector; TGA, Thermogravimetric analysis; ToF, Time-of-flight; WEEE,
Waste electrical and electronic equipment.
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1. Introduction

During recent years, energy and carbon efficiency became increas-
ingly important in the transition from a linear to a circular economy. In
this scenario, recycling of plastics plays a key role due to their energy
and material intensive production, their abundant use and their long
lifetime as a pollutant (Meys et al., 2021).

Plastics production in Europe (EU28 plus Norway and Switzerland)
reached almost 62 million tons in 2018 with plastic packaging making
up almost 40 % of the produced plastics. Of the total plastic packaging
waste (~17.8 million tons), approximately 42 % are collected for recy-
cling purposes with another 39.5 % being used for energy recovery in
waste incineration plants (see Fig. 1). The remaining 18.5 % of plastic
packaging material is disposed of in landfills (Plastics Europe, 2020).

Consequently, the demand increases for plastic waste recycling
technologies capable of creating valuable products with similar prop-
erties as their original fossil-derived counterparts.

Post-consumer plastic waste is a mixture of several different poly-
mers such as polyethylene (PE), polypropylene (PP), polystyrene (PS),
polyvinylchloride (PVC) and polyethylene terephthalate (PET) with
traces of polyamide (PA), polyurethane (PUR), poly(methyl methacry-
late) (PMMA) and others which further contains numerous additives and
auxiliary materials (Geyer et al., 2017, Ugdl’ilcr et al., 2020).

Only for a limited number of plastic waste streams efficient me-
chanical recycling schemes exist (e.g. for PET bottles and trays). The
remaining sorted but contaminated waste is currently either down-
cycled, landfilled or incinerated. The primary route to recycle the major
part of polyolefinic (i.e. PE and PP) plastic packaging waste in the
coming decade will be chemical recycling (Solis and Silveira, 2020,
Dogu et al., 2021). In particular, pyrolysis towards liquid feedstocks for
producing olefins and aromatics in petrochemical process chains gains
momentum with numerous demonstration projects in Europe (Fitzsi-
mons, 2020, Bailey, 2020, Pilkington, 2020, Young, 2021). In this
concept, the material loop can be closed since new virgin plastics are
produced from the base chemicals ethylene, propylene, 1,3-butadiene
and benzene (Ragaert et al., 2017). However, there are still challenges
in place such as fluctuating waste compositions, feedstock contaminants
and the need for expensive upgrading steps which lower the economic
prospect. Fig. 2 depicts a scheme of the state-of-the-art plastics waste
management and a potential integration of thermochemical recycling
into the petrochemical production of plastics.

In a pyrolysis reactor, solid plastics are thermally decomposed in an
inert atmosphere with or without catalyst, providing a distribution of
gaseous, liquid and solid products as function of temperature, pressure
and residence time (Lopez et al., 2017, Al-Salem et al., 2017, Kannan
et al., 2014). A distinction can be made between polymers such as
PMMA, polytetrafluorethylene (PTFE) or PS, which decompose pri-
marily into their corresponding monomers (Miandad et al., 2017,
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Fig. 1. Post-consumer plastic packaging waste treatment distribution in Europe
in 2018 (adapted from (Plastics Europe, 2020)).
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Garforth et al., 2004). On the other hand, PE and PP rich streams, which
are based on volume the most widely available plastic packaging waste
feedstocks, decompose in a random fragmentation reaction (Plastics
Europe, 2020, Ragaert et al., 2017, Dogu et al., 2021).

The main pyrolysis product is a liquid containing a complex mixture
of hydrocarbons with a wide carbon number distribution which may be
utilized as petrochemical feedstock (Al-Salem et al., 2010). Contami-
nants present in the original plastic waste distribute over the entire
product range and are known to diminish the liquid product quality
making further treatment necessary to obtain a high-quality petro-
chemical feedstock such as fossil naphtha (Al-Salem et al., 2017). The
total content of inorganics, or ash, in post-consumer mixed polyolefin
(MPO) streams after sorting and washing (with cold water) can still be
appreciable (2.8 wt%) (Eschenbacher et al., 2022).

Many different (petro-) chemical treatment options for plastic waste
pyrolysis products have been researched in the past including the con-
version to transportation fuels (Nanda and Berruti, 2021, Papari et al.,
2021), or to feedstocks for fluid catalytic cracking (Rodriguez et al.,
2019a, Lee, 2009, Rodriguez et al., 2019b), hydrocrackers (Joo and
Guin, 1997, Li et al., 2016) or coker units (Palos et al., 2021). Obviously,
the conversion of plastics to fuel results in a low value product which
makes it economically very challenging to compete with, for example
olefin production, not even considering the circularity of fuels. In
Europe, the projections are that the utilization of refineries will decrease
drastically by 2040 due to a more aggressive transition towards elec-
trified transportation (Bousso and Sanicola, 2020). Given the enormous
scale of operation for commercial steam crackers and the fact that
economic penalties such as carbon taxes are being introduced, there is a
huge potential for using pyrolysis oils as feedstocks for already existing
steam cracker units. Furthermore, since steam cracking is the main
process for the production of base chemicals (e.g. ethylene and pro-
pylene) of which the majority is converted to virgin plastics, it would
provide the highest degree of circularity if plastic waste is converted to
steam cracker feedstocks. However, one of the key reasons why this
post-treatment pathway has not yet taken off industrially is the uncer-
tainty that is associated with the contaminants and impurities found in
plastic waste pyrolysis oils.

In steam cracking, a substantial amount of energy is used in order to
decompose large hydrocarbon molecules into light olefins (Amghizar
et al., 2017). Steam cracking of plastic waste pyrolysis oils requires a
liquid feedstock that is compatible with industrial steam cracking units
in terms of physical properties (e.g. viscosity, boiling point), molecular
composition (e.g. paraffinic, iso-paraffinic, olefinic, naphthenic and ar-
omatic content: PIONA) and potential contaminant limits (Sundaram
and Stancato, 2018). Furthermore, sufficient amounts of high quality
feedstock are needed to match the scale of operation of industrial steam
crackers. Typically, one naphtha cracking furnace requires feedstock in
the order of >100,000 tons per year (Oliveira and Van Dril, 2021).
Therefore, it is likely that plastic waste pyrolysis products will be
blended with fossil feedstocks rather than entirely replacing them
(Amghizar et al., 2017).

Feedstock contaminants play a crucial role for the economics of a
steam cracking furnace due to their accelerating effect on coke forma-
tion, fouling, corrosion and downstream catalyst poisoning leading to
reduced run-length and/or off-spec products (Sundaram and Stancato,
2018). Contaminant levels found in plastic waste pyrolysis oils will
therefore be the determining factor for a successful integration of a
thermochemical recycling process into a petrochemical complex. The
most important contaminants are heteroatomic compounds (nitrogen,
sulfur, oxygen and halogens) as well as metals. High amounts of aro-
matics and olefins are also known to amplify coke formation and fouling.
This has been known as far back as thirty years (Kopinke et al., 1993a,
Kopinke et al., 1993b). In order to assess the steam cracking feasibility of
plastic waste pyrolysis oils in terms of contaminants, molecular char-
acterization techniques play a key role. Therefore, as a starting point of
this review the most important analytical techniques for the analysis of
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Fig. 2. Schematic overview of the state-of-the-art domestic waste recycling schemes and a potential integration of thermochemical recycling.
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Fig. 3. Schematic overview of a GC x GC setup. Re-drawn from (Dijkmans
et al., 2014).

plastic waste pyrolysis oils are discussed with special emphasis on the
analysis of trace amounts of highly important contaminants such as ni-
trogen, sulfur, oxygen and halogens as well as metals.

In scientific literature, little systematic information is available on
contaminants in pyrolysis oil and their potential consequences in the
closed loop recycling chain towards steam cracking. In this review,
contaminant levels in real post-consumer plastic waste derived feed-
stocks are listed and compared to the maximum allowable concentra-
tions in industrial steam cracker feedstocks, giving an indication of how
challenging it is to use plastic waste pyrolysis oils in a steam cracker and
what potential risks are. Thus, a guideline is provided for steam cracker
operators when attempting to implement plastic waste pyrolysis oils into
their existing petrochemical infrastructure.

The presented study is a strong foundation for benchmarking plastic
waste pyrolysis oils to conventional fossil feedstocks in order to assess
the potential effects from plastic waste contaminants on chemical
recycling and for potential upgrading technologies.

2. State-of-the-art molecular characterization techniques
Plastic waste pyrolysis oils as steam cracking feedstocks will be

evaluated based on their chemical composition especially in light of
potentially harmful compounds with the ability to put stable operation
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of industrial crackers at risk. Determining and quantifying of elements in
trace amounts down to ppb ranges is not straight forward and requires
sophisticated analytical techniques. A crucial aspect regarding plastic
waste pyrolysis oils as steam cracking feedstocks is the setting of quality
standards which are based on the most accurate detection techniques.

The most flexible and powerful analytical tool is gas chromatography
(GC) coupled to various detectors. In essence, all GC techniques make
use of the chromatographic separation of compounds prior to analysis
on a detector targeted to a certain compound group. Thus, considering
the entire range of compatible detectors, GC techniques are suitable to
analyze almost the entire chemical composition of a plastic waste py-
rolysis oil.

2.1. Capillary gas chromatography coupled to various detectors for the
characterization of the hydrocarbon matrix and crucial contaminants

The most frequently used GC method is one-dimensional (1D) GC
where the sample is separated in a column based on a specific mecha-
nism (e.g. boiling point or polarity). However, the high complexity of
plastic waste pyrolysis oils can often not be fully represented by 1D-GC
due to the limited peak capacity leading to an insufficient chromato-
graphic separation of the vast amount of compounds over the various
compound families. Although the separation may be improved by
increasing the length of the column or by choosing a more selective
stationary phase, experience shows that 1D-GC is limited to a certain
feedstock complexity (Djokic et al., 2018, Mondello et al., 2008). Also,
the quantification of heteroatomic compounds containing nitrogen,
sulfur or oxygen is difficult due to the complex dominant hydrocarbon
matrix (Toraman et al., 2014).

In order to obtain comprehensive data of highly complex component
mixtures, hyphenated methods such as comprehensive two-dimensional
gas chromatography (GC x GC) coupled to different detectors can be
used due to the significantly higher resolution and signal-to-noise ratio
(Djokic et al., 2018, Djokic et al., 2012, Dijkmans et al., 2014).
Comprehensive GC x GC separates the entire effluent spectrum using
two columns with two different, statistically independent separation
mechanisms. In this way, no information gained during the first column
separation is lost in the cause of the second column separation (Dalliige
et al., 2003). The first column separation is typically based on a non-
polar stationary phase whereas the shorter and narrower second col-
umn separates the effluent compounds based on polarity. Both columns
may be placed in a single heated oven (see Fig. 3). For the compre-
hensive analysis of plastic waste pyrolysis oils which often contain high
amounts of large molecular weight hydrocarbons, the temperature
resistance of the used columns is highly important. High temperature
chromatographic columns are available which are produced from fused
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Table 1
Overview of analytical detectors compatible with GC or GC x GC.
Detector Properties Reference
FID e Wide detector linearity range (Djokic et al., 2012, Marsman
e Detector response proportional to et al., 2007, de Saint Laumer
C content of hydrocarbons et al., 2010, Tranchida and
e Weak sensitivity for heterotatoms  Mondello, 2019, Biedermann
e Post-column reaction in a Polyarc and Grob, 2009, Luong et al.,
reactor possible for carbon- 2019)
independent response
ToF-MS e Mostly qualitative (Van Geem et al., 2010,
characterization of the Dijkmans et al., 2015, Toraman
hydrocarbon matrix etal., 2014, Djokic et al., 2018,
e Most powerful analytic technique  Tranchida and Mondello,
for mixtures of volatile 2019)
compounds
e More accurate and more
expensive than 1D-GC-MS
TCD o Similar application as FID (Budiman et al., 2015,
e Lower linearity range and Miskolczi, 2013, Park et al.,
sensitivity 2020)
SCD/ o Element specific detection (Yan, 1999, Yan, 2002, Yan,
NCD e Equimolar response 2006, Tranchida and Mondello,
e Trace amounts (high ppb range) 2019)
of S/N-containing compounds
detectable
ECD e Sensitive to electronegative (Eguchi et al., 2021, Hall and
elements (halogens and some Williams, 2006b, Bhaskar et al.,
forms of nitrogen and oxygen) 2007, Pellizzari, 1974, Muscalu
e Non-linear detector et al., 2011, Booij et al., 1998)
e Co-elution of low electron-
capture affinity compounds may
interfere with the signal
AED e Widest element range of all (Ross et al., 2001, Tranchida
detectors (up to 23 elements) and Mondello, 2019, Bartle
e Atomic emission spectra et al., 2009, van Stee et al.,
characteristic for each element 2002, van Stee et al., 2003,
Lorentz et al., 2017)
ICP-OES/ e Detection of metal concentrations  (Foppiano et al., 2020, Linge,
MS in ultra-trace levels (ppb) 2008, Lienemann et al., 2007,

Sample preparation crucial

Rahmi et al., 2007, Haraguchi,
2004, Navarro et al., 2002,
Clases et al., 2021)

silica, aluminum or stainless steel that can withstand temperatures up to
440 °C (Philp et al., 1995). This way it is possible to separate the entire
carbon number range of the feedstock.

Between both columns, there is a modulator which can be a valve
modulator (Sinha et al., 2003), thermal modulator (Libardoni et al.,
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2010, Phillips and Xu, 1995, Beens et al., 1998a, Phillips et al., 1999,
Beens et al., 1998b, Gaines et al., 1999) or cryogenic modulator (Phillips
and Beens, 1999, Kinghorn et al., 1998, Pursch et al., 2003) functioning
as an interface. The main purpose of the modulator is to trap adjacent
fractions of the effluent, to refocus and rapidly send them to the second
dimension column (Adahchour et al., 2008, Beens et al., 2001, Adah-
chour et al., 2006). The resulting GC x GC chromatograms are struc-
tured along two axes based on the respective separation mechanisms
(boiling point, polarity), leading to an improved resolution compared to
1D-GC (Pyl et al., 2011, Dalliige et al., 2003, Mondello et al., 2004,
Mondello et al., 2008, Van Geem et al., 2010).

GC x GC is especially interesting for samples consisting of both well-
known compound families such as paraffins, olefins, naphthenes or ar-
omatics and a high number of isomers and homologues (Dalliige et al.,
2003). In contrast to 1D-GC, GC x GC is not an ASTM standard tech-
nique. Comprehensive GC x GC was introduced 30 years ago and since
then became the major analytical tool used as a platform for a broad
range of detectors (see Table 1). For the latest state-of-the-art of GC x GC
the reader is referred to a recently published review article by (Zanella
etal., 2021). An overview of detectors compatible with GC or GC x GCis
given in Table 1. For a detailed review of ionization-based detectors for
gas chromatography, the reader is referred to (Poole, 2015).

Numerous studies exist reporting the analysis of plastic waste py-
rolysis oils using 1D-GC coupled to a thermal conductivity detector
(TCD) (Miskolczi, 2013, Park et al., 2020), flame ionization detector
(FID) (Demirbas, 2004, Park et al., 2003, Park et al., 2020) or mass
spectrometer (MS) (Anuar Sharuddin et al., 2017, Lee, 2007, Seo et al.,
2003, Lee et al., 2003, Miranda et al., 2001a, Miskolczi and Ates, 2016,
Park et al., 2003, Park et al., 2020, Tsuge et al., 2011). Obviously, for the
analysis of plastic waste pyrolysis oils, the more sophisticated GC x GC
is still not frequently used.

The principle of a TCD is based on the difference in thermal con-
ductivity of the analyte and the carrier gas. Regarding their applica-
bility, TCD can be compared to FID, however, with a lower sensitivity
and linearity range making FID more suitable for highly complex mix-
tures such as plastic waste pyrolysis oils (Budiman et al., 2015). 1D-GC-
TCD complies with the ASTM D7833 - 20 standard. For conventional
hydrocarbon feedstocks, FID is the most widely applied detector com-
bined with GC (x GC) due to its universal applicability for organic
compounds (Tranchida and Mondello, 2019). 1D-GC-FID complies with
the ASTM D8028 — 17 standard. The basic principle of the FID is the
measurement of variations in the ionization current in a hydro-
gen-oxygen flame caused by the presence of analytes. The FID response
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of a specific compound is proportional to the sum of the carbon atoms
capable of hydrogenation (Sevcik, 2011, Schofield, 2008). FID has a
wide detector linearity range and high flexibility regarding response
factors which can be predicted or calculated (Djokic et al., 2012,
Marsman et al., 2007, de Saint Laumer et al., 2010, Scanlon and Willis,
1985). Fig. 4 depicts a GC x GC-FID color plot of plastic waste pyrolysis
oil showing the benefit of the second dimension separation.

