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Abstract:

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

Indeed, current plastic waste pyrolysis oils exceed typical feedstock specifications for
numerous known contaminants, e.g. nitrogen (~10000 vs. 100 ppm max.), oxygen (~1000 vs.
< 100 ppm max.), chlorine (~2300 vs. 3 ppm max.), iron (~33 vs. 0.001 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.

Introduction

The primary route to recycle the major part of polyolefinic (i.e. polyethylene (PE) and
polypropylene (PP)) plastic packaging waste in the coming decade will be chemical recycling [1,
2]. In particular, pyrolysis towards liquid intermediates for producing olefins and aromatics in
petrochemical process chains gains momentum with numerous demonstration projects in Europe
[3-6]. 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 [7]. 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.

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 [8].
Contaminants 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 petrochemical feedstock such as fossil naphtha [9]. 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 aromatic content: PIONA) and potential
contaminant limits [10]. 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 100000 tons per year [11]. Therefore, it is likely that
plastic waste pyrolysis products will be either blended with fossil feedstocks rather than entirely
replacing them [12] or they can be used on a single specific furnace.

Feedstock contaminants play a crucial role for the economics of a steam cracking furnace
due to their accelerating effect on coke formation, fouling, corrosion and downstream catalyst
poisoning leading to reduced run-length and/or off-spec products [10]. 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 aromatics and olefins are also known to amplify coke
formation and fouling [13, 14]. In scientific literature, little systematic information is available
on contaminants in plastic waste pyrolysis oil and their potential consequences in the closed
loop recycling chain towards steam cracking. In this work, contaminant levels in real post-
consumer plastic waste derived feedstocks are compared to the maximum allowable
concentrations 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 and
for the decision towards potential upgrading technologies.

Hydrocarbon composition of post-consumer plastic waste pyrolysis oils

In the following section an overview is given on the composition of (polyolefinic) post-
consumer plastic waste pyrolysis oils reported in open literature. Pure plastic waste streams
which predominantly depolymerize into monomers such as polystyrene (PS) or poly(methyl
methacrylate) (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 [15,
16]. 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
can be tolerated by commercial pyrolysis catalysts. The focus of this review therefore lies on
plastic waste pyrolysis oils obtained by thermal pyrolysis.

The composition of liquid plastic waste pyrolysis products largely depends on the type of
polymer which was pyrolyzed and can, therefore, be anticipated to a certain extent. 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 (branched) olefin concentrations [17]. A high PE content leads to higher paraffin
concentrations, while PS favors aromatic products [9, 18]. Other important polymers present in
inefficiently sorted polyolefinic plastic waste include polyvinylchloride (PVC) and polyethylene
terephthalate (PET). PVC decomposes in a two-step mechanism releasing HCl gas before the
polymer backbone is decomposed [19, 20] (see Fig. 1). PET pyrolysis yields oxygenated
compounds which may form organic acids.

Stagel x -
Cl Ca «Ca «a ¢ & + nHCI

Stage2 NN i
R —_— +
Cl X c \(]:1/1%

Fig. 1: Thermal decomposition mechanism of PVC [21].

Fig. 2 presents an overview of the respective hydrocarbon families in the pyrolysis
products depending on the original plastic waste feedstock material. For the diagram, liquid



product compositions for similar post-consumer plastic waste feedstock compositions reported
in open literature were averaged [22-30].
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Fig. 2: Sankey chart depicting the influence of the feedstock material on the hydrocarbon composition. Feedstock
data is based on averaged values from open literature [22-30] (numbers in wt.%).

Pure PE waste yields equal amounts of paraffins and olefins with only minor amounts of
naphthenes and aromatics. Pure PP waste yields mostly olefins and smaller amounts of paraffins,
naphthenes and aromatics. Moreover, it can be seen in Fig. 2 that inaccurately sorted waste
plastics such as PS and PET may lead to high amounts of aromatics or oxygenates in the pyrolysis
oil. However, considering the given standard deviations it becomes clear that there are large
discrepancies between the respective reported concentrations. 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. Thus, it is highlighted that
standardized high-performance analytical techniques such as comprehensive two-dimensional
gas chromatography (GC x GC) coupled to various detectors are needed. In light of trace
amounts of highly harmful contaminants present in plastic waste pyrolysis oils this becomes
even more obvious to use selective detectors for measuring oxygenates, sulfur and nitrogen
such as those based on chemiluminescence [31, 32].

Next to the hydrocarbon composition of the “crude” plastic waste pyrolysis oils, it is
interesting how the composition varies according to the boiling point range. Since steam crackers
are designed for a certain feedstock boiling point range, it is crucial to assess the individual
fractions of the pyrolysis oils in order to compare the composition with conventional feedstocks
such as fossil naphtha. Data from the Niigata (Japan) plastic waste liquefaction plant reported



by Okuwaki et al. [30] shows that the light fraction (Cs — Ci2) of the plastic waste pyrolysis
products contained 17 % paraffins, 27 % olefins and 56 % aromatics. The medium fraction
(Cs — C20) contained 41 % paraffins, 28 % olefins and 41 % aromatics. The processed original
plastic waste material contained substantial amounts of PS (18 %) and PET (15 %). The values
indicate that the formed aromatics predominantly end up in the lighter product fractions. This
can be explained by the presence of PS in the waste since its pyrolysis yields mostly (Cs) mono-
aromatics as confirmed elsewhere [29].

Steam cracking feasibility of pyrolysis oils in terms of PIONA

To compare the quality of plastic waste pyrolysis oils, fossil naphtha is the logical
benchmark. 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 C7 (FBP 145 °C) and a heavy fraction with a carbon number range of up to Ci»
(FBP 200 °C) [33, 34]. 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 [35]. Gas oils are heavier and 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 (Cio+) 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 compounds which may
substantially exceed the specifications set for petrochemical feedstocks [32]. To mitigate the
fouling potential, these feedstocks can be upgraded using hydrotreatment to reduce the
aromatic and heteroatomic content prior to cracking [36].

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 [37]. Furthermore, olefins are subject to polymerization
reactions (i.e. “chemical reaction fouling”) [38]. Due to the fact that the walls of the heat transfer
surfaces 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 [39, 40].
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 [39,
41]. An important fouling reaction is the oxidation of unsaturated hydrocarbons. Olefins are
more prone to oxidation reactions than paraffins due to their lower stability [42]. At more severe
conditions as found in steam crackers, autoxidation is the major mechanism causing fouling [41,
43]. It has been further reported that high olefin concentrations in liquid feedstocks result in
increased radiant coke formation and transfer line exchanger fouling due to secondary reactions
[44]. This effect becomes dominant at an olefin concentration of >5 % as found by Kopinke et
al. [13, 14] decades ago. According to industrial plant operators, the maximum allowable olefin
concentration in naphtha range feedstocks is 2 wt.% [45]. Typically, naphthenes pose a higher



coking tendency (by ~50 %) than paraffins due to dehydrogenation reaction towards aromatic
products. This has been known for decades [13, 37] and is especially valid for olefinic
naphthenes such as cyclopentadiene which are prominent coke precursors [46]. However, it is
generally known that the coking potential of a feedstock is essentially dependent on its aromatic
content [13, 14, 47]. Aromatics 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 (PAHSs) [48, 49]. PAHs may result in coke deposition in the reactor
and the transfer line which ultimately leads to severe blockages [50, 51].

Table 1 lists the concentrations of hydrocarbon families found in plastic waste pyrolysis
oil distributed over the light (FBP ~200 °C), medium (FBP ~370 °C) and heavy product fractions
(>370 °C). The values are averaged PIONA values from open literature [22-30], 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 literature data regarding lumping
of compound groups or unrepresentative plastic waste samples. Hydrocarbon compositions
which could not be clearly allocated to a certain carbon number range are not included.