However, FID shows no response to non-combustible compounds
such as Hy0O, CO9, SO3 or NOy. Furthermore, functional groups such as
alcohol or acidic groups as well as halogenic functionalities show little
or no response (Tranchida and Mondello, 2019). In a recent publication
(Luong et al., 2019), GC x GC separation was combined with post-
column reaction in a Polyarc reactor prior to detection on an FID (see
Fig. 5). In the reactor, all organic molecules are converted to methane,
thus eliminating the need for multilevel calibration. The authors
observed improved FID uniformity and detector sensitivity (Luong et al.,
2019). Furthermore, (Ferraz-Almeida et al., 2020) were able to analyze
CO4, in soil samples using post-column methanization.

In MS, compounds are ionized by an ion source and consequently
analyzed in the mass analyzer. The most widely used MS devices are
low-resolution time-of-flight (LR-ToF) for GC x GC-MS applications and

Pyrolyzer
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quadrupole mass spectrometry (QMS) for GC-MS application (Frysinger
and Gaines, 1999, van Deursen et al., 2000). ToF detectors separate ions
based on different velocities in a flight tube. Lighter ions reach the de-
tector at the end of the flight tube faster than heavier ions (Tranchida
and Mondello, 2019, de Hoffmann, 2000, Tranchida et al., 2015, Zushi
etal., 2014). 1D-GC-MS is the most suitable technique for fast screening,
for instance, in a micro-pyrolyzer setup (see Fig. 6) (Tsuge et al., 2011),
however, data obtained is primarily qualitative unless laborious abso-
lute calibration is performed (Djokic et al., 2018). To combine qualita-
tive and quantitative analysis using one GC x GC setup, the second-
dimension column effluent may be split onto two second-dimension
columns for the simultaneous analysis via FID and time-of-flight
(ToF)-MS (Tranchida and Mondello, 2019, Sgorbini et al., 2015, Nic-
olotti et al., 2014). Several ASTM standard methods exist for 1D-GC-MS
analyses of different hydrocarbon samples which are also applicable for
plastic waste pyrolysis oils (i.e. ASTM D4128-18, ASTM D6420-18,
ASTM D8276-19). For a detailed overview of recent developments in
mass spectrometry, the reader is referred to a recent review by (Rankin-
Turner and Heaney, 2021).

Element-selective detection techniques are essential since metals or
heteroatomic compounds may exist in extremely low concentrations
dispersed in complex hydrocarbon matrices, making detection with
unselective methods such as FID or MS extremely difficult. For the
specific analysis of nitrogen or sulfur compounds, detectors utilizing
ozone-induced chemiluminescence have been introduced. Combined
with GC x GC, a powerful technique for the analysis of nitrogen (GC x
GC-NCD) and sulfur (GC x GC-SCD) compounds is provided (Yan, 1999,
Yan, 2002). The mechanisms of NCD and SCD are very similar beginning
with the conversion of nitrogen/sulfur containing analytes into their
chemiluminescent species. In a second step, the chemiluminescence
emitting from the reactions of these species with ozone is detected (Yan,
1999). Non-sulfur/nitrogen compounds are converted into non-
chemiluminescent CO2 and HyO in the oxidative combustion step
(Yan, 2002). GC x GC coupled to SCD and NCD have been applied for
complex hydrocarbon samples in various publications and have proven
to be valuable techniques for the analysis of trace amounts of sulfur
(Dijkmans et al., 2015, Djokic et al., 2017, Ruiz-Guerrero et al., 2006,
Hua et al., 2003, Blomberg et al., 2004) and nitrogen (Adam et al., 2009,
Adam et al., 2007, Lissitsyna et al., 2013, Ristic et al., 2016, Dijkmans
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et al., 2015, Wang et al., 2004, Toraman et al., 2016, Dao Thi et al.,
2021), respectively (see Fig. 7). Methods applied for complex fossil-
based samples are applicable for plastic waste pyrolysis oils as well. In
order to improve the separation of heteroatomic compounds such as
sulfur and nitrogen containing compounds as well as oxygenates from
the dominant complex hydrocarbon matrix it is possible to use reversed-
phase GC x GC using the polar column first, followed by the non-polar
column. This specific mechanism was used by (Dao Thi et al., 2021) and
(Toraman et al., 2014) who reported improved accuracy for the char-
acterization of plastic waste pyrolysis oils.

For the oxygen-specific analysis of complex hydrocarbon matrices,
only few detection techniques exist. Using an O-FID analyzer, it is
possible to detect oxygenates via conversion to CO and subsequent hy-
drogenation to methane (Juntarachat et al., 2013). However, O-FID is
limited to lighter and “cleaner” samples. Therefore, GC coupled to an
atomic emission detector (GC-AED or GC x GC-AED) is a viable option
(Lorentz et al., 2017). An AED is a multi-element detector technique
which, coupled to a GC, has the widest element range of all detectors (up
to 23 elements including halogens and metals such as Fe, Pb, Ni and Si)
(Ross et al., 2001, Tranchida and Mondello, 2019). The GC (x GC)-
effluent is directed into a He plasma chamber where all elements are
atomized and excited. When the atoms transition from the excited to the
relaxed state, radiation at a characteristic wavelength for every element
is released and detected (Tranchida and Mondello, 2019, Bartle et al.,
2009).

A prominent detector for the analysis of halogens is the electron
capture detector (ECD) which, combined with GC, has been used
extensively for the analysis of halogens in plastic waste (Eguchi et al.,
2021, Hall and Williams, 2006b, Bhaskar et al., 2007). The ECD makes
use of the electron absorption by highly electronegative atoms and
molecules such as halogens but also some forms of nitrogen, sulfur and
oxygen such as NOy/3, Oz, CO3, SO, among others. The reduced current
between a collector anode and a cathode caused by the absorption of
electrons by the sample eluting from a GC is proportional to the analyte
concentration (Pellizzari, 1974). The high electronegativity makes this
technique highly suitable for halogen containing plastic waste pyrolysis
oils since it enables the identification of individual halogenated com-
pounds such as HBr, bromophenols and bromobenzenes as reported by
(Hall and Williams, 2006b) who analyzed the pyrolysis oil of bromi-
nated HIPS using GC-ECD. With this technique, the authors were able to
detect >110 peaks indicating a large variety of brominated products.
(Bhaskar et al., 2007) analyzed the pyrolysis oils of a PE/PP/PS/HIPS
mix using GC-ECD and identified several brominated hydrocarbons. For
the analysis of halogenated compounds in highly complex hydrocarbon
matrices such as plastic waste pyrolysis oils, ECD can be coupled to GC
x GC as shown by (Muscalu et al., 2011), who analyzed soil and
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sediment samples by GC x GC-pECD with enhanced selectivity and
sensitivity without necessary prior fractionation of the samples. A
disadvantage of the ECD for the analysis of complex matrices is the
potential co-elution of compounds with low electron-capture affinity
which can interfere with the electron capture of the target compounds
causing a change in the relationship between the compound concen-
tration and the response intensity (Booij et al., 1998). Combination with
a higher resolution separation technique such as GC x GC is therefore
advised for complex samples such as plastic waste pyrolysis oils.

Due to the fact that post-consumer plastic waste is largely contami-
nated with metals stemming mostly from performance-enhancing ad-
ditives, trace metal analysis is essential when considering plastic waste
pyrolysis oils as steam cracking feedstocks. An important role in this is
held by inductively coupled plasma spectrometry combined with optical
emission spectroscopy (ICP-OES) or mass spectrometry (ICP-MS) since it
is capable of detecting metals in ultra-trace (ppb) concentrations (Al-
Momani, 2003, Gazulla et al., 2017, Navarro et al., 2002, Rahmi et al.,
2007, Haraguchi, 2004, Wysocka, 2021). In ICP, a sample is ionized in a
plasma. Excited atoms will emit electromagnetic radiation at a wave-
length which is characteristic to the respective element (Nelms, 2005,
Dean, 2005). Next to stand-alone use, it is also possible to combine ICP-
OES/MS with GC or even GC x GC (Bouyssiere et al., 2003, Clases et al.,
2021). ICP-MS has lower detection limits than ICP-OES making it
especially attractive for the analysis of trace elements in the ppb range.
However, ICP-MS is less robust than ICP-OES. This is, for instance, due to
carbon deposits derived from organic matrices. A recent review on ICP-
MS analysis for trace metal concentrations was published by (Wysocka,
2021).

2.2. Other frequently used analytical techniques

Next to the analytical techniques involving gas-chromatographic
separation prior to analysis, there are several characterization tech-
niques that have been used extensively for the qualitative and quanti-
tative characterization of plastic waste pyrolysis oils, in particular for
the heavy tail that consists of compounds with a large molecular weight.
These compounds are typically unwanted in steam cracking due to high
coke formation tendencies in the convection sections of commercial
steam crackers (Sundaram and Stancato, 2018). Several of these
methods are ASTM standardized which aids the comparability of
analytical data produced at different laboratories. The most important
methods including the respective ASTM standards are listed in Table 2.

High performance liquid chromatography (HPLC) is a technique
applicable for the identification of the hydrocarbon matrix including
large molecular weight compounds, which includes a column-based
separation mechanism prior to detection of the time-resolved elution
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Table 2
Overview of detection techniques used for the analysis of plastic waste pyrolysis
oils.
Detection Detected Reference Standard
technique property
HPLC Hydrocarbon (Okuwaki et al., 2006, ASTM D6379 —
matrix Carné Sanchez and 11(2019)
Collinson, 2011, Pivnenko ASTM D6591 —
et al., 2017, Schlummer 19
et al., 2005)
FTIR Hydrocarbon (Jin et al., 2016, Singh ASTM D7414 -
matrix etal., 2012, Qinetal., 2018, 18
Wu et al., 2014, Miskolczi ASTM D7889 —
and Bartha, 2008, Camacho 13
and Karlsson, 2001,
Ioakeimidis et al., 2016,
Aguado et al., 2002,
Sogancioglu et al., 2017,
Liu et al., 2017, Arnold
et al., 2010)
NMR Hydrocarbon (Siddiqui and Redhwi, ASTM D7171 -
matrix 2009, Dogan and Kayacan, 20
2008, Das and Tiwari, 2018, ASTM D5292-
Kiran et al., 2000) 99(2014)
GPC Hydrocarbon (Choi et al., 2014, Mercader ~ ASTM D5296 —
matrix et al., 2010, Miskolczi et al., 05
2008, Cit et al., 2010, ASTM D6474 —
Arabiourrutia et al., 2012, 20
Hoekstra et al., 2011,
Miskolczi et al., 2009,
Williams and Williams,
1997b)
UV-vis Hydrocarbon (Li et al., 2017, Chen et al., ASTM D2008 —
matrix 2021) 12(2018)
Elemental CHNS/O (Miskolczi, 2013, Anuar ASTM D 5291
analysis Sharuddin et al., 2017, ASTM D 5622
Angyal et al., 2007,
Miskolczi et al., 2004,
Miranda et al., 2001a, Lee,
2009, Okuwaki et al., 2006,
Toraman et al., 2014)
AAS Element (Hall and Williams, 2006; ASTM D7740 -
specific Vasile et al., 2007; Okuwaki 20
analysis et al., 2006) ASTM D5863 —
00a(2016)
EDXRF Element (Miskolczi et al., 2004, ASTM D7751 -
specific Srakeaw et al., 2014) 16
analysis ASTM D7343 —
20
CIC Element (Takeshita et al., 2004, ASTM D8150 —
specific Bhaskar et al., 2007, Kakuta 17
analysis et al., 2008, Hall and

Williams, 2006a, Osterlund
et al., 2009, Miskolczi et al.,
2011)

of individual compounds on separate detectors such as UV (Carné
Sanchez and Collinson, 2011, Uzumkesici et al., 1999, Kicinski et al.,
1989, Ona-Ruales et al., 2016) or MS (Pivnenko et al., 2017, Schlummer
et al., 2005, Thianer et al., 2019). Gel permeation chromatography
(GPQ) is a type of size exclusion chromatography (SEC) which makes use
of the different elution velocity of the respective analytes in a gel prior to
detection on separate detectors. It has been frequently used for the
analysis of pyrolysis oils and other high molecular weight hydrocarbons
(Choi et al., 2014, Mercader et al., 2010, Miskolczi et al., 2008, Cit et al.,
2010, Arabiourrutia et al., 2012, Hoekstra et al., 2011, Miskolczi et al.,
2009, Williams and Williams, 1997b, Apicella et al., 2006, Gargiulo
et al., 2015, Altgelt and Hirsch, 1970, Panda et al., 2019).
Spectroscopic techniques are also frequently used to analyze (heavy)
petroleum samples. Fourier-transform infrared spectroscopy (FTIR) is a
technique in which the compounds are analyzed and categorized based
on the type of chemical bond (Williams and Williams, 1999a, Jin et al.,
2016, Singh et al., 2012, Qin et al., 2018, Wu et al., 2014, Miskolczi and
Bartha, 2008, Camacho and Karlsson, 2001, Ioakeimidis et al., 2016,
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Fig. 8. Sankey chart depicting the pyrolysis mass balances of the respective
pure virgin polymers pyrolyzed in a fixed-bed batch reactor at 700 °C, based on
(Williams and Williams, 1997b). For the sake of comparability, the reported
mass balances by were normalized to 100 %.

Aguado et al., 2002, Sogancioglu et al., 2017, Liu et al., 2017, Arnold
etal., 2010). Several other spectroscopic techniques can be used, such as
atomic absorption spectroscopy (AAS) (Okuwaki et al., 2006, Vasile
et al., 2007, Hall and Williams, 2006b, Kaminsky et al., 1996), nuclear
magnetic resonance (NMR) (Siddiqui and Redhwi, 2009, Dogan and
Kayacan, 2008, Das and Tiwari, 2018, Kiran et al., 2000, Edwards, 2011,
Mattsson et al., 2016) or energy dispersive X-ray fluorescent spectros-
copy (EDXRF) (Miskolczi et al., 2004, Srakeaw et al., 2014). EDXRF is
also a suitable technique to analyze halogens (Ziegler et al., 2008, Per-
eira et al., 2015, Krishna et al., 2012). Another potent technique for the
analysis of the total amount of halogens is combustion ion chromatog-
raphy (CIC) as used by (Hall and Williams, 2008, Wongkhorsub and
Chindaprasert, 2013, Takeshita et al., 2004, Bhaskar et al., 2007, Kakuta
et al., 2008, Hall and Williams, 2006a, Osterlund et al., 2009, Miskolczi
et al., 2011, Roosen et al., 2020). UV-vis spectroscopy is an analytical
method that makes use of the absorption of electromagnetic waves in the
ultraviolet (UV) and visible (vis) light spectrum. It has been frequently
used for the analysis of pyrolysis oils (Li et al., 2017, Chen et al., 2021).
For a comprehensive overview of further analytical techniques for the
characterization of complex pyrolysis (bio) oils including solvent frac-
tionation techniques and volumetric methods, the reader is referred to
the recent review of (Stas et al., 2020).

3. Composition of post-consumer plastic waste pyrolysis
products

In the following section an overview is given on the composition of
(polyolefinic) post-consumer plastic waste pyrolysis oils reported in
open literature. Special emphasis is put on the hydrocarbon matrix (i.e.
PIONA composition), heteroatoms and metals. Plastic waste streams
which predominantly depolymerize into monomers such as PS or PMMA
are not included since the pyrolysis products of these polymers can be
used for the production of new polymers without the need for steam
cracking towards light olefins.

Furthermore, a distinction has to be made between catalytic and
thermal pyrolysis since the use of catalysts has a substantial influence on
the composition of the pyrolysis products (Murata et al., 2009, Anene
et al., 2018). However, contaminants present in post-consumer plastic
waste may lead to prompt catalyst deactivation, hence, in the majority of
studies involving catalytic decomposition, virgin or pre-treated plastic
streams were used. Therefore, it is uncertain if contaminated mixed
plastic waste is tolerable for commercial pyrolysis catalysts. The focus of
this review thus lies on plastic waste pyrolysis oils obtained by thermal
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Table 3
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Overview of PIONA data of liquid products from pyrolysis of different plastic waste streams. Concentrations as specified in the respective reference.