Table 1: Distribution of paraffins, olefins, naphthenes and aromatics over the light, medium and product fractions
of post-consumer plastic waste pyrolysis oils (averaged values taken from [22-30]).

Light (Cs-C12) [wt.%] Medium (C12-C22) [wt.%] Heavy (C23+) [wt.%]

Paraffins 17 33 44
Olefins 19 36 46
Naphthenes 0 10 8
Aromatics 65 18 1
Others 0 4 2

Table 1 shows that the lighter fractions are most likely off-spec in terms of their steam
cracking feasibility due to the high aromatic concentration. In this case, the aromatic fraction
must be separated prior to steam cracking using, for instance, extractive-azeotropic distillation
[52]. It is also recommended to remove PS prior to pyrolysis 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 1 exceed the olefin threshold value of 2 wt.% substantially
[45] 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 ~10 wt.%
with olefin-free fossil naphtha. The medium fraction would require a blending ratio of ~5 wt.%
in order to reach the specifications.



Steam cracking feasibility of pyrolysis oils in terms of heteroatoms

Heteroatoms in feedstocks can have a severe impact on the steam 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 pyrolysis
oils as steam cracking feedstocks (see Table 2).

Table 2: Overview of typical heteroatom specifications for fossil-based steam cracker feedstocks.

Contaminant Industrial limit Reference

Naphtha: 100 ppm

Nitrogen Gas oils: 2000 ppm [45]
Sulfur 500 ppm [45]
Oxygen 100 ppm [45]

Chlorine 3 ppm [10, 45, 53]

An overview of the heteroatom concentrations found in the respective light, medium and
heavy fractions of plastic waste pyrolysis compared to the corresponding contaminant limits for
industrial steam crackers is given in Fig. 3. The heteroatom values are averaged data from [23,
26, 29, 30, 54-59] which are subject to large fluctuations. Therefore, the data should be
considered qualitative rather than quantitative. Nevertheless, the data gives an indication of the
challenges for plastic waste pyrolysis oils in terms of heteroatoms.

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 [45]. However, the data presented by
Toraman et al. [29] who detected a nitrogen concentration of 1 wt.% using GC x GC-NCD
indicates that the nitrogen concentrations in pyrolysis oils are frequently underestimated by
research groups. Nitrogen compounds are responsible for catalyst deactivation in
hydrodesulfurization units, hydrocrackers and reforming processes [60]. Furthermore they may
cause explosive gum formation in the cold-box sections of a steam cracker plant, which has
been known for decades [61, 62]. Thermal decomposition of nitrogen compounds leads to the
formation of NOx species which cause air pollution and acid rain [63]. Amines and other nitrogen
containing compounds 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 [47]. Furthermore, nitrogen gas may contaminate the hydrogen product [45].
Therefore, efficient and accurate nitrogen monitoring techniques for plastic pyrolysis oil are
highly important with those based on chemiluminescence being the most effective [31]. An
example for a removal technique for nitrogen compounds is hydrodenitrogenation [64].
Considering dilution of plastic waste pyrolysis products with fossil naphtha in order to tune the
nitrogen level down to an acceptable concentration, a minimum dilution factor of >30 is required



which is likely an underestimation considering the higher measured values reported by Toraman
et al. [29].
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Fig. 3: Overview of the averaged heteroatom content in the light, medium and heavy fractions of plastic waste
pyrolysis oils compared with the threshold value for industrial steam crackers. Values taken from [23, 26, 29, 30,
54-59].