Raw material composition

Pyrolysis conditions, reactor type,

analytical technique

PIONA

Carbon range, IBP-
FBP

Reference

28.9 % LDPE
51.7 % HDPE
11.2 % PP
2.5% PVC
5.5 % Others

31 % LDPE
26 % HDPE
8 % PP
16 % PET
4% PVC
1% PS

Pure waste HDPE

Waste HDPE

Waste HDPE

Pure waste PE

Pure waste PE

Pure waste PE

Pure waste PE

Pure waste LDPE

Pure waste HDPE

Pure waste PP

Pure waste PP

Pure waste PP

Pure waste PP

Pure waste PP

500 °C
Atmospheric pressure
Stirred batch reactor
GC-MS

500 °C

Atmospheric pressure
Fixed bed reactor
GC-MS®

430 °C

Atmospheric pressure
Stirred semi-batch reactor
GC-MS/FID

450 °C

Atmospheric pressure
Batch reactor

GC-MS

450 °C

Atmospheric pressure
Batch reactor
GC-TCD

400 °C

Steel tube

GC-FID

450 °C
Steel tube
GC-FID

525°C
Steel tube
GC-FID

600 °C
Steel tube
GC-FID

400 °C

Atmospheric pressure
Stirred semi-batch reactor
GC-MS

400 °C

Atmospheric pressure
Stirred semi-batch reactor
GC-MS

400 °C

Atmospheric pressure
Stirred semi-batch reactor
GC-MS

400 °C

Steel tube

GC-FID

450 °C
Steel tube
GC-FID

525°C
Steel tube
GC-FID

600 °C
Steel tube
GC-FID
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33 % Paraffins
50 % Olefins

4 % Naphthenes
4 % Oxygenates
9 % Others

3 % Paraffins

28 % Iso-paraffins
9 % Olefins

4 % Naphthenes
28 % Aromatics
29 % Oxygenates
40 % Paraffins
40 % Olefins

15 % Naphthenes
5 % Others

41 % Paraffins
40 % Olefins

1 % Aromatics
18 % Naphthenes
45 % Paraffins
49 % Olefins

3 % Aromatics

2 % Others

34 % Paraffins®
41 % Olefins

6 % Aromatics
19 % Naphthenes
1 % Others

40 % Paraffins
39 % Olefins

2 % Aromatics
19 % Naphthenes
1 % Others

44 % Paraffins
35 % Olefins

4 % Aromatics
18 % Naphthenes
44 % Paraffins
33 % Olefins

6 % Aromatics
17 % Naphthenes
36 % Paraffins
42 % Olefins

22 % Naphthenes

52 % Paraffins
33 % Olefins
16 % Naphthenes

5 % Paraffins
72 % Olefins
22 % Naphthenes

30 % Paraffins
45 % Olefins

1 % Aromatics
22 % Naphthenes
2 % Others

28 % Paraffins
42 % Olefins

5 % Aromatics
23 % Naphthenes
2 % Others

25 % Paraffins
40 % Olefins

9 % Aromatics
24 % Naphthenes
3 % Others

30 % Paraffins
36 % Olefins

10 % Aromatics
24 % Naphthenes
1 % Others

Co — Cs4
30°C-324°C

Cs - Cy7

Cs — Cag
35 °C - 431 °C®

Ce—Ca3
40 °C - 560 °C

Cs - Co6
24°C-280°C

C7 - Cx

C7 - Cx

C7 - Cx

C7 - Cx

Ce—C26

Ce—C26

Co— Co6

C7 - Cxo

C7 - Cx

C7 - Cx

C7 - Cx

(Miskolczi and Ates,
2016)

(Anuar Sharuddin
et al., 2017)

(Lee et al., 2003)

(Seo et al., 2003)

(Miskolczi, 2013)

(Demirbas, 2004)

(Demirbas, 2004)

(Demirbas, 2004)

(Demirbas, 2004)

(Lee, 2007)

(Lee, 2007)

(Lee, 2007)

(Demirbas, 2004)

(Demirbas, 2004)

(Demirbas, 2004)

(Demirbas, 2004)

(continued on next page)
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Table 3 (continued)
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Raw material composition

Pyrolysis conditions, reactor type,
analytical technique

PIONA

Carbon range, IBP-
FBP

Reference

Municipal plastic waste (mixture of PE, PP and PS)

Municipal plastic waste (mixture of PE, PP and PS)

Municipal plastic waste (mixture of PE, PP and PS)

Municipal plastic waste (mixture of PE, PP and PS)

Plastic solid waste consisting of PE, PP, PS, PA and trace

amounts of food residuals.

32% PE

13 % PP

18 % PS

8% PVC

15 % PET

14 % Others
32% PE

13 % PP

18 % PS

8 % PVC

15 % PET

14 % Others
38 % PE

16 % PP

16 % PS

3% PVC

12 % PET

15 % Others
38 % PE

16 % PP

16 % PS

3% PVC

12 % PET

15 % Others
35 % LDPE

32 % HDPE

24 % PP

4% PVC

5 % Others
Municipal plastic waste (unspecified)

Municipal plastic waste (unspecified)

Mixed plastic packaging waste

Mixed plastic packaging waste

400 °C
Steel tube
GC-FID

450 °C
Steel tube
GC-FID

525°C
Steel tube
GC-FID

600 °C
Steel tube
GC-FID

430 °C
Atmospheric pressure
GC x GC-FID

420 °C

CSTR

Niigata waste plastics liquefaction
process

420 °C

CSTR

Niigata waste plastics liquefaction
process

400 °C

Rotary kiln reactor

Sapporo waste plastics liquefaction
process

400 °C

Rotary kiln reactor

Sapporo waste plastics liquefaction
process

550 - 560 °C
Horizontal tubular reactor
GC-FID/TCD

400 °C

CSTR

Mikasa waste plastics liquefaction
plant

400 °C

CSTR

Mikasa waste plastics liquefaction
plant

CSTR

GC x GC-FID

CSTR
GC x GC-FID
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33 % Paraffins
37 % Olefins

8 % Aromatics

21 % Naphthenes
2 % Others

31 % Paraffins®
33 % Olefins

13 % Aromatics
21 % Naphthenes
2 % Others

31 % Paraffins
32 % Olefins

13 % Aromatics
23 % Naphthenes
1 % Others

33 % Paraffins
32 % Olefins

12 % Aromatics
23 % Naphthenes
1 % Others

5 % Paraffins

8 % Iso-paraffins
12 % Olefins and
naphthenes

67 % Aromatics
2 % Oxygenates

5 % Nitrogen containing

compounds

18 % Paraffins and
naphthenes®

26 % Olefins®

56 % Aromatics

41 % Paraffins and
naphthenes®

27 % Olefins®”

32 % Aromatics

9 % Paraffins and
naphthenes®

20 % Olefins®

71 % Aromatics

21 % Paraffins and
naphthenes®

52 % Olefins®

27 % Aromatics

26 % Paraffins
28 % Olefins
44 % Branched
hydrocarbons

2 % Aromatics
31 % Paraffins and
naphthenes®
18 % Olefins®”
51 % Aromatics
55 % Paraffins
23 % Olefins
22 % Aromatics

15 % Paraffins

2 % Iso-paraffins
35 % Olefins

9 % Iso-olefins

4 % Diolefins

26 % Naphthenes
9 % Aromatics
28 % Paraffins

4 % Iso-paraffins
36 % Olefins

C7 - Cyo

C7 —Cao

C7 —Co

C7 - Cao

Cs - Cas

Light fraction 40 °C -
250 °C

Medium fraction
110 °C-500 °C

Light fraction
C4—-Ci2
55°C-180°C

Medium fraction
C7-Coo
195°C-320°C

Cs - Css

Light fraction
40 °C-240°C
Heavy fraction

110 °C->360 °C

Light fraction
C7 - C22

Heavy fraction
CS - Cll

(Demirbas, 2004)

(Demirbas, 2004)

(Demirbas, 2004)

(Demirbas, 2004)

(Toraman et al., 2014)

(Okuwaki et al., 2006)

(Okuwaki et al., 2006)

(Okuwaki et al., 2006)

(Okuwaki et al., 2006)

(Fekhar et al., 2019)

(Okuwaki et al., 2006)

(Okuwaki et al., 2006)

(Dao Thi et al., 2021)

(Dao Thi et al., 2021)

(continued on next page)
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Raw material composition
analytical technique

Pyrolysis conditions, reactor type,

PIONA Carbon range, IBP- Reference

FBP

9 % Iso-olefins

4 % Diolefins

17 % Naphthenes
2 % Aromatics

@Composition based on GG-MS peak areas reported.

®Carbon number range and boiling points based on molar weight distribution of product reported.

(9PIONA data normalized due to a reported mass balance of 105 %.
(DpIONA data normalized due to a reported mass balance of 102 %.
©)Given as “saturated compounds”

®Given as “unsaturated compounds”

pyrolysis.

3.1. Hydrocarbon composition

In a pyrolysis reactor, solid plastics are thermally decomposed in an
inert, oxygen-free atmosphere yielding a distribution of gaseous, liquid
and solid products depending on process conditions and on the pyro-
lyzed polymer type (Buekens, 2006, Lopez et al., 2017, Donaj et al.,
2012). It has been reported already more than two decades ago that
pyrolysis of virgin HDPE in a fixed bed batch reactor at 700 °C yields
roughly 17 % gaseous and 80 % liquid product, while LDPE and PP yield
between 14 and 15 % gaseous and roughly 84 % liquid products with no
measurable char production. The mass balances were not normalized
and closed between 96.5 and 99.3 % (Williams and Williams, 1999b).
Heteroatom containing polymers (PVC and PET) yielded far less liquid
product (<50 %, respectively) with significant amounts of char of
roughly 15 %. Furthermore, PVC pyrolysis yields about 50 wt% HCI
(Williams and Williams, 1999b) (see Fig. 8). The liquid pyrolysis prod-
uct of pure PET consists exclusively of aromatics and aromatic acids such
as benzoic acid (Cit et al., 2010).

The pyrolysis product distribution strongly depends on the chosen
pyrolysis conditions. At lower pyrolysis temperatures in the range 400 —
450 °C, heavier liquid products with a waxy quality are formed com-
parable with atmospheric residue from crude oil. At higher tempera-
tures, a lighter oil is formed which is more suitable for the application as
fuel or steam cracking feedstock. However, more non-condensable
gaseous products are formed at higher temperatures (Williams and
Williams, 1997a, Predel and Kaminsky, 2000, Al-Salem et al., 2017). It
has further been shown that longer reaction times increase the formation

Stagel

cl a < da

of gas and coke with a corresponding decrease in liquid product yield
(Murata et al.,, 2004, Murata et al., 2002, Al-Salem et al., 2017).
Regarding the pressure effect on the decomposition, it was found that
with higher reactor pressure the carbon number distribution of the
liquid pyrolysis product of PE pyrolysis is shifted towards lower mo-
lecular weight products which can be related to the increased residence
time in the reactor (Murata et al., 2004, Al-Salem et al., 2017).

Gaseous products of polyolefin waste pyrolysis contain mostly
methane, ethane, ethylene, propane, propylene, butane and butylene
with small amounts of pentane and pentene (Williams and Williams,
1997b, Williams and Williams, 1999a, Onwudili et al., 2009). The
composition of the gaseous product is rather independent of the process
temperature and residence time (Miskolczi et al., 2004). However, the
gaseous product composition differs in terms of the pyrolyzed material.
Gaseous products from HDPE pyrolysis consist of higher concentrations
of ethane and ethylene, while product gas of PP pyrolysis contains
higher amounts of propane and propylene (Miskolczi et al., 2009),
which relates to their molecular structure.

Table 3 provides an overview of the hydrocarbon (PIONA) compo-
sitions of liquid pyrolysis products from different post-consumer plastic
waste streams. For the sake of comparability between pyrolysis oils and
steam cracking feedstocks such as naphtha or gas oil, the carbon number
and if reported the boiling point ranges are given as well.

From Table 3 it can be seen that the reported hydrocarbon compo-
sitions of the liquid pyrolysis products differ substantially. This has
several reasons, namely the feedstock material, the pyrolysis conditions,
the reactor design, the analyzed product fraction and the analytical
methods used.

NS
E—— n + nHCI

Cl Cl
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Fig. 9. Thermal decomposition mechanism of PVC (Ye et al., 2019).
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Fig. 10. Structural formulas of terephthalic acid, phthalic acid and benzoic acid (from left to right).
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Fig. 11. Sankey chart depicting the influence of the feedstock material on the hydrocarbon composition. Feedstock data is based on averaged values from Table 3

(numbers in wt%).

3.1.1. Influence of the plastic composition

The composition of the liquid pyrolysis product is largely dependent
on the type of polymer which was pyrolyzed and can, therefore, be
anticipated to a certain extent. An important publication was provided
by (Tsuge et al., 2011), who performed qualitative (1D-)GC-MS analyses
for a vast number of pure, virgin plastics which have been pyrolyzed in a
pyrolysis reactor directly mounted to a 1D-GC-MS setup (see Fig. 6).
Other important experimental studies have been provided by (Sojak
etal., 2007, Sojak et al., 2006). Apart from experimental studies, several
theoretical studies have been conducted on modeling the decomposition
kinetics of individual polymers as well as common plastic mixtures (De
Witt and Broadbelt, 2000, Wong and Broadbelt, 2001, Vinu and
Broadbelt, 2012, Dogu et al., 2021).

Regarding plastic packaging waste which mostly consists of PE and
PP, the different branching tendencies of PE and PP are an important
aspect. A high PP content shifts the liquid product composition towards
higher concentrations of (branched) olefins (Tsuge et al., 2011, Sojak
etal., 2007, Sojak et al., 2006). This can be explained by the methyl side
groups occurring in the PP chains which are mostly isotactic in com-
mercial PPs (Anderson-Wile et al., 2012). In fact, it has been observed
that the fingerprint products of PP pyrolysis are indeed oligomers of
propylene:  2-methylpent-1-ene  (dimer), 2,4-dimethylhept-1-ene
(trimer), 2,4,6-trimethylnon-1-ene (tetramer) and 2,4,6,8-tetramethy-
lundec-1-ene (pentamer) (Ballice and Reimert, 2002, Kusch, 2017, De
Amorim et al., 1982, Predel and Kaminsky, 2000, Sojak et al., 2006). It
can therefore be stated that the molecular structure of the PP polymer
chain has a high influence on the decomposition chemistry. In the recent
review paper by (Dogu et al., 2021), it is explained that due to the side
groups of PP, multiple types of secondary radicals are formed during
pyrolysis while in PE pyrolysis only primary radicals are formed. A high
PE content, therefore, leads to higher paraffin concentrations. Pyrolysis
of PS favors aromatic products (Pinto et al., 1999, Al-Salem et al., 2017).
Furthermore, PS has an accelerating effect on the pyrolysis of polyolefins
due to the formation of free radicals (Wong and Broadbelt, 2001). PVC
decomposes in a two-step mechanism releasing HCl gas before the
polymer backbone is decomposed (Miranda et al., 2001b, Lopez et al.,
2011a) (see Fig. 9). It can also be seen that in stage 2 of the PVC
decomposition, chlorinated hydrocarbons are forming which are
considered crucial contaminants in plastic waste pyrolysis oils.

PET pyrolysis yields oxygenated compounds which may form
organic acids as shown in Fig. 10. (Williams and Williams, 1997b).
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The findings show that it is highly important to monitor the
composition of the post-consumer plastic waste since 100 % pure
polymer streams are difficult to achieve in most modern waste sorting
plants (Kleinhans et al., 2021).

Fig. 11 presents a Sankey chart with an overview of the respective
hydrocarbon families in the pyrolysis products depending on the feed-
stock material. For the diagram, liquid product compositions for similar
post-consumer plastic waste feedstock compositions were averaged
based on Table 3.

Pure PE waste yields equal amounts of paraffins and olefins with only
minor amounts of naphthenes and aromatics. Pure PP waste yields
higher amounts olefins and smaller amounts of paraffins, naphthenes
and aromatics. This effect can be seen well by means of the data pro-
vided by (Demirbas, 2004) who pyrolyzed pure PE and PP in separate
experiments using the same reactor and pyrolysis conditions. For the
pyrolysis oil of pure PE waste the authors reported 40 % and 39 % of
paraffins and olefins, respectively. For pure PP waste the authors
detected 28 % of paraffins and 42 % of olefins in the pyrolysis oil. An
even more drastic trend was reported by (Lee, 2007) who reported 52 %
of paraffins and 33 % of olefins in waste HDPE pyrolysis oil and 5 % of
paraffins and 72 % of olefins in pyrolysis oil from waste PP (Demirbas,
2004, Lee, 2007).

For mixed plastic waste samples, the liquid product composition is
highly dependent on the PS, PVC and PET concentration, respectively.
PS containing mixed polyolefin waste yields high amounts of aromatics.
In case PET is present in the mixed plastic waste, high amounts of ox-
ygenates are formed.

Importantly, it can be seen that inaccurately sorted waste plastics
may lead to high amounts of aromatics or oxygenates in the pyrolysis oil
deriving from minor amounts of PS, PET or PVC. However, considering
the given standard deviations it becomes clear that there are large dis-
crepancies between the respective reported concentrations. Thus, it is
highlighted that, on the one hand, standardized analytic techniques are
needed in order to reliably compare data produced at different labora-
tories and that, on the other hand, standardized waste sorting and sep-
aration procedures are needed.