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 [45]. 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 hydrodesulfurization or selective oxidation might need to be applied prior to
petrochemical processing [65]. Furthermore, due to inaccurate measurements it is possible that
the actual sulfur concentrations present in plastic waste pyrolysis oils are indeed higher. This
has been shown by Toraman et al. [29] who measured more than 1000 ppm of sulfur using
GC x GC-SCD. Considering a value of 1000 ppm, a dilution with fossil naphtha with 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 sulfur concentration in the
feedstock. On the one hand, sulfur has a beneficial effect in terms of controlling CO and CO;
formation. The effect is based on the coverage of active nickel sites on the metal surface leading
to a reduction of steam reforming reactions [66-68]. However, the role of sulfur in terms of coke
formation is controversial [69, 70]. On the other hand, sulfur containing compounds may lead
to the formation of hazardous substances, pose threats to the reactor material and have
detrimental effects on the final product [71, 72]. Thermal decomposition of sulfur compounds



leads to the formation of hydrogen sulfide, carbon disulfide and SOx which pose a threat to the
environment and are therefore subject to strict regulations [73]. Moreover, the Ni-Cr-Fe alloys
often used for the steam cracking coil may suffer from corrosive attacks by hydrogen sulfide
[66]. Therefore, it is crucial to control and monitor the elemental sulfur content of liquid
hydrocarbon feedstocks.

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. Industrial-scale processes typically employ measures to reduce the negative
impact of plastic waste impurities such as PVC. This becomes evident when comparing Cl
concentrations in liquid products from pyrolysis processes with and without implementation of
dehalogenation steps. For instance, industrially produced PVC/PVCD containing plastic waste
pyrolysis oil had a reported Cl content of 47 ppm in a carbon number range of Cg — Cy as
reported by Okuwaki et al. [30]. Pyrolysis oils of a similar carbon number range from plastic
waste with a similar PVC/PVDC content processed without dehalogenation step prior to pyrolysis
had a reported Cl concentration of 2000 ppm [59]. The industrial Cl threshold value of 3 ppm
[45, 53] is exceeded substantially both by plastic waste pyrolysis oils including dechlorination
pre-treatment (165 ppm by average in the light fraction) as well as without pre-treatment
(2000 ppm in the light fraction). Therefore, 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 petrochemical processing is
catalytic hydrotreatment [74]. Organic and inorganic chlorides cause corrosion of equipment
such as metal surfaces, heat exchangers and downstream facilities [53, 75]. 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 temperatures of 500 °C [45]. Organic chlorides such
as chloroform (CHCI3) and dichloromethane (CH>Cl>) are more difficult to detect and separate
compared to inorganics due to their higher solubility in liquid hydrocarbons [53, 76]. 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 [77]. Finally, chloride contamination in
products can lead to environmental concerns [76]. 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 techniques need to be integrated in plastic waste pyrolysis units.
Furthermore, standardized high-quality analytical techniques such as GC x GC-AED are needed
in order to establish pyrolysis oils from a chlorine point-of-view.

The oxygen concentration found in (PET-containing) plastic waste pyrolysis oils exceeds
the threshold value for industrial steam crackers (100 ppm [45]) by at least ten times.
Considering the inevitable PET content in polyolefinic plastic waste streams, the corresponding
pyrolysis oil is most likely not acceptable 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 10 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 [78]. Furthermore, organic acids formed in
quench water systems or elemental oxygen which reacts with butadiene species to promote
gum formation are strong drivers for process fouling and corrosion issues [79, 80]. Oxygen and
its decomposition products (especially 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 [78]. Therefore, removal of oxygen
through catalytic processes such as hydrodeoxygenation is necessary [81]. Other oxygen
removal technologies are presented elsewhere [82].

Steam cracking feasibility of pyrolysis oils in terms of metals

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. An overview of contaminant levels found in plastic waste
pyrolysis oil as well as the corresponding contaminant limits for industrial steam crackers are
shown in Table 3 which is based on values reported in open literature [10, 30, 47, 55, 83]. 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 titanium no specifications exist. Since these metals may occur in plastic waste pyrolysis oil
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
specification does not mean that the contaminant is harmless. It indeed indicates that further
research is needed targeted at metal contaminants predominantly occurring in plastic waste
pyrolysis oils. Furthermore, it is more likely that certain metals remained undetected 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 analytical techniques such as ICP-MS
is highlighted.



Table 3: Comparison of metal contamination levels in plastic pyrolysis oil reported in open literature and known
contaminant limits for industrial crackers.