3.1.2. Influence of the pyrolysis conditions

The main influencing factor of the pyrolysis product composition is
the pyrolysis temperature which decides when chemical decomposition
occurs. The different decomposition temperatures of various polymers
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Table 4
Overview of heteroatom levels found in plastic pyrolysis products based on literature data.
Composition in original Product Concentration Detection technique LOD Reference
material fraction
N 49 ppm Cs — Ca6 < 10 ppm ASTM D6366-99 0.05 (Miskolczi, 2013)
Solid residue 73 ppm ppm
n.a. Cs - Cyo 1700 ppm ASTM D-5291 n.a. (Anuar Sharuddin et al.,
2017)
6.1 ppm Cs5-Cis 16.5 ppm ASTM D6366-99 0.05 (Angyal et al., 2007)
64 °C - 268 °C 16.2 ppm ppm
4% PA/PUR 35°C-204°C 1459 ppm ASTM D6366-99 0.05 (Miskolczi et al., 2004)
189°C-307°C 1142 ppm ppm
775 ppm Cs - Cs32 100 ppm CHN-600 LECO n.a. (Miranda et al., 2001a)
n.a. 70 °C-500°C 1400 ppm CHN LECO n.a. (Lee, 2009)
n.a. Cs - Cq1 1.1 wt% GC x GC-NCD n.a. (Toraman et al., 2014)
n.a. 40 °C-250°C 850 ppm Elemental analysis n.a. (Okuwaki et al., 2006)
110°C-500°C 1200 ppm
190°C-600°C 1100 ppm
Solid residue 2000 ppm
n.a 55°C-180°C 440 ppm JIS K 2609 TCD n.a (Okuwaki et al., 2006)
195°C-320°C 1910 ppm
250°C-500°C 800 ppm
Solid residue 3700 ppm
n.a. 40°C-240°C 820 ppm Elemental analysis n.a. (Okuwaki et al., 2006)
110°C - 800 ppm
>360 °C 3600 ppm
Solid residue
n.a. Ce — Ca3 2100 ppm Leco CHN600 n.a. (Baena-Gonzalez et al.,
2020)
10 % ABS Cs — Ca2 1214 ppm GC-AED n.a. (Brebu et al., 2005)
n.a. Cs - Cig 180 ppm Chemiluminescence detection n.a. (Borsodi et al., 2011)
n.a. Cs-Cip 30 ppm GC x GC-NCD n.a. (Dao Thi et al., 2021)
S 58 ppm Cs - Cgg 36 ppm ASTM D6366-99 0.05 (Miskolczi, 2013)
Solid residue 52 ppm ppm
n.a. Cs - Cyo 100 ppm ASTM D-5291 n.a. (Anuar Sharuddin et al.,
2017)
14.8 ppm Cs-Cis 17 ppm ASTM D 6428 0.05 (Angyal et al., 2007)
64 °C-268 °C 15 ppm ppm
2 % PUR rubber 35°C-204°C 52 ppm ASTM D 6428 0.05 (Miskolczi et al., 2004)
189°C-307°C 5 ppm ppm
0.25 wt% Cs - Cs2 200 ppm CHN-600 LECO n.a. (Miranda et al., 2001a)
n.a. Cs - Ci1 1016 ppm GC x GC-SCD n.a. (Toraman et al., 2014)
Ci12-Cis 684 ppm
n.a 40 °C - 250 °C 12 ppm Elemental analysis n.a (Okuwaki et al., 2006)
110°C-500°C 43 ppm
190°C-600°C 60 ppm
Solid residue 430 ppm
n.a. 55°C-180°C <100 ppm JIS K 2541 3 ppm (Okuwaki et al., 2006)
195°C-320°C <100 ppm
250°C-500°C 400 ppm
Solid residue 800 ppm
n.a 40 °C-240°C 540 ppm Elemental analysis n.a (Okuwaki et al., 2006)
110 °C - 1510 ppm
>360 °C <100 ppm
Solid residue
n.a. Ce—Ca3 300 ppm LECO SC 132 n.a. (Baena-Gonzalez et al.,
2020)
n.a. 30°C-324°C 71 ppm EDXRF n.a. (Miskolczi and Ates,
2016)
135 ppm 118°C-376°C 51 ppm EDXRF n.a. (Miskolczi et al., 2013)
n.a Cs-Cqp 211 ppm GC x GC-SCD n.a. (Dao Thi et al., 2021)
C7 - Ca2 7 ppm
n.a. Cs - Cig 300 ppm Oxidative combustion n.a (Borsodi et al., 2011)
microcoulometry
(0] n.a. Cs — Cqq 1 wt% ASTM D 5622 n.a. (Toraman et al., 2014)
n.a. Cs - Cyo 3.83 wt% By difference n.a. (Anuar Sharuddin et al.,
2017)
5.78 % PET (Niigata, 40 °C-250°C <0.1 wt% n.a. n.a. (Okuwaki et al., 2006)
Japan) 110°C-500°C 0.2 wt%
190°C-600°C  <0.1 wt%
Solid residue 5 wt%
n.a. Ce — Ca3 2.30 wt% By difference n.a (Baena-Gonzalez et al.,
2020)
5.1 wt% C4—Cyo 0.04 wt% (oxygenated GC-MS n.a (Cho et al., 2010)
compounds)
n.a. Cs - Ci1 1400 ppm GC x GC-FID/MS n.a. (Dao Thi et al., 2021)
C; - Coyo 100 ppm
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Composition in original Product Concentration Detection technique LOD Reference
material fraction
Terephthalic 5.78 % PET (Niigata, 40 °C-250 °C <10 ppm n.a. n.a. (Okuwaki et al., 2006)
acid Japan) 110°C-500°C 100 ppm
190°C-600°C 50 ppm
Solid residue 23000 ppm
12.2 % PET Sapporo, 195°C-320°C <10 ppm GC-MS n.a (Okuwaki et al., 2006)
Japan) 250°C-500°C 300 ppm HPLC
Solid residue 490 ppm
Phthalic acid 5.78 % PET (Niigata, 40 °C - 250 °C <10 ppm n.a. n.a. (Okuwaki et al., 2006)
Japan) 110°C-500°C 110 ppm
190°C-600°C 70 ppm
Solid residue <10 ppm
Benzoic acid 5.78 % PET (Niigata, 40 °C - 250 °C 1100 ppm n.a. n.a. (Okuwaki et al., 2006)
Japan)
12.2 % PET Sapporo, 195°C-320°C 42 ppm GC-MS n.a (Okuwaki et al., 2006)
Japan) 250°C-500°C 100 ppm HPLC
Solid residue 210 ppm
Cl 46 ppm Cs - Cy < 10 ppm EDXRF Low (Miskolczi, 2013)
Solid residue 45 ppm ppm
0.6 wt% Cs-Cyg 15 ppm n.a. n.a (Kaminsky and Kim,
1999)
1.1 wt% Ce — Cao 2000 ppm EPA 5050 n.a (Lopez et al., 2011c)
7.9 % PVC Cs - Cs2 12 ppm ASTM D4208-8 n.a (Miranda et al., 2001a)
3.1 % PVC 55°C-180°C 90 ppm TS Z 0025 n.a (Okuwaki et al., 2006)
1.4 % PVDC (Sapporo, 195°C-320°C 47 ppm
Japan) 250°C-500°C 71 ppm
Full range + 3800 ppm
ash 14000 ppm
Solid residue
5.23 % PVC (Niigata, 40 °C - 250 °C 550 ppm TS Z 0025 n.a. (Okuwaki et al., 2006)
Japan) 110°C-500°C 45 ppm
190°C-600°C 43 ppm
Solid residue 1 ppm
n.a 40°C-240°C 5 ppm Elemental analysis n.a (Okuwaki et al., 2006)
110°C- 23 ppm
>360 °C 13800 ppm
Solid residue
1.13 wt% C4-Cyo Trace chlorine analyzer (TCL-100 n.a (Cho et al., 2010)
Without 358 — 506 ppm
additive 50-74 ppm
With CaO
n.a. Ce — Ca3 400 ppm ASTM2361 m n.a. (Baena-Gonzalez et al.,
2020)
n.a Co— C34 1285 ppm EDXRF n.a (Miskolczi and Ates,
(30°C- 2016)
324°C)
0.63 wt% bp. < 210°C 4 ppm AAS n.a (Kaminsky et al., 1996)
Dist. residue 1.66 wt%
10 % PVC Cs — Cao 4972 ppm GC-AED n.a. (Brebu et al., 2005)
2689 ppm 118°C-376°C 618 ppm EDXRF n.a. (Miskolczi et al., 2013)
n.a. Cs - Cig 600 ppm Oxidative combustion n.a. (Borsodi et al., 2011)
microcoulometry
Br <5 ppm Cs — Ca6 < 10 ppm EDXRF Low (Miskolczi, 2013)
ppm
10 % brominated ABS Cs - Caz 1924 ppm GC-AED n.a. (Brebu et al., 2005)
n.a. 30°C-324°C 1533 ppm EDXRF n.a. (Miskolczi and Ates,
2016)
2316 ppm 118°C-376°C 253 ppm EDXRF n.a. (Miskolczi et al., 2013)
P n.a. 30°C-324°C 498 ppm EDXRF n.a. (Miskolczi and Ates,

2016)

can be assessed by thermogravimetric analysis (TGA), where a polymer
is thermally degraded at gradually increasing temperatures to assess the
weight loss of the polymer according to temperature and time (Wilkie,
1999). However, in a continuous process, another highly important
factor is the residence time which is influenced by the reactor design and
by the reactor pressure. At low pressure, for instance, the reactants have
a shorter residence time in the reactor which leads to less severe
cracking of the polymer chains compared to high pressure conditions
which lead to the formation of lighter products (Murata et al., 2004,
Schubert et al., 2019). Both residence time and temperature are an
important driver for secondary reactions which may cause the formation
of heavy (aromatic) products due to Diels-Alder reactions and
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polymerization reactions (Dogu et al., 2021, Westmoreland et al., 1989,
Kislov et al., 2013). (Lopez et al., 2011b) pyrolyzed a PE/PP mixture in a
semi-batch reactor with reaction times of up to 120 min and reported
that the olefin concentrations of the pyrolysis product decreased from
22 wt% to < 1 wt% with a corresponding substantial increase of poly-
aromatic hydrocarbons as the temperature increased from 460 to
600 °C. The decreasing effect of the pyrolysis temperature on the olefin
concentration can also be seen, however to a lesser extent, by means of
the data provided by (Demirbas, 2004) who reported a gradually
decreasing olefin concentration when testing pyrolysis temperatures
between 400 °C and 600 °C in a steel tube reactor. This observation was
made both with pure PE waste, pure PP waste as well as mixed
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Fig. 12. Schematic overview of the Niigata plastic waste liquefaction plant. Re-used with permission (Okuwaki, 2004).

municipal plastic waste.

3.1.3. Influence of the reactor design

Obviously, there is an effect of the reactor design on the pyrolysis
chemistry due to crucial aspects such as mass and heat distribution as
well as residence times. In order to provide the highest efficiency
regarding use of energy and reactor size, optimal heat and mass transfer
in the reactor are of the highest importance. In the recently published
review paper by (Dogu et al., 2021), several reactor types were assessed.
In the past, numerous reactor types have been used industrially and in
research such as fixed bed reactors, fluidized bed reactors, semi-batch
and batch reactors or more specific solutions such as microwave-
assisted reactors (Dogu et al., 2021). The different reactor technolo-
gies that have been used on an industrial scale in the past were reviewed
by (Sasse and Emig, 1998) and (Butler et al., 2011).

The most commonly applied reactors for the pyrolysis of plastics are
stirred tank reactors (STRs) which use a stirrer to improve heat and mass
transfer as well as to scrape of coke from the reactor walls. Advantages of
STRs are the rather simple design and the high conversion. However,
due to the large volumes, heat gradients exist and the poor temperature
control leads to secondary reactions and thus higher amounts of large
molecular weight compounds in the pyrolysis oils. Furthermore, STRs
typically require frequent maintenance (Butler et al., 2011). It was re-
ported that the fluidized bed reactor shows the best heat transfer
compared to concepts such as rotary kilns and tubular reactors. There-
fore, in a larger scale, heat transfer media such as quartz sand at
different grain sizes have been used (Sasse and Emig, 1998). Fluidized
bed reactors were extensively tested in the pioneering work by Kamin-
sky and co-workers in the so-called Hamburg Process with highly
promising results (Kaminsky, 1995, Simon et al., 1996, Predel and
Kaminsky, 2000, Kaminsky et al., 2000, Kaminsky et al., 2004, Kamin-
sky et al., 1996). As described above, the use of a fluidized bed reactor
significantly increased the light product fraction and reduces the for-
mation of large molecular weight compounds. Furthermore, innovative
solutions such as the dual-fluidized bed system for steam cracking of
plastic waste developed at Chalmers University in Sweden provide a
more integrated approach for the direct valorization of plastic waste to
light olefins avoiding the two-step process of pyrolysis and subsequent
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steam cracking (Thunman and Seemann, 2010, Thunman et al., 2019).
The use of supercritical fluids is another potential technology for the
decomposition of plastic waste (Goto, 2009).

PIONA values shown in Table 3 were quite similar for different
reactor types used at similar conditions in terms of feed material, py-
rolysis temperature and analytical method. This was shown in pyrolysis
experiments with pure waste PE at 430 — 450 °C in a stirred semi batch
reactor (Lee et al., 2003), a batch reactor (Seo et al., 2003) and a steel
tube vessel (Demirbas, 2004). Paraffin and olefin yields were in a similar
range at around 40 %, followed by naphthenes in the range of 15 -18 %
and aromatics in the range of 1 — 2 %. These observations indicate that
the influence of different reaction vessels on the hydrocarbon compo-
sition of the liquid pyrolysis products might indeed be minor and that
the process conditions potentially have a far higher impact on the
composition of the pyrolysis oils. However, when comparing the final
boiling points (FBP) (or reported carbon number ranges), it becomes
obvious that pyrolysis products from batch (FBP 560 °C, (Seo et al.,
2003)) and semi-batch reactors (FBP 431 °C, (Lee et al., 2003)) have a
much higher share of large molecular weight hydrocarbons compared to
the pyrolysis products of a steel tube reactor (C; — Cyg, (Demirbas,
2004)). This high discrepancy is clearly related to the different residence
times of the respective reactor types and becomes even more obvious by
means of the results reported by Kaminsky et al. (Kaminsky, 1995,
Simon et al., 1996, Predel and Kaminsky, 2000, Kaminsky et al., 2000,
Kaminsky et al., 2004, Kaminsky et al., 1996) who used a fluidized bed
reactor and reported a high yield of gaseous and light liquid products