Light (Cs-C12) Medium (Ci2- Heavy (Cso0+) Industrial limit
Contaminant Reference
[ppm] C22) [ppm] [ppm] [ppm]

Al <0.2 <LOD 17 n.a. [30]

As - - - 0.005 [10]

Ca 17 2 368 0.5 [10, 30, 55]

Cr <0.2 <LOD 8.2 - [30]

Cu 0.6 0.1 2.3 50 [30, 83]

Fe <0.2 7.3 33 0.001 [10, 30, 45]

Hg - - - 0.005 [10]

Na 0.8 <LOD 2.8 0.125 [10, 30]

Ni - - - 100 [47]

Pb <LOD <LOD 37 0.05-10.10 [10, 30, 45]

Si <100 4 <50 05-1 [30, 45]

Ti <LOD <LOD 456 - [55]

Vv - - - 0.05 [10, 45]

Zn 0.6 <LOD 254 - [30, 55]

Fig. 4 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.
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Fig. 4: Concentrations of (a) Ca and Cu (in ppm) and (b) Fe, Na and Si (in ppb) in light and medium fractions of
plastic waste pyrolysis oil vs. the threshold for industrial steam crackers.



Calcium will be increasingly relevant in terms of plastic waste pyrolysis, since CaCOs is a
popular performance-enhancing additive [84]. Another possible source for Ca is the addition of
Ca salts during the pyrolysis process in order to bind organic acids forming when PET is thermally
decomposed [30]. Calcium has been found to cause fouling and corrosion leading to a reported
concentration limit in liquid steam cracker feedstocks of 0.5 ppm [10]. As can be seen in Fig. 4
the Ca concentration in the light and medium fraction of plastic waste exceeds 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.
Considering the strong possibility that the reported Ca concentration is underestimated, steam
cracking of these feedstocks is not feasible regarding the Ca concentration. Potential Ca removal
techniques include liquid phase extraction using aqueous solution and a calcium removal agent
[85].

Iron is a crucial feedstock contaminant. 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 [86]. Iron further causes corrosion and (pre-
treatment) catalyst poisoning issues. Especially iron oxide has been listed as a high concern
contaminant due to plugging issues [45]. The maximum tolerable concentration in steam
cracking feedstocks has been reported as <1 ppb, underlining the importance of highly accurate
measurements [10]. It can be seen from Fig. 4 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 industrial threshold value the most
accurate metal detection technique ICP-MS is needed. This can be seen by means of the
detection limits of other techniques which are already substantially higher than 1 ppb. Based on
these values it is possible that the actual iron concentration in plastic waste pyrolysis oils is
always higher than the threshold value. Considering the large iron concentration in the medium
fraction, blending of the pyrolysis oils with iron-free naphtha will not be feasible due to the
extremely high dilution factor necessary to reach the given specification. Instead, metal removal
techniques are needed such as hydrodemetallization, solvent extraction [87] or membrane
filtration [88].

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 present in the packaged goods. In steam cracking, Na may cause severe
corrosion issues which is called sodium attack [86]. Na reacts with Cr in the steam cracking coil
forming compounds such as sodium chromite (NaCrO2) 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 [10]. Sodium is a strong catalyst poison [47]. This can pose severe
problems to potential pre-treatment catalysts. Furthermore, Na is a strong coke promoter [89].
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 maximum concentrations of
125 ppb have been reported by other authors [10]. A Na concentration of 800 ppb was reported
in the light fraction of plastic waste pyrolysis oil. This implies that a minimum dilution factor with



fossil naphtha of ~8 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.

Lead 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 [90, 91]. Additionally, Pb induced corrosion problems have
been reported [10]. Several operators of liquid feedstock crackers named values below 100 ppb
as maximum tolerable Pb level in the feedstock [45]. Other authors reported values <50 ppb
[10]. No Pb was reported in the light and medium fractions of the plastic waste pyrolysis oils.
However, Okuwaki et al. [30] 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. However, due to the fact that the maximum Pb level in industrial steam cracker
feedstocks is in the low ppb range, it can be assumed that traces of Pb in the lighter fractions
were not detected due to limited detector capacities but were still higher than the threshold.