3.1.4. Influence of the analytical technique

The influence of the analytical techniques used by the respective
researchers should not be neglected. This is especially evident when
dealing with a great amount of isomers and homologues which are
difficult to separate using 1D-GC. The fact that several authors did not
report naphthenes in their products indicates that the paraffinic and
olefinic concentrations might be overestimated due to lumping and
misidentification. The difficulty of identifying the entire hydrocarbon
matrix of plastic waste pyrolysis oils is also affected by the pyrolyzed
polymers. The high degree of branching as found in PP pyrolysis oil as
reported by (Tsuge et al., 2011, Sojak et al., 2007, Sojak et al., 2006)
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Table 5
Overview of metal contaminant levels found in plastic pyrolysis products based on literature data.
Original concentration Liquid fraction Concentration Detection technique LOD Reference
Al n.a. Residue 16400 ppm n.a. n.a. (Okuwaki et al., 2006)
n.a. 55°C-180°C <0.2 ppm JIS K 0102 58.4 n.a. (Okuwaki et al., 2006)
195°C-320°C ND
250 °C-500 °C 17 ppm
Full range + ash 150 ppm
Solid residue 15000 ppm
n.a Solid residue 1 <400 ppm n.a. n.a (Okuwaki et al., 2006)
Solid residue 2 2500 ppm
n.a C4—Cyo 2 ppm ICP-OES n.a. (Cho et al., 2010)
Dist. residue 2-2.7 ppm
8320 ppm Cg — Cog <200 ppm ICP-OES n.a. (Velghe et al., 2011)
As n.a. Solid residue <0.1 ppm JISK 0102 61.3 n.a. (Okuwaki et al., 2006)
n.a. Solid residue <1 ppm n.a. n.a. (Okuwaki et al., 2006)
Ba n.a. C4—Cyo 1 ppm ICP-OES n.a. (Cho et al., 2010)
3.2 - 21 ppm
Dist. residue
Ca n.a 55°C-180°C 17 ppm JIS K 0102 50.3 n.a (Okuwaki et al., 2006)
195°C-320°C 2 ppm
250 °C - 500 °C 82 ppm
Full range + ash 8200 ppm
Solid residue 10 wt%
n.a. Solid residue 1 1000 ppm n.a. n.a. (Okuwaki et al., 2006)
Solid residue 2 2500 ppm
189 ppm >Cgo 368 ppm EDXRF 1 ppm (Miskolczi et al., 2004)
1504 ppm 118 °C-376 °C 297 ppm EDXRF n.a. (Miskolczi et al., 2013)
7700 ppm Cg — Cag <30 ppm ICP-OES n.a. (Velghe et al., 2011)
Ccd n.a. Solid residue 3.3 ppm JISK 0102 55.3 n.a. (Okuwaki et al., 2006)
n.a. Solid residue 13 ppm n.a. n.a. (Okuwaki et al., 2006)
Cr n.a. Solid residue 3 ppm n.a. n.a. (Kaminsky and Kim, 1999)
n.a. Solid residue 24 ppm n.a. n.a. (Okuwaki et al., 2006)
n.a. 55°C-180°C <0.2 ppm JISK 0102 65.1.4 n.a. (Okuwaki et al., 2006)
195°C-320°C ND
250 °C - 500 °C 8.2 ppm
Full range + ash 37 ppm
Solid residue 200 ppm
n.a. Solid residue 28 ppm JISK 0102 65.1.4 n.a. (Okuwaki et al., 2006)
n.a. C4-Cyo 1 ppm ICP-OES n.a. (Cho et al., 2010)
Distillation residue 1-4 ppm
Cu n.a. Solid residue 270 ppm n.a. n.a. (Okuwaki et al., 2006)
n.a. 55°C-180°C 0.6 ppm JISK 0102 52.4 n.a. (Okuwaki et al., 2006)
195°C-320°C 0.1 ppm
250 °C - 500 °C 2.3 ppm
Full range + ash 84 ppm
109 ppm Cg — Caog 6-30 ppm ICP-OES n.a. (Velghe et al., 2011)
Fe n.a. 55°C-180°C <0.2 ppm JISK 0102 57.4 n.a. (Okuwaki et al., 2006)
195 °C - 320°C 7.3 ppm
250 °C-500 °C 33 ppm
Full range + ash Solid residue 99 ppm
3200 ppm
K n.a. Solid residue 1300 ppm n.a. n.a. (Okuwaki et al., 2006)
1200 ppm Cg — Cog 20-200 ppm ICP-OES n.a. (Velghe et al., 2011)
Mn n.a. Solid residue 160 ppm JIS K 0102 56.4 n.a. (Okuwaki et al., 2006)
Na n.a. Solid residue 3700 ppm n.a. n.a. (Okuwaki et al., 2006)
n.a. 55°C-180°C 0.8 ppm AAS n.a. (Okuwaki et al., 2006)
195°C-320°C ND
250 °C - 500 °C 2.8 ppm
Full range + ash Solid residue 200 ppm
3300 ppm
Ni n.a. Solid residue 32 ppm JISK 0102 59.3 n.a. (Okuwaki et al., 2006)
Pb n.a. Solid residue 4 ppm n.a. n.a. (Kaminsky and Kim, 1999)
n.a. Solid residue 410 ppm n.a. n.a. (Okuwaki et al., 2006)
n.a. 70 °C - 460 °C 37 ppm JIS 0102 54.3 n.a. (Okuwaki et al., 2006)
n.a. Solid residue 33 ppm JISK 0102 55.4 n.a. (Okuwaki et al., 2006)
n.a. C4-Cyo 0.02 — 0.04 ppm ICP-OES n.a. (Cho et al., 2010)
Distillation residue 4.4 - 21.5 ppm
Sb 749 ppm 118°C-376 °C 105 ppm EDXRF n.a. (Miskolczi et al., 2013)
n.a. Co—C3q 189 ppm EDXRF n.a. (Miskolczi and Ates, 2016)
(30°C-324°0)
Si n.a 55°C-180°C <100 ppm ICP-OES n.a (Okuwaki et al., 2006)
195°C-320°C 4 ppm
250 °C-500 °C <50 ppm
Full range + ash Solid residue 2000 ppm
45000 ppm
Ti 284 ppm >Csp 456 ppm EDXRF 1 ppm (Miskolczi et al., 2004)
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Original concentration Liquid fraction Concentration Detection technique LOD Reference
Zn n.a. Solid residue 100 ppm n.a. n.a. (Kaminsky and Kim, 1999)

145 ppm >Cgzo 254 ppm EDXRF 1 ppm (Miskolczi et al., 2004)
n.a. Solid residue 300 ppm n.a. n.a. (Okuwaki et al., 2006)
n.a. 55°C-180°C 0.6 ppm JISK 0102 53.3 n.a. (Okuwaki et al., 2006)

195°C-320 °C ND

250 °C - 500 °C 2.1 ppm

Full range + ash Solid residue 18 ppm

350 ppm

1310 ppm 118 °C-376 °C 124 ppm EDXRF n.a. (Miskolczi et al., 2013)
472 ppm Cg — Caog <8 ppm ICP-OES n.a. (Velghe et al., 2011)
n.a. C4-Cyo 0.03 - 0.18 ppm ICP-OES n.a. (Cho et al., 2010)

Distillation residue 5-24.3 ppm

complicates an accurate compound identification making alternative
techniques such as GC x GC-FID necessary. Furthermore, the choice of
columns for the first and second dimension separation in GC x GC has a
substantial impact on the analytical accuracy. Different column combi-
nations including reverse-phase (polar/non-polar instead of non-polar/
polar) have been tested, making the identification of highly complex
hydrocarbon matrices possible (Dao Thi et al., 2021, Toraman et al.,
2014). This way it is also possible to distinguish between a-olefins,
branched olefins and diolefins present in the pyrolysis oils (Dao Thi
et al., 2021). Furthermore, in order to assess plastic waste pyrolysis oils
as a steam cracking feedstock from an industry point-of-view, stan-
dardized methods are of highest importance to increase and guarantee
comparability of compositional data. In light of trace amounts of highly
harmful contaminants present in plastic waste pyrolysis oils, this be-
comes even more obvious

3.1.5. Influence of the boiling point range of the pyrolysis oils

In the liquid pyrolysis product, the hydrocarbon composition (i.e.
distribution of PIONA), often varies with the carbon number and boiling
point range. Since steam crackers are designed for a certain feedstock
boiling point range, assessment of individual fractions of plastic waste
pyrolysis oils is crucial in order to compare the composition with con-
ventional feedstocks such as fossil naphtha. Data from the Niigata
(Japan) plastic waste liquefaction plant, reported by (Okuwaki et al.,
2006), shows that the light fraction (IBP 40 °C, FBP 250 °C) of the plastic
waste pyrolysis product contained 18 % paraffins, 26 % olefins and 56 %
aromatics. The medium fraction (IBP 110 °C, FBP 500 °C) contained
41 % paraffins, 28 % olefins and 41 % aromatics. The processed mixed
plastic waste contained substantial amounts of PS (18 %) and PET
(15 %). The values indicate that the formed aromatics more likely end
up in the lighter product fractions. This can be explained by the presence
of PS in the waste since its pyrolysis yields mostly (Cg) mono-aromatics
as confirmed elsewhere (Toraman et al., 2014). In the recently published
study by (Dao Thi et al., 2021), two different fractions of plastic waste
pyrolysis oils were thoroughly analyzed using GC x GC coupled to
various detectors including the assessment of different column combi-
nations. The authors reported around 10 wt% of aromatics in the light
fraction (Cs — C;1) while the heavy fraction (C; — Ca3) only contained
very small amounts (<1 wt%) of aromatics. This is in agreement with the
abovementioned observations by (Okuwaki et al., 2006).

Next to the aromatic concentration which is likely to accumulate in
the light fractions, similar amounts of linear and branched olefins as well
as diolefins were found in the analyzed light fraction and heavy fraction
indicating that olefins distribute more evenly throughout the entire
boiling range of the pyrolysis oils, again agreeing with the above-
mentioned observations made by (Okuwaki et al., 2006). Finally, ac-
cording to (Dao Thi et al., 2021), the paraffin content of the light
fractions is substantially lower than in the heavier fractions which is
again in agreement with (Okuwaki et al., 2006). However, it needs to be
noted that (Okuwaki et al., 2006) reported lumped concentrations of
paraffins and napthenes as “saturated” compounds.
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Furthermore, it has been shown that PP pyrolysis oil contains pre-
dominantly branched olefins while PE pyrolysis oils contains more
linear hydrocarbons (Tsuge et al., 2011, Sojak et al., 2007, Sojak et al.,
2006). An important implication can be drawn from this observation
due to the fact that branched (acyclic) compounds are known to have
lower boiling points than their linear counterparts which can be
explained by an increased compactness reducing their intermolecular
interactions (Wessel and Jurs, 1995, Monteiro and Firme, 2014, Santak
and Conduit, 2019, Prahlada Rao and Sunkada, 2007). Therefore, there
is a discrepancy between the carbon number range of the pyrolysis oil
and the boiling point range depending on the concentration of branched
and linear compounds and hence depending on the share of PP and PE in
the original plastic waste sample. A fixed boiling point range distillation
cut of PP pyrolysis oil will thus contain a larger carbon number range
compared to the same boiling point range distillation cut of a PE py-
rolysis oil.

3.2. Heteroatom levels in liquid plastic waste pyrolysis products

In the following section it is explained in which product fractions the
majority of contaminants and heteroatoms will end up based on data
reported in open literature. Table 4 provides an overview of heteroatom
levels in liquid pyrolysis products. The data is distributed according to
the carbon number range and, if reported, the boiling point range of the
analyzed product. In this way, the contamination can be traced
throughout the respective product fractions defined by their carbon
number or boiling point range which is crucial for further (petro-)
chemical processing. However, as mentioned above, the boiling point
and carbon number ranges are not necessarily equivalent due to the
different boiling points of branched hydrocarbon compounds compared
to their linear counterparts. If reported, the concentration of the
respective contaminant in the original plastic waste material is given as
well. Due to the fact that oxygen is largely present in form of organic
acids (see Fig. 10), the concentrations of terephthalic acid, phthalic acid
and benzoic acid are listed separately.

Table 4 indicates large differences in the concentrations of the
respective elements throughout all studies. This can be explained by
different pre-treatment steps of the waste streams prior to pyrolysis such
as increased sorting, extensive washing or the specialized removal of
PVC. Since nitrogen stems from dirt and food residuals, extensive
washing may result in lower concentrations in the pyrolysis oil. Next to
organic residues (i.e. amino acids), a potential source of nitrogen are
other nitrogen containing compounds such as detergents which were in
contact with the plastic material due to its original use as detergent
bottles (Roosen et al., 2020). It can further be seen that the “rest”
fraction of the plastic waste is highly relevant for the heteroatomic
content. In their study, (Miskolczi et al., 2004) pyrolyzed plastic waste
containing 4 % PA/PUR which both contain nitrogen in their polymer
structure. The resulting pyrolysis oil consequently contained >1000
ppm of nitrogen in both the lighter (IBP 35 °C, FBP 204 °C) and in the
medium fraction (IBP 189 °C, FBP 307 °C). Depending on the nitrogen
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Fig. 13. Structural formula of a metalloporphyrin.

source, different chemical decomposition pathways might occur during
pyrolysis which, in turn, have an influence on the nitrogen compounds
found in the pyrolysis oils: While amino acids mostly decompose to
ammonia which subsequently decomposes to Ny and Hy, the chemical
decomposition products of PA and PUR are compounds such as nitriles
and amines (Weiss et al., 2018, Schaberg et al., 2018, Blazso, 2006,
Takamoto and Petrich, 1994, Herrera et al., 2001b, Herrera et al.,
2001a). This again underlines the importance of advanced waste sepa-
ration and sorting. However, it has been shown that plastic waste py-
rolysis oils may contain substantial amounts of nitrogen which is highly
problematic for further petrochemical processing steps.

Again, the analytical techniques play a crucial role when discussing
the reported values. (Toraman et al., 2014) analyzed plastic waste py-
rolysis oil using comprehensive GC x GC-SCD/NCD and reported that
the N containing compounds present are pyridines, nitriles, quinolines
and indoles which are mostly in the range between C; and C;;. Sulfur in
plastic waste stems partly from organic residues and on the other hand
from sulfur containing additives. The most important S compounds are
thiophenes, thiols, benzothiophenes, naphthenobenzothiophenes and
dibenzothiophenes (Toraman et al., 2014). Due to the extreme fluctua-
tions in the respective heteroatom concentrations, the validity of indi-
vidual data points and especially averaged values is rather qualitative
than quantitative.

The chlorine content in the pyrolysis oil is directly related to the PVC
removal efficiency of the waste sorting plant but also to potential
dehalogenation steps during the thermochemical recycling process as
applied in the Niigata plastics waste liquefaction plant in Japan (see
Fig. 12).

Obviously, industrial and lab-scale processes differ significantly
regarding their priorities (production of valuable products vs. genera-
tion of knowledge). Industrial-scale processes typically employ mea-
sures to reduce the negative impact of impurities such as PVC. This
becomes evident when comparing Cl concentrations in liquid products
from pyrolysis with and without implementation of dehalogenation
steps. For instance, industrially produced PVC/PVDC containing plastic
waste pyrolysis oil had a reported CI content of 47 ppm in a boiling point
range of 195 °C — 320 °C (Okuwaki et al., 2006). Pyrolysis oils of a
similar carbon number range from plastic waste with a similar PVC/
PVDC content processed without dehalogenation step had a reported Cl
concentration of 2000 ppm (Lopez et al., 2011c). Furthermore, (Cho
et al., 2010) have pyrolyzed plastic waste with an original CI content of
1.13 wt% with and without addition of CaO and reported a substantial
reduction of a factor 5-10 of the Cl content of the corresponding py-
rolysis oils (C4 — Cg0)-

Bromine is a prominent flame retardant which predominantly occurs
in waste electrical and electronic equipment WEEE (Yang et al., 2013,
Ma et al., 2016). Separate take-back schemes for WEEE exist, as reported
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by (De Meester et al., 2019) and (Kawecki et al., 2018), and WEEE may
require processing in a separate (thermochemical) recycling system.
Pyrolysis of WEEE for the production of fuels and chemical feedstocks
requires several specialized upgrading steps such as dehalogenation
prior, during or after pyrolysis in order to produce a chemical feedstock
suitable for further petrochemical processing (Yang et al., 2013, Ma
et al., 2016). Potential debromination steps include solvent extraction,
supercritical fluid technology and others, as reviewed in the recent
article of (Charitopoulou et al., 2020). Next to WEEE, brominated flame
retardants are also used in numerous other plastics which was shown by
(Pivnenko et al., 2017) with HIPS as well as ABS containing the by far
highest amounts of bromine. Low concentrations of brominated com-
pounds in the range of the detection limit (3-20 ppb) were found in
polyolefinic waste fractions, and may be a result of sorting inefficiencies,
e.g. from WEEE debris. In the study of (Roosen et al., 2020), chlorine and
fluorine concentrations in the high ppm range were reported in plastic
waste samples representative for European waste. However, bromine
was below the detection limit of the used analytical method (CIC).

(Brebu et al., 2005), (Miskolczi et al., 2013) and (Miskolczi and Ates,
2016) showed that the pyrolysis oils of plastic waste mixtures containing
small fractions of brominated polymers indeed contain small amounts of
Br. (Brebu et al., 2005) assessed the removal of N, Br and Cl from mix-
tures of virgin polyolefins containing 10 % of brominated ABS as well as
10 % of PVC. The authors tested different catalysts next to purely ther-
mal pyrolysis and found that the pyrolysis oil from thermal pyrolysis still
contained 1900 ppm of Br and 5000 ppm of CI along with 1200 ppm of
N. In the work by (Miskolczi et al., 2013), mixed plastic waste with a Br
content of 2316 ppm and a Cl content of 11196 ppm was pyrolyzed. The
authors reported a concentration of 253 ppm of Br and 618 ppm of Cl in
the liquid pyrolysis product. In another study by (Miskolczi and Ates,
2016), Br and Cl concentrations of 1533 ppm and 1285 ppm, respec-
tively, were reported in the pyrolysis oils of mixed plastic waste. Hence,
it can be stated that indeed substantial amounts of Br may end up in the
liquid pyrolysis product comparable with Cl. However, the cause of Br
contamination is clearly related to certain additives which predomi-
nantly occur in WEEE as well as in certain polymers such as flame
retarded HIPS and ABS. Flame retardants act as radical scavengers
during combustion reactions thus slowing down the exothermic com-
bustion reaction (Maier and Calafut, 1998). All halogen flame retardants
have this effect, however, Br is more potent than Cl and F. Iodine, being
the most effective radical scavenger, is not used in flame retardants due
to lower thermal stability (Maier and Calafut, 1998). The radical scav-
enging activity plays a role during pyrolysis. It has been reported by
(Grause et al., 2008) and (Barontini et al., 2004) that the radical scav-
enging activity of Br leads to the formation of brominated hydrocarbons
next to HBr.

However, it can be expected that the Br-rich waste fractions will be
reduced significantly in modern waste sorting and separation plants,
thus reducing the risk of Br in pyrolysis oils from polyolefinic plastic
packaging wastes (De Meester et al., 2019). Of course, an uncertainty
remains in the detection techniques applied by the respective research
groups which need to be highly accurate to detect trace amounts of Br
and F.

Few studies exist reporting on the oxygen content of plastic waste
pyrolysis oils. However, it can be stated that one of the major sources for
oxygen in the pyrolysis oils is PET impurity in the (polyolefinic) plastic
waste while oxygen contamination stemming from organic residues
contributes to a lesser extent. In industrial processes, measures are
applied to minimize the impact of oxygen compounds present in the
feedstock as for instance addition of Ca salts to bind organic acids within
the pyrolysis process minimizing blockage and corrosion issues (Oku-
waki et al., 2006). This also explains why most of the acids ended up in
the residue fractions (see Table 4).
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Coke
layer

Fig. 14. Coke layer represented by a polyaromatic structure. Re-drawn from
(Wauters and Marin, 2002).

Table 6

Distribution of paraffins, olefins, naphthenes and aromatics over the light, me-
dium and heavy product fractions of all post-consumer plastic waste pyrolysis
oils (averaged values taken from Table 3).

Light fraction® Medium fraction® Heavy fraction®

[wt%] [wt%] [wt%]
Paraffins 28 29 44
Olefins 32 40 29
Naphthenes 18 14 17
Aromatics 19 12 11
Others 4 5 0

(a) defined as carbon number up to Cyo and boiling point up to 250 °C.
(b) defined as carbon number up to C3y and boiling point up to 450 °C
(c) defined as carbon number > Czq and FBP > 450 °C

3.3. Metal contaminant levels in liquid plastic waste pyrolysis products

It has been reported that the solid residue (i.e. char) from pyrolysis
contains the highest number of contaminants (Miskolczi, 2013,
Kaminsky and Kim, 1999) with levels below the (unspecified) detection
limits in the liquid pyrolysis products. However, it is highly important to
trace metal contaminants throughout the pyrolysis product fractions
which are most likely used for steam cracking. Table 5 contains an
overview of metal contaminant concentrations as reported in open
literature.

Reported values for trace metals depend not only on the starting
material and the product fraction, but also largely on the analytical
technique used and their respective lower limits of detection and po-
tential memory effects. Therefore, it is likely that, on the one hand, the
actual metal contamination is higher than listed in Table 5 and that, on
the other hand, trace metals were not detected at all. Furthermore, metal
contaminant data reported only for solid residue was not reported due to
the fact that the data is not relevant in terms of steam cracking of the
liquid pyrolysis oils. Since trace metal analysis in plastic waste pyrolysis
oils is still a field largely unexplored, it is difficult to provide a repre-
sentative overview. Importantly, the presented data underlines the
importance of accurate analytical methods such as ICP-OES/MS for the
analysis of trace metals.

By average, the metal concentrations that could be clearly allocated
to the respective product fractions, end up to almost 99 % in the py-
rolysis residue fraction. Only traces of the metals reach the liquid
product in increasing order with increasing “heaviness” of the product
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fractions (0.01 % in the light, 0.36 % in the medium and 0.75 % in the
heavy fraction). The higher concentration in the heavy fraction can be
explained by metal contaminants bound in form of organometallic
complexes such as metalloporphyrins (see Fig. 13) which are mostly
present in asphaltenes in heavier fractions ranging around Cy7 — C33
(Mello et al., 2012, Ali and Abbas, 2006). Furthermore, it has been re-
ported that fine solid particles can be entrained by the volatile pyrolysis
products thus ending up in the condensed liquid fractions. To prevent
this, hot-gas filters might be applied downstream of the pyrolysis reactor
(Velghe et al., 2011).

Thus, it can be assumed that, while most of the metals end up in the
solid pyrolysis residue, there is indeed a dependency on the respective
boiling range visible. The findings indicate that, although there is a
substantial metal contamination in the liquid pyrolysis product, the
most interesting carbon number range for steam cracking, which is be-
tween Cs up to ~ C3g shows indeed quite low metal contaminant levels.
Therefore, distillation to remove the heavy fractions of the crude py-
rolysis oils is a viable first upgrading technique. However, the severe
impact of some metal contaminants in steam cracking requires ultra-low
concentrations which are still exceeded in the lighter fractions of plastic
waste pyrolysis oils by orders of magnitude requiring further upgrading
steps or low drop-in concentrations in order to reach the strict
specifications.

4. Contaminants as bottleneck in steam cracking

In this section, a link between pyrolysis oil contaminants and feed-
stock specifications for industrial steam crackers is established to shed
light on the steam cracking feasibility of plastic waste pyrolysis oils.
Furthermore, potential harmful effects of the contaminants are dis-
cussed. According to the thresholds and the found contaminant levels,
upgrading pathways can be designed to meet the described feedstock
quality. Of course, blending plastic waste pyrolysis oils with conven-
tional petrochemical feedstocks to lower the contaminant levels ac-
cording to the mixing ratio is always an option.

Steam cracking is a large-scale industrial process which is sensitive to
certain contaminants and feedstock impurities. As steam crackers are
designed for a specific feedstock range, different thresholds for con-
taminants and impurities apply in order to guarantee stable operation of
the steam cracking unit and to avoid off-spec products (Sundaram and
Stancato, 2018). Thresholds can vary between steam crackers depending
on the exact design of the furnace and the separation section. Steam
crackers designed for heavier feedstocks such as gasoil are typically
more resistant to heteroatom contaminations as can be seen from a
survey among industrial plant operators (Baumgartner et al., 2004).

4.1. Conventional fossil-based steam cracker feedstocks

As a good benchmark for plastic waste pyrolysis oils, fossil naphtha
can be taken into account. Naphtha is a product of crude oil distillation
and a mixture of a large number of hydrocarbon compounds (Gary et al.,
2007). The initial boiling point (IBP) of naphtha lies around 35 °C and
the final boiling point (FBP) at around 200 °C. Naphtha can be distilled
into a light fraction which has a carbon number range of C4 to C; (FBP
145 °C) and a heavy fraction with a carbon number range of up to Cy2
(FBP 200 °C) (Robinson, 2011, Speight, 2015). Since naphtha feedstocks
are produced from crude oil, there are hundreds of variations depending
on the origin of the crude oil source. Naphthas typically consist mostly of
paraffins and naphthenes with lower amounts of aromatics and contain,
in contrast to plastic waste pyrolysis oils, no olefins (Pandey et al.,
2004). Gas oils are heavier but less favored steam cracker feedstocks due
to higher amounts of sulfur compounds and aromatics. Steam cracking
of these feedstocks leads to lower ethylene yields and more heavy
products (Cjo4) which reduce the run length of a steam cracker due to
their higher fouling potential. Heavy fossil feedstocks such as petroleum
or shale oils can contain significant amounts of heteroatomic
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Table 7
Overview of typical heteroatom specifications for fossil-based steam cracker
feedstocks.

Contaminant  Industrial limit  Reference
Nitrogen Naphtha: 100 (Baumgartner et al., 2004)
ppm
Gas oils: 2000
ppm
Sulfur 500 ppm (Baumgartner et al., 2004)
Oxygen 100 ppm (Baumgartner et al., 2004)
Chlorine 3 ppm (Baumgartner et al., 2004, Sundaram and
Stancato, 2018, Alanazi et al., 2017)
Phosphorus 0.5 ppm (Baumgartner et al., 2004)

compounds which may substantially exceed the specifications set for
petrochemical feedstocks (Djokic et al., 2017). To mitigate the fouling
potential, these feedstocks can be upgraded using hydrotreatment to
reduce the aromatic and sulfur content prior to cracking (Matar and
Hatch, 2001). When comparing fossil feedstocks with plastic waste py-
rolysis oils it has to be noted that certain upgrading steps such as
desulfurization and catalytic reforming are performed prior to steam
cracking (Speight, 2015).
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4.1.1. Effects of the hydrocarbon composition

In general, olefins inhibit the cracking of paraffins while paraffins
accelerate cracking of olefins. This effect was observed already decades
ago for paraffin cracking in the presence of propylene and with higher
olefins (Albright et al., 1983). Furthermore, olefins are subject to poly-
merization reactions (i.e. “chemical reaction fouling™) (Ibrahim et al.,
2005). Due to the fact that the walls of the heat transfer surface are
typically at higher temperatures than the bulk flow, chemical reactions
might be catalyzed by the wall material yielding insoluble deposits at
the inner walls (Miiller-Steinhagen et al., 2011, Miiller-Steinhagen,
2010). Consequently, deposits cause a decrease of heat transfer through
the externally fired reactor tubes inside the steam cracking furnace.
Ultimately, blockages of the tubes might occur (Asomaning, 1990,
Miiller-Steinhagen et al., 2011). An important fouling reaction is the
oxidation of unsaturated hydrocarbons. Olefins are more prone to
oxidation reactions than paraffins due to their lower stability (Ibrahim,
2012). At more severe conditions as found in steam crackers, autoxi-
dation is the major mechanism causing fouling (Asomaning, 1990,
Epstein, 1983). It has been further reported that high olefin concentra-
tions in liquid feedstocks result in increased radiant coke formation and
transfer line exchanger fouling due to secondary reactions (Van Geem

2000 mLight Medium m Heavy — Industrial threshold
2000 —_
1651
1500 1457
£
s 1250
<
2
© 1000
€
8
c 714
o 625
o
500 500
i 224 230
9 124
100
0
N S Cl Cl (no Oxygenates
(pretreatment) pretreatment)

Fig. 15. Overview of the heteroatom content in the light, medium and heavy fractions compared with the threshold value for industrial steam crackers. Values taken

from Table 4 and (Baumgartner et al., 2004).
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et al., 2009). This effect becomes dominant at an olefin concentration of
> 5 % as found by (Kopinke et al., 1993a, Kopinke et al., 1993b) decades
ago. According to industrial plant operators, the maximum allowable
olefin concentration in naphtha range feedstocks is 2 wt% (Baumgartner
et al., 2004).

Typically, naphthenes are slightly more stable than straight chain
paraffins due to a presumably slower initiation step (H* elimination) of
the thermal decomposition. Furthermore, naphthenes pose a higher
coking tendency (by ~ 50 %) than paraffins due to dehydrogenation
reaction towards aromatic products. This has been known for decades
(Albright et al., 1983, Kopinke et al., 1993a) and is especially valid for
olefinic naphthenes such as cyclopentadiene which are prominent coke
precursors (Guisnet and Magnoux, 2001).

However, it has been reported decades ago that the coking potential
of a feedstock is essentially dependent on the aromatic content (Kopinke
et al., 1993a, Kopinke et al., 1993b, Letzsch and Ashton, 1993). Aro-
matics have a higher coking tendency than paraffins due to combination
reactions with other aromatics forming heavier species which may
condense to highly stable polyaromatic hydrocarbons (PAHs) (Richter
and Howard, 2000, Wauters and Marin, 2002) (see Fig. 14).

PAHs may result in coke deposition in the reactor and the transfer
line which ultimately leads to severe blockages (Towfighi et al., 2002,
Ristic et al., 2018).

4.1.2. Steam cracking feasibility of pyrolysis oils in terms of PIONA

Table 6 lists the concentrations of hydrocarbon families found in
plastic waste pyrolysis oils distributed over the light, medium and heavy
product fractions. The fractions were defined according to the reported
ranges of the respective literature data. As light fraction, fractions with
carbon number ranges below Cy and final boiling points below 250 °C
were considered. Fractions were considered medium fractions, when the
reported carbon number range and boiling point range did not exceed
Csp and 450 °C, respectively. The values are averaged values of all the
PIONA values listed in Table 3, thus providing a rough estimate of the
average compositions to be expected from mixed plastic waste pyrolysis
oils. Potential uncertainties lie, of course, in the accuracy of the reported
literature data regarding lumping of compound groups or unrepresen-
tative plastic waste samples. Hydrocarbon compositions which could not
be clearly allocated to a certain product fraction are not included.
Furthermore, impure polyolefinic plastic waste has a huge impact which
can be seen by means of the high aromatic content of some reported
hydrocarbon compositions, largely caused by PS impurities. However,
by average, the impact will, of course, be reduced when considering
polyolefinic waste with only minor PS contents.

Table 6 shows that the lighter fractions are most likely off-spec in
terms of their steam cracking feasibility due to the high aromatic con-
centration. In this case, the aromatic content must be recovered prior to
steam cracking using, for instance, extractive-azeotropic distillation
(Gaile et al., 2004). It is also recommended to remove PS prior to py-
rolysis to recover styrene in a separate process instead of removing the
aromatics from the pyrolysis oil prior to steam cracking.

The olefin concentrations listed in Table 6 and Table 3 exceed the
olefin threshold value of 2 wt% substantially (Baumgartner et al., 2004)
which indicates a high coking and fouling potential when steam
cracking these untreated products. Tuning the olefin concentration to
reach industrial limits may be performed by hydrotreatment. Another
option to reach the proposed olefin limits would be co-feeding with
fossil feedstocks thus tuning down the olefin concentration according to
the mixing ratio to an acceptable value. For the light product fractions
this would mean a blending ratio of ~ 6.3 wt% with olefin-free fossil
naphtha. The medium fraction would require a blending ratio of ~ 5 wt
% in order to reach the specifications.

4.2. Steam cracking feasibility of pyrolysis oils in terms of heteroatoms

Heteroatoms in feedstocks can have a severe impact on the steam
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cracker in terms of fouling potential, coke formation, corrosion and
downstream catalyst poisoning. Therefore, strict specifications exist
which will be the basis for a feasibility assessment of plastic waste py-
rolysis oils as steam cracking feedstocks (see Table 7).

An overview of the heteroatom concentrations found in the respec-
tive light, medium and heavy fractions of plastic waste pyrolysis oils
compared to the corresponding contaminant limits for industrial steam
crackers is given in Fig. 15. The heteroatom values are averaged data
from Table 4 which are subject to large fluctuations. Therefore, the data
should be considered qualitative rather than quantitative. However, the
data gives an indication of the challenges for plastic waste pyrolysis oils
in terms of heteroatoms.

In the following sub-sections, the steam cracking feasibility of plastic
waste pyrolysis oils is discussed based on their heteroatom concentra-
tion. Potential upgrading techniques in order to reach industrial feed-
stock specifications are suggested.

4.2.1. Nitrogen

The average nitrogen values found in the light and medium fractions
are substantially higher than the allowable nitrogen concentrations in
liquid feedstocks for industrial crackers (100 ppm). The average N
concentration in the heavy fraction of plastic waste pyrolysis oils lies
below the industrial threshold for gas oils of 2000 ppm (Baumgartner
et al., 2004). However, the data presented by (Toraman et al., 2014)
who detected a nitrogen concentration of 1 wt% using GC x GC-NCD
shows the high impact of nitrogen containing polymers such as PA/PUR.

Nitrogen compounds are responsible for catalyst deactivation in
hydrodesulfurization units, hydrocrackers and reforming processes
(Adam et al., 2009). Furthermore, they may cause explosive gum for-
mation in the cold-box of the downstream section of a steam cracker
plant, which has been known for decades (Charlesworth, 1986, Dinneen
and Bickel, 1951). Thermal decomposition of nitrogen compounds leads
to the formation of NOy species which cause air pollution and acid rain
(Dijkmans et al., 2015). Amines and other nitrogen containing com-
pounds have a negative impact on the process since they decompose to
ammonia and nitriles which are harmful for downstream catalysts,
causing the steam cracking products to be off-spec (Letzsch and Ashton,
1993) (see Fig. 16).

Furthermore, nitrogen gas may contaminate the hydrogen product
(Baumgartner et al., 2004). Therefore, efficient and accurate nitrogen
monitoring for plastic pyrolysis oils is highly important. An example for
a removal technique for nitrogen compounds is hydrodenitrogenation
(Prado et al., 2017) according to the reaction equation below.

CsHsN + 5H,—»CsH,, + NH;3 (@)

Blending of plastic waste pyrolysis products with fossil naphtha in
order to tune the nitrogen level down to an acceptable concentration
would require a minimum dilution factor of 12-17.

4.2.2. Sulfur

The detected sulfur concentrations in the respective light, medium
and heavy fractions of plastic waste pyrolysis oil do not exceed the
maximum allowable sulfur concentration of 500 ppm (Baumgartner
et al., 2004). However, due to the fluctuations in the composition of
plastic waste, the sulfur contents of the pyrolysis products need to be
monitored carefully and sulfur removal processes such as hydro-
desulfurization or selective oxidation might need to be applied prior to
petrochemical processing (Khan and Al-Sayed, 2007). Furthermore, due
to inaccurate measurements it is possible that the actual sulfur con-
centrations present in plastic waste pyrolysis oils are indeed higher. This
has been shown by (Toraman et al., 2014) who measured >1000 ppm of
sulfur using GC x GC-SCD. Considering a value of 1000 ppm, a dilution
factor of 2 would be required to reach industrial feedstock
specifications.