Silicon is another relevant contaminant in terms of plastic waste due its use in additives
and coatings for plastic products [84]. Silicon has been known to poison catalysts irreversibly
[92]. Furthermore, silicon dioxide is known to cause fouling [78]. The maximum tolerable
concentration in liquid feedstocks has been reported to be between 0.5 and 1 ppm [10, 45].
Okuwaki et al. [30] reported a Si concentration of 4 ppm in the medium fraction. Furthermore,
the reported value for the light fraction is <100 ppm which indicates that the accuracy of the
used analytical method is insufficient and that the analytical procedure might have led to
operational errors. However, based on the found concentration, dilution with fossil naphtha with
a dilution factor of 4-8 would be sufficient.

Next to the metals found in plastic waste pyrolysis oils, other metals are known to have
severe impacts on steam crackers. These are arsenic, mercury, nickel and vanadium. Given the
extremely low threshold values for these metals (see Table 3) detection techniques such as ICP-
MS are needed to fully clarify the steam cracking feasibility of plastic waste pyrolysis oils.
Furthermore, for aluminum, chromium, titanium and zinc, no threshold exist which underlines
the need for further investigation of the impact of these metals during steam cracking.

Implications for plastic waste pyrolysis oils as steam cracker feedstocks

The discussion in the previous sections shows that (untreated) plastic waste pyrolysis oils
are indeed not suitable to be steam cracked due to several contaminants. However, it needs to
be noted that the largest steam crackers require roughly 100000 tons per year of feedstock per
furnace with multiple furnaces in parallel operation. On the contrary, the largest waste sorting
plants in Europe process 100000 tons of collected waste per year of which only a fraction will
be available for thermochemical recycling [93]. Therefore, using plastic waste pyrolysis oils as
a drop-in feedstock in the range of 5-20 % is the most likely scenario. Table 4 depicts an
overview of the feasibility of plastic waste concerning the respective contaminant groups



including the most accurate analytical characterization techniques. Furthermore, it includes the
minimum dilution factors needed in a blend with contaminant-free fossil naphtha in order to
reach industrial specifications.

Table 4: Feasibility matrix of plastic waste pyrolysis oils as steam cracking feedstocks.

Recommended Critical Minimum Further treatment
Category
analytical method contaminant dilution factor necessary?
Hydrocarbon Olefins 10-20 4]
composition GC x GC-FID/ToF-MS Aromatics 10-20 %}
GC x GC-NCD Nitrogen >30 |
GC x GC-SCD Sulfur ~2 X
Heteroatoms Oxygen 510 7
GC x GC-AED Chiorine >55-766 o
Calcium >34 4
Iron >7000 4
Metals ICP-MS Sodium >7 X
Lead >350 4]
Silicon >4 X

The only contaminants which most likely do not require additional treatment are sulfur,
sodium and silicon. All other contaminants such as nitrogen, chlorine, calcium, iron and lead are
exceeding the feedstock specifications 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 contaminants should have the highest priority
regarding upgrading.

In a future integrated chemical recycling scheme (see Fig. 5), 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 production of carbon nanotubes. Finally, downcycling and disposal in landfills
can be avoided entirely while energy recovery via incineration can be reduced to a minimum.
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Fig. 5: Plastic waste recycling scheme of the future.

Conclusions and Outlook

Plastic waste pyrolysis and subsequent steam cracking of the pyrolysis 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 unacceptable 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, a steam cracker will unlikely run on 100 % plastic
waste feedstock but rather use blends with fossil feedstocks, thereby reducing the contaminant
levels. Furthermore, improved automation and standardization in waste sorting plants will help
to systematically purify the polyolefinic waste from other polymers thereby reducing one of the
main sources of contaminants.



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 conventional fossil-
based ones is needed in order to overcome the hurdles of thermochemical plastic waste
recycling.
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