The influence of sulfur in steam cracking may be beneficial or
harmful depending on the amount. On the one hand, sulfur has a
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Table 8
Comparison of metal contamination levels in plastic pyrolysis oil and known contaminant limits for industrial crackers (values taken from Table 5).
Contaminant  Light fraction® Medium fraction® Heavy fraction® Industrial limit Reference
[ppm] [ppm] [ppm] [ppm]

Al <0.2 <LOD 17 n.a. (Okuwaki et al., 2006, Cho et al., 2010)

As - - 0.005 (Sundaram and Stancato, 2018)

Ca 17 149.5 225 0.5 (Okuwaki et al., 2006, Miskolczi et al., 2004, Sundaram and Stancato,
2018)

Cr 1 <LOD 8.2 - (Okuwaki et al., 2006, Cho et al., 2010)

Cu 1 15 2 50 (Okuwaki et al., 2006, Tatterson and Vasalos, 1981, Velghe et al., 2011)

Fe <0.2 7.3 33 0.001 (Baumgartner et al., 2004, Sundaram and Stancato, 2018, Okuwaki et al.,
2006)

Hg - 0.005 (Sundaram and Stancato, 2018)

Na 0.8 <LOD 2.8 0.125 (Sundaram and Stancato, 2018, Okuwaki et al., 2006)

Ni - - - 100 (Letzsch and Ashton, 1993)

Pb 0.04 <LOD 37 0.05-0.10 (Okuwaki et al., 2006, Sundaram and Stancato, 2018, Baumgartner et al.,
2004, Cho et al., 2010)

Si <100 4 <50 05-1 (Okuwaki et al., 2006, Baumgartner et al., 2004)

Ti <LOD <LOD 456 - (Miskolczi et al., 2004)

A% - - - 0.05 (Baumgartner et al., 2004, Sundaram and Stancato, 2018)

Zn 0.4 124 128.1 - (Okuwaki et al., 2006, Miskolczi et al., 2004, Miskolczi et al., 2013,

Velghe et al., 2011, Cho et al., 2010)

(a) defined as carbon number up to Cyo and boiling point up to 250 °C.
(b) defined as carbon number up to C3y and boiling point up to 450 °C.
(c) defined as carbon number > Czq and FBP > 450 °C.
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Fig. 17. Concentrations of (a) Ca and Cu (in ppm) and (b) Fe, Na, Si and Pb (in ppb) in light and medium fractions of plastic waste pyrolysis oils vs. the thresholds for
industrial steam crackers.

Fig. 18. Skikda explosion, January 19, 2004 (Mashyanov, 2021).
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Table 9
Feasibility matrix of plastic waste pyrolysis oils as steam cracking feedstocks.
Category Recommended Critical Minimum Further
analytical contaminant dilution treatment
method factor necessary?
Hydrocarbon GC x GC-FID/ Olefins 15-20 ™M
composition ToF-MS Aromatics ~2 X
Heteroatoms GC x GC-NCD Nitrogen 12-16 ™M
GC x GC-SCD Sulfur - X
GC x GC-AED Oxygen 7-13 ™
Chlorine >12-485 ™M
Metals ICP-MS Calcium >34 ™M
Iron >7000 ™M
Sodium >7 X
Lead 1->350 ™M
Silicon >4 X
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Fig. 19. Comparison of fossil feedstocks and plastic waste pyrolysis oils.

beneficial effect in terms of controlling the formation of CO and COs.
The effect is based on the coverage of active nickel sites on the metal
surface leading to a reduction of steam reforming reactions (Reyniers
and Froment, 1995, Jakobi and Karduck, 2018, Sarris et al., 2017).
However, the role of sulfur in terms of coke formation is controversial
(Symoens et al., 2018, Patil et al., 2020). On the other hand, sulfur
containing compounds may lead to the formation of hazardous sub-
stances, pose threats to the reactor material and have detrimental effects
on the final product (Dhuyvetter et al., 2001, Depeyre et al., 1985).
Thermal decomposition of sulfur compounds leads to the formation of
hydrogen sulfide, carbon disulfide and SOy which pose a threat to the
environment and are therefore subject to strict regulations (Jafarinejad,
2016). Moreover, the Ni-Cr-Fe alloys often used for the steam cracking
coil may suffer from corrosive attacks by hydrogen sulfide (Reyniers and
Froment, 1995). Therefore, it is crucial to control and monitor the
elemental sulfur content of liquid hydrocarbon feedstocks.

4.2.3. Halogens

Fig. 15 indicates that the industrial threshold value of 3 ppm
(Baumgartner et al., 2004, Alanazi et al., 2017) is exceeded substantially
both by plastic waste pyrolysis oils including dechlorination pre-
treatment (215 ppm in the light fraction, 38 ppm in the medium frac-
tion) as well as without pre-treatment (615 ppm in the light fraction,
1457 ppm in the medium fraction). Thus, it can be concluded that
upgrading steps of the pyrolysis products or improved dechlorination
steps prior to pyrolysis are of paramount importance. A potential process
to remove chlorine from pyrolysis products prior to further petro-
chemical processing is catalytic hydrotreatment (Lingaiah et al., 2001).
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The hydrodechlorination of chlorobenzene as a popular chlorinated
hydrocarbon compound is shown in the reaction equation below.

C6H5C1 + H2 > C6H6 + HCl (2)

Organic and inorganic chlorides cause corrosion of equipment such
as metal surfaces, heat exchangers and downstream facilities (Gutzeit,
2000, Alanazi et al., 2017). Inorganic chlorides such as sodium chloride
may originate from entrained salt water and in the case of plastic waste
from the adsorption of salt which was in the packaged product. Sodium
chloride is especially known for corrosion of austenic steel above tem-
peratures of 500 °C (Baumgartner et al., 2004). Organic chlorides such
as chloroform (CHCI53) and dichloromethane (CH,Cl,) are more difficult
to detect and separate compared to inorganics due to their higher sol-
ubility in liquid hydrocarbons (Arjang et al., 2018, Alanazi et al., 2017).
The main thermal decomposition product of organic chlorides is
hydrogen chloride which may lead to severe corrosion in downstream
facilities. Moreover, hydrogen chloride can form ammonium chloride
with nitrogen which can cause blockages (Li et al., 2018). Finally,
chloride contamination in products can lead to environmental concerns
(Arjang et al., 2018). The extremely low threshold for chlorine indicates
that essentially no PVC or salts are allowed in the plastic waste fractions.
Therefore, both efficient PVC separation and washing techniques must
be applied in modern waste sorting plants and dehalogenation tech-
niques need to be integrated in plastic waste pyrolysis units. Further-
more, standardized high-quality analytic techniques such as GC x GC-
AED are needed in order to establish pyrolysis oils from a chlorine point-
of-view.

Next to the mentioned harmful effects of chlorine, bromine and
fluorine may have similar negative effects regarding corrosion of heat
exchanger surfaces and the formation of unwanted halogenated hydro-
carbon products as mentioned by (Elliott et al., 1985). However, no
threshold exists for industrial steam crackers regarding the Br concen-
tration in the feedstocks. Nevertheless, the reported Br concentration of
almost 2000 ppm in a medium sample (Cs — Ca2) as reported by (Brebu
et al., 2005), indicates that Br is indeed a problematic contaminant
which needs to be subject of further research. Several debromination
techniques have been reviewed by (Shen et al., 2016). For fluorides, a
maximum allowable value of < 2 ppm was reported by (Sundaram and
Stancato, 2018), however, no fluorine was reported in plastic waste
pyrolysis oils.
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4.2.4. Oxygen

The oxygen concentration found in (PET-containing) plastic waste
pyrolysis oils exceeds the threshold value for industrial steam crackers
(100 ppm (Baumgartner et al., 2004)) by at least ten times. Therefore, a
detailed characterization of the plastic waste pyrolysis oils prior to
petrochemical processing with close monitoring of the oxygenate con-
centration is advised. Considering the inevitable PET content in poly-
olefinic plastic waste streams, the corresponding pyrolysis oils are most
likely not feasible for industrial crackers regarding the oxygen content.
When considering to tune the oxygen levels by diluting the plastic waste
pyrolysis products with fossil naphtha, a minimum dilution factor of
7-13 would be necessary.

Oxygenates can diminish the value of steam cracking feedstocks due
to the potential formation of methanol, formaldehyde and CO next to the
formation of corrosive acids (Reid and Nowowiejski, 2003). Further-
more, organic acids formed in quench water systems or elemental oxy-
gen which reacts with butadiene species to promote gum formation are
strong drivers for process fouling and corrosion issues (Ristic et al.,
2017, Li et al., 2007). Oxygen and its decomposition products (espe-
cially CO) can also be a poison to a number of catalysts downstream of
the steam cracker. Furthermore, off-spec propylene can occur due to
contamination with formed methanol. In ethylene and propylene
product specifications, the elemental oxygen content is typically limited
to 5 ppm (Reid and Nowowiejski, 2003). Therefore, removal of oxygen
through catalytic processes such as hydrodeoxygenation is necessary
(Zacher et al., 2014). Hydrodeoxygenation of the hydroxyl group of an
oxygenated compound is schematically shown below.

R —-OH+H,—»R-H+H,0 3

Other oxygen removal technologies are presented elsewhere
(Chuang et al., 2008).

4.2.5. Phosphorus

P is a contaminant of high concern in industrial crackers (Baum-
gartner et al., 2004). Phosphine (PHs) may poison hydrogenation cata-
lysts, while elemental phosphorus leads to corrosion of surfaces
(Sundaram and Stancato, 2018). However, it has been reported that
phosphine in steam cracking feedstocks may lead to a reduction of coke
formation by 35 % when aluminum containing alloys were used (Patil
et al., 2019). For industrial steam crackers, a maximum phosphorous
concentration of 500 ppb was reported (Baumgartner et al., 2004). This
value was exceeded substantially by the P concentration of 498 ppm in a
medium fraction as reported by (Miskolczi and Ates, 2016).

4.3. Steam cracking feasibility of pyrolysis oils in terms of metals and
inorganics

Metal contamination in steam cracking feedstocks may cause issues
such as accumulation and blockages in process equipment, corrosion of
metal surfaces as well as irreversible poisoning of pre-treatment or
downstream catalysts. Furthermore, coke formation and fouling can be
increased due to catalytic effects (Lopez et al., 2010). An overview of
contaminant levels found in plastic waste pyrolysis oils as well as the
corresponding contaminant limits for industrial steam crackers are
shown in Table 8. The listed metal concentrations are the ones found in
the liquid fractions of the pyrolysis oils. Metals only found in distillation
or pyrolysis residues are not listed.

It has to be noted that for some metals, which are typically not
present in fossil-based feedstocks such as aluminum, chromium or tita-
nium, no specifications exist. Since these metals may occur in plastic
waste pyrolysis oils stemming from numerous additives and auxiliary
materials used in plastic products, there is a knowledge gap still to be
filled. Importantly, it is implied that the absence of a maximum speci-
fication does not mean that the contaminant is harmless. It indeed in-
dicates that further research is needed targeted at metal contaminants
predominantly occurring in plastic waste pyrolysis oils.
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Furthermore, it is more likely that certain metals remained unde-
tected by the respective research groups rather than that they are indeed
absent. This is especially valid for metals such as arsenic, nickel and
vanadium which are harmful already in ppb levels. Due to the extremely
difficult detection of trace metals, it is therefore likely that the actually
occurring metal contamination is substantially higher than reported.
Again, the need for highly accurate analytic techniques such as ICP-MS
is highlighted.

Fig. 17 compares the metal contaminants in the light and medium
product fractions which are most interesting for steam cracking with the
known feedstock specifications for industrial steam crackers. Metals for
which no maximum allowable concentration is known are not included.

In the following sub-sections, the steam cracking feasibility of plastic
waste pyrolysis oils is discussed based on the respective metal
contaminants.

4.3.1. Aluminum

Aluminum contamination in plastic waste stems from foils and cans
which were not separated from the polyolefinic plastic waste (Roosen
et al., 2020). Since Al is not typically present in fossil feedstocks, no
specification exists for industrial crackers. However, Al contamination
in steam cracking has been related with furnace problems (Baumgartner
et al., 2004). Aluminum contamination will be an issue in plastic waste
pyrolysis oils which underlines the need for additional investigation in
Al’s impact in steam cracking. Potential accumulation and catalytic ef-
fects must be monitored carefully.

4.3.2. Antimony

Sb is a metal which is frequently used as a synergist in form of
antimony trioxide for brominated flame retardants (Montezin et al.,
1997, Zhang and Horrocks, 2003). Substantial amounts of Sb between
105 and 189 ppm in medium fractions of plastic waste pyrolysis oils
were reported by (Miskolczi et al., 2013) and (Miskolczi and Ates,
2016). In both mentioned studies, Br was also found in the pyrolysis oils
which shows that, indeed, Sb and Br are often associated with each other
as additives and that both elements partly end up in the pyrolysis oils.
Furthermore, in one of the studies, (Miskolczi et al., 2013) report an
initial Sb concentration in the pyrolyzed waste of 749 ppm. The fact that
with 105 ppm a large portion of this initial concentration ended up in
the pyrolysis oil shows that Sb is a metal which cannot be neglected
when considering pyrolysis oils of mixed plastic waste as steam cracker
feedstocks. No limit value for the Sb concentration in steam cracker
feedstock has been reported which can likely be explained by the fact
that Sb seldom occurs in feedstocks of fossil origin. Furthermore, in the
book chapter by (Kunzru, 2000) it was reported that antimony has a
coke inhibiting effect in ethane cracking reactions. Addition of 100 ppm
of an antimony salt lead to a coke reduction of 63 % (Kunzru, 2000).
This finding indicates that Sb is a contaminant of lower concern for
commercial steam crackers. However, it also shows that additional
research is needed in light of the fact that Sb is likely to become
increasingly important due to its presence in plastic waste.

4.3.3. Barium

Ba is another metal that is often used as additive, namely as a filler
substance in form of BaSO4 among others and is added to a broad range
of plastic products including PP and PE-based food packaging (Turner
and Filella, 2020). (Cho et al., 2010) is the only group of authors who
reported low amounts of Ba (1 ppm) in plastic waste pyrolysis oils using
ICP-OES analysis. No industrial threshold value exists for Ba contami-
nation in steam cracker feedstocks. However, the fact that it was
detected in various consumer plastic products underlines that additional
research is needed regarding potential harmful effects in steam cracking.

4.3.4. Calcium
Calcium is another metal which will be increasingly relevant in terms
of plastic waste pyrolysis, since CaCO3 is a popular performance-
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enhancing additive (Ugdiilcr et al., 2020). Another possible source for
Ca is the addition of Ca salts in order to bind organic acids forming when
PET is thermally decomposed (Okuwaki et al., 2006). Calcium has been
found to cause fouling and corrosion leading to a reported concentration
limit in liquid steam cracker feedstocks of 0.5 ppm (Sundaram and
Stancato, 2018). As can be seen in Fig. 17, the Ca concentration in the
light and medium fractions of plastic waste pyrolysis oils exceed the
maximum allowable concentration substantially. In order to reach an
acceptable concentration, the light fraction of plastic waste pyrolysis oil
needs to be diluted with naphtha by a factor of ~ 34. It has been further
shown that the Ca concentration in the light fraction is substantially
lower compared to the medium fraction which indicated that higher
upgrading effort or dilution is needed for heavier fractions. Considering
the strong possibility that the reported Ca concentration is under-
estimated, steam cracking of these feedstocks is not feasible regarding
the Ca concentration. Potential Ca removal techniques include aqueous
solution using a calcium removal agent (Yoon and Jung, 2016).

4.3.5. Chromium

Chromium is a very important compound of the reactor coil metal-
lurgy since a chromium oxide layer works as a protector against carbon
diffusion and catalytic coking (Sundaram and Stancato, 2018). It was
further stated that chromium is able to absorb unwanted sulfur oxides
aiding to maintain the sulfur oxide concentration in the regeneration
zone effluent gas stream (Tatterson and Vasalos, 1981). Therefore, it can
be anticipated that trace amounts of chromium will not harm the process
to a great extent. However, chromium is a potential component of pig-
ments and dyes used in plastic products. Therefore, it needs to be
monitored carefully since it will likely play a more important role in the
future if steam cracking of plastic waste pyrolysis oil is established.

4.3.6. Copper

Copper has catalytic activity promoting dehydrogenation reactions
of hydrocarbons which can substantially influence the character of the
cracking reactions ultimately causing higher coking rates. A maximum
allowable copper concentration of 50 ppm has been reported (Tatterson
and Vasalos, 1981). With respect to Fig. 17 it can be stated that the
reported Cu concentration in the light (0.6 ppm) and medium fraction
(15.1 ppm) of plastic waste pyrolysis oil are well below the given
threshold. However, considering the likely underestimation due to
insufficiently accurate detection techniques and the harmful impact of
Cu careful monitoring is advised.

4.3.7. Iron

The catalytic effect of iron attached to the reactor wall surface may
induce rapid coke formation causing a reduction of the furnace run
length. It has been reported that the run length of an industrial liquid
feedstock cracker was halved within days when exposed to iron
contamination (Orriss, 1996). Iron further causes corrosion and (pre-
treatment) catalyst poisoning issues. Especially iron oxide has been lis-
ted as a high concern contaminant due to plugging issues (Baumgartner
et al., 2004). The maximum tolerable concentration in steam cracking
feedstocks has been reported as < 1 ppb, underlining the importance of
highly accurate measurements (Sundaram and Stancato, 2018). It can be
seen from Fig. 17 that while no iron was reported in the light fraction of
the pyrolysis oil, the concentration in the medium fractions exceeds the
industrial threshold by orders of magnitude. To comply with the in-
dustrial threshold value, the most accurate metal detection technique
ICP-MS is needed. This can be seen by means of the limits of quantifi-
cation of other techniques which are already substantially higher than 1
ppb, indicating that the actual iron concentration in plastic waste py-
rolysis oils is always higher than the threshold value. Considering the
large iron concentration in the medium fraction, blending of the py-
rolysis oils with iron-free naphtha will not be feasible due to the
extremely high dilution necessary to reach the given specification.
Instead, metal removal techniques are needed such as
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hydrodemetallization, solvent extraction (Ali and Abbas, 2006) or
membrane filtration (Ates and Uzal, 2018).

4.3.8. Potassium

Potassium can be used as an additive in plastic composites (Yu et al.,
2000, Tjong and Meng, 1998a, Tjong and Meng, 1998b). Potassium
contamination was reported by (Velghe et al., 2011), who detected a K
concentration of 20-200 ppm in a Cg — Cag fraction of a plastic waste
pyrolysis oil. The original K content of the pyrolyzed waste was 1200
ppm indicating that indeed a considerable amount of the original po-
tassium content may end up in the plastic waste pyrolysis oil. However,
the fact that only one group of authors reported K as a contaminant does
not allow a final judgement of the importance of this particular element.
Nevertheless, potassium has been associated with radiant coil corrosion
and fouling in steam cracking, leading to a maximum acceptable con-
centration of < 0.5 ppmw (Sundaram and Stancato, 2018) which is
substantially exceeded by the value of 20-200 ppm as reported by
(Velghe et al., 2011). Therefore, careful monitoring of the K concen-
tration in both plastic waste as well as in the pyrolysis oil is advised.

4.3.9. Sodium

Sodium contamination may occur in liquid feeds of fossil origin
following desalting of crudes or from certain storage modes, for instance
in salt caverns. In plastic waste it occurs due to absorption of salts pre-
sent in the packaged goods. Na can cause severe corrosion issues which
is called sodium attack (Orriss, 1996). Na reacts with Cr in the steam
cracking coil, forming compounds such as sodium chromite (NaCrO3)
which has a melting point of 762 °C. By this mechanism, the chromium
layer of the coil will gradually be depleted, permanently damaging the
radiant coil (Sundaram and Stancato, 2018). Furthermore, Na is a strong
catalyst poison (Letzsch and Ashton, 1993). This can pose severe prob-
lems to potential pre-treatment catalysts. Moreover, Na is a strong coke
promoter (Brayden et al., 2006). Due to the listed issues, Na is among the
top five problematic contaminants for liquid crackers with a maximum
tolerable concentration of 1 ppm. Even lower concentrations have been
reported by other authors, namely 125 ppb (Sundaram and Stancato,
2018). A Na concentration of 800 ppb was reported in the light fraction
of plastic waste pyrolysis oil. This implies that a minimum blending ratio
of ~ 15 wt% in naphtha can be sufficient to reach the specifications.
However, due to the very low threshold, data must be treated with care
and additional analyses are advised.

4.3.10. Lead

Pb containing compounds in steam cracker feedstocks are not
desirable due to their thermally induced decomposition into elemental
Pb which deposits irreversibly on surfaces of potential pre-treatment
catalysts (Audeh, 1985, Griffing et al., 1957). Additionally, Pb
induced corrosion problems have been reported (Sundaram and Stan-
cato, 2018). Several operators of liquid feedstock crackers named values
below 100 ppb as maximum tolerable Pb level in the feedstock (Baum-
gartner et al., 2004). Other authors reported values < 50 ppb (Sundaram
and Stancato, 2018). (Okuwaki et al., 2006) reported a Pb concentration
of 37 ppm in the heavy fraction and concentrations below the limit of
detection in the medium and light fraction of the plastic waste pyrolysis
oil. (Cho et al., 2010), reported a Pb concentration in a light pyrolysis oil
fraction (C4 — Co0) of 40 ppb which shows that the concentrations in the
light fractions are substantially lower than in the heavy fractions. This
observation is promising regarding distillation of the crude pyrolysis oils
as a first treatment step, as it was reported by (Cho et al., 2010) that the
distillation residue contained up to 21.5 ppm of Pb. Since the maximum
Pb threshold is in the low ppb range, it can, nevertheless, be assumed
that traces of Pb in the lighter fractions were not detected by some au-
thors due to limited detector capacities.

4.3.11. Silicon
Silicon is another relevant contaminant in terms of plastic waste due
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its use in additives and coatings for plastic products (Ugdiiler et al.,
2020). Silicon has been known to poison catalysts irreversibly (Gazulla
et al., 2017). Furthermore, silicon dioxide is known to cause fouling
(Reid and Nowowiejski, 2003). The maximum tolerable concentration in
liquid feedstocks has been reported to be between 0.5 and 1 ppm
(Sundaram and Stancato, 2018, Baumgartner et al., 2004). (Okuwaki
etal., 2006) reported a Si concentration of 4 ppm in the medium fraction
which exceeds the threshold by far. Furthermore, the reported value for
the light fraction is < 100 ppm which indicates that the accuracy of the
used analytical method is insufficient. However, based on the found
concentration a dilution factor of 4-8 would be sufficient.

4.3.12. Titanium

In the light and medium product fractions of pyrolysis oils, no tita-
nium was reported. However, (Miskolczi et al., 2004) reported a Ti
concentration of 456 ppm in the heavy fraction which indicates that
indeed a substantial amount of titanium might be present. Since Ti is a
prominent component of pigments and dyes, this particular metal might
become more relevant in the future (Ugdiiler et al., 2020). Titanium has
been used as matrix material for cracking catalysts and therefore poses
catalytic activity which may influence the cracking reactions.

4.3.13. Zinc

Zinc is an element frequently used in plastic additives such as sta-
bilizers, flame retardants, lubricants and slip agents (Ugdiiler et al.,
2020). In the light pyrolysis oil fractions, an average Zn concentration of
0.4 ppm was reported (Cho et al., 2010, Okuwaki et al., 2006). In the
middle fraction, 124 ppm were reported by (Miskolczi et al., 2013) and
in the heavy fraction, a concentration of 254 ppm was reported (Mis-
kolczi et al., 2004) which indicates that there is indeed a substantial
amount of Zinc present in plastic waste pyrolysis products. Again, the
discrepancy between the respective light, medium and heavy fractions
indicates that distillation as a first upgrading step is suitable to already
remove certain metals. (Baumgartner et al., 2004) listed Zn as catalyst
poison of limited concern. Zinc has also been used as a passivating agent
for the treatment of metal contaminants in fluidized catalytic cracking
(FCC) feedstock diminishing the negative impact of metals such as
nickel, copper, vanadium and iron (Hirschberg et al., 1982). No further
negative impacts caused by zinc contamination in petrochemical feed-
stocks have been reported.

4.3.14. Effect of metal contaminants not reported in pyrolysis oils

Next to the metals found in plastic waste pyrolysis oils, other metals
are known to have partly severe impacts on steam crackers. In the
following, the most important metals are addressed briefly.

Traces of As in the ppb range may cause irreversible poisoning of
downstream or pre-treatment catalysts (Brandao et al., 2006, Powers
etal., 1959). AsHs (Arsine) is extremely poisonous and might stem from
dry gas from an FCC unit or from the feedstock itself. Arsine is a strong
poison for methylacetylene/propadiene (MAPD) catalysts (Baumgartner
et al., 2004). The maximum tolerable concentration of As has been re-
ported as 5 ppb (Sundaram and Stancato, 2018). Due to the fact that As
was indeed reported in the pyrolysis residue (Okuwaki et al., 2006),
potential entrainment of solid particles into the condensable pyrolysis
product must be avoided.

Mercury may be present in crude oil in several different species
depending on the sample source. A prominent suspended species is, for
instance, mercuric sulfide (HgS), while the dissolved species are mostly
elemental mercury or ionic halides (Wilhelm and Bloom, 2000).
Furthermore, it can be present in form of organometallic complexes such
as methyl mercury (Baumgartner et al., 2004). It has been reported that
Hg is highly aggressive against aluminum heat exchangers causing a
catastrophic shutdown at the Skikda facility in Algeria which was
destroyed due to lowest amounts of Hg in natural gas (Boschee, 2013,
Wilhelm, 2009) (see Fig. 18).

Obviously, the release of toxic elements such as As, Hg and Pb into
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the environment is a further concern (Jai Kumar and Gangadharan,
1999). Due to the high toxicity of Hg, strict regulations regarding the
emission are in place which is a significant concern regarding furnace
maintenance. Mercury distributes among all product fractions with the
highest presence in the propylene and butane/butylene product. It is
further known to deposit on and deactivate MAPD catalysts. Maximum
levels reported by several operators ranged below 10 ppb of Hg in the
liquid steam cracker feedstock (Baumgartner et al., 2004). Other authors
reported an even lower threshold of 5 ppb for liquid feedstocks (Sun-
daram and Stancato, 2018).

Nickel is one of the most prominent contaminants in fossil feedstocks
predominantly found in the heavy fractions of crude oil, specifically in
asphaltenes. Ni is known as a severe poison for downstream or pre-
treatment catalysts (Tatterson and Vasalos, 1981, Groenenboom,
1989). Furthermore, Ni is known as an active dehydrogenation catalyst
which can influence the cracking reaction to a certain extent, ultimately
leading to higher coke formation. It has been reported that processing of
a feedstock is not economically feasible if it contains >100 ppm of Ni
(Letzsch and Ashton, 1993). Again, entrainment of solid pyrolysis res-
idue which may contain traces of Ni as reported by (Okuwaki et al.,
2006) must be avoided during pyrolysis.

Vanadium is a strong poison for downstream or pre-treatment cata-
lysts. The catalyst deactivation tendency of V is known to be higher than
the one of Ni (Letzsch and Ashton, 1993). The maximum tolerable
concentration of V in naphtha feedstocks is as low as 50 ppb (Baum-
gartner et al., 2004). Experience from the pilot steam cracker at Ghent
University in Belgium shows that V can deposit on the reactor wall and
enhance the gasification of coke and hydrocarbons towards CO, CO, and
Hy (K.M. Van Geem, personal communication, February 11, 2021).

5. Implications for plastic waste pyrolysis oils as steam cracking
feedstocks

It has been shown in the previous sections that (untreated) plastic
waste pyrolysis oils are indeed not feasible to steam crack regarding
several contaminants (see Table 9). However, it needs to be noted that
the largest steam crackers require roughly 100,000 tons of feedstock per
furnace with multiple furnaces in parallel operation. On the contrary,
the largest waste sorting plants in Europe process 100,000 tons of
collected waste per year of which only a fraction will be available for
thermochemical recycling (PlasticsEurope, 2021). Therefore, using
plastic waste pyrolysis oils as a drop-in feedstock in the range of 5-20 %
is the most likely scenario.

The only contaminants which most likely do not require additional
treatment are sulfur, sodium and silicon due to the fact that the dilution
factor is sufficiently small. All other contaminants such as nitrogen,
chlorine, calcium, iron and lead are exceeding the feedstock specifica-
tions for steam crackers to such an extent that additional upgrading
technologies such as hydrotreatment are needed, which, of course,
challenge the economic potential of plastic waste pyrolysis oil as steam
cracking feedstock. Table 9 is a rough estimation due to the fact that it is
based on partly inaccurate measurements with detection limits above
the maximal allowable concentration. Therefore, the actual upgrading
effort will likely be higher. However, it clearly shows which contami-
nants should have the highest priority regarding upgrading. In order to
reach the feedstock specifications, catalytic hydrotreatment is the most
promising technology capable of significantly reducing the concentra-
tions of most contaminants. Typical catalysts contain Co-Mo, Ni-Mo as
active metals on a AlyO3 support and hydrogen pressures of up to 200
bar and temperatures up to 450 °C are used. It has been shown in several
studies that full removal of oxygen and nitrogen from liquid hydrocar-
bon samples is possible (Khan and Al-Sayed, 2007; Murena and Gioia,
1998; Zacher et al., 2014). Furthermore, Miller et al. (2006) reported a
reduction of the chlorine content of a plastic waste pyrolysis oil using
hydroprocessing with a HZSM-5 catalyst from an initial Cl concentration
of 50-70 ppm to a final concentration of 2-8 ppm showing that
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hydrotreatment is a viable technique to reduce the chlorine content in
the order of magnitude needed to comply with the mentioned Cl
threshold of 3 ppm (Baumgartner et al., 2004). However, a challenge in
hydrotreatment is the co-existence of a large set of contaminants that
may inhibit the catalytic activity (Gioia and Murena, 1998; Murena and
Gioia, 1998). Since hydrotreatment is a catalytic process, the issue of
catalyst poisoning by metal contaminants present in the pyrolysis oils
must be taken into account. For these issues, it is possible to install guard
beds with mostly cheap aluminum oxide catalysts removing certain
metal contaminants prior to hydrotreatment in order to avoid swift
catalyst deactivation (Ali and Abbas, 2006; Van Dongen et al., 1980). It
has been reported that a substantial metal removal is possible reducing
the concentrations of V, Ni, and Fe from an initial concentration of 80
ppm down to ~ 8 ppm, however, still exceeding the threshold values for
these metals which are in the ppb range (Baumgartner et al., 2004, Ali
and Abbas, 2006).

Next to the removal of metals via hydroprocessing, other demetal-
lization processes such as solvent extraction (Ali and Abbas, 2006),
membrane filtration (Ates and Uzal, 2018) as well as acidic demetalli-
zation (Ali and Abbas, 2006; Blytas, 1978; Kukes and Battiste, 1985),
have been performed and showed great potential for the full removal of
metals. However, all mentioned processes introduce additional cost
drivers, challenging the economic potential of plastic waste pyrolysis
oils compared to conventional feedstocks. Therefore, dilution with fossil
feedstocks will be needed to a certain extent in order to comply with all
mentioned feedstock specifications. As already mentioned, it is likely
that the metal contaminants can be removed to a certain extent by
distillation which will be the first treatment step of plastic waste py-
rolysis oils when being integrated into a petrochemical cluster.

Obviously, upgrading processes are part of every petrochemical
cluster guaranteeing a stable feedstock quality (Matar and Hatch, 2001).
Therefore, a comparison between pyrolysis oils and fossil feedstocks is
not entirely fair (see Fig. 19).

In a future integrated chemical recycling scheme (see Fig. 20),
alternative technologies such as solvent treatment of contaminated
plastic waste streams may be employed. Subsequent catalytic cracking
and depolymerization steps may be used to produce a broad range of
important chemicals. This way, energy intensive conversion to platform
chemicals via conventional petrochemical routes can be avoided.
Furthermore, pyrolysis of the waste residue can be used for the pro-
duction of carbon nanotubes. Finally, downcycling and disposal in
landfills can be avoided entirely while energy recovery via incineration
can be reduced to a minimum.

6. Conclusion and outlook

Plastic waste pyrolysis and subsequent steam cracking of the pyrol-
ysis oil has the potential to be an economically attractive and sustainable
technique for the recycling of plastic waste. However, the composition
of plastic waste pyrolysis oil significantly differs from liquid fossil-based
steam cracking feedstocks. Contaminant levels exceed established
feedstock quality specifications by one or more orders of magnitude such
as for nitrogen, chlorine and iron. All these contaminants are known to
cause corrosion issues, increase coke formation, destroy expensive
reactor tubes or deactivate catalysts in the separation sections of a steam
cracker. Even the typical amounts of olefins, oxygenates and aromatics
found in plastic waste pyrolysis oils are substantially off-spec. In a
nutshell, today the quality of crude plastic waste pyrolysis oils is unac-
ceptable as feedstocks for industrial steam crackers. In order to close the
quality gap between conventional fossil feedstocks and plastic waste
pyrolysis oils, thorough upgrading is needed using, for instance,
hydrotreatment.

However, due to the enormous scale of operation of industrial steam
crackers which exceeds the availability of sorted plastic waste by far, a
steam cracker will unlikely run on 100 % plastic waste feedstock but
rather use blends with fossil feedstocks, thereby reducing the
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contaminant levels. Furthermore, improved automation and standardi-
zation in waste sorting plants will help to systematically purify the
polyolefinic waste from other polymers thereby reducing a main source
of contaminants such as nitrogen, chlorine and oxygen.

A key aspect in establishing plastic waste pyrolysis oils as steam
cracking feedstocks is detailed characterization together with a better
understanding of the impact of contaminants on process fouling and
coke formation. Quality standards which are based on standardized
methods to assess important feedstock properties such as chlorine or
nitrogen concentrations and the most important metals are needed.
Removing the uncertainty for plant operators and thus the associated
risk of using these alternative synthetic feedstocks instead of conven-
tional fossil-based ones is needed in order to overcome the hurdles of
thermochemical plastic waste recycling.
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