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Abstract: 27 

The linear plastic lifecycle is unsustainable. Mechanical recycling of mixed plastic waste 28 

remains challenging, making chemical recycling necessary. Polyolefins, the largest share of 29 

plastic waste, can be chemically recycled through thermal pyrolysis. However, the impact of 30 

feedstock type on pyrolysis oil composition remains unclear. Only very advanced analytical 31 

techniques allow to assess the detailed composition of these oils which is crucial to evaluate 32 

their economic potential. Therefore in this work, the hydrocarbon and oxygenate content of 33 

three pyrolysis oils derived from post-consumer waste polyethylene, polypropylene, mixed 34 

polyolefins and virgin polyethylene are characterized by ultra-high-resolution Fourier 35 

transform ion cyclotron resonance mass spectrometry. Both positive-ion atmospheric pressure 36 

photoionization and negative electrospray ionization were employed to identify oxygenates and 37 

hydrocarbons. It was found that the presence of trace polymers, metals and polymer defects in 38 

post-consumer waste oils resulted in a higher fraction of complex polycyclic aromatic 39 

hydrocarbons compared to virgin pyrolysis oils. Furthermore, clear sources of oxygenates 40 

(polymer additives, trace polymers or organic residue) could be identified in all four samples. 41 

Suspected thermal dissociation products of polymer additives such as Irganox 1010 and 42 

diethylhexyl phthalate (DEHP) were observed, indicating the various reactions occurring upon 43 

pyrolysis of these complex blends. The fact that a variety of additive-derived contaminants were 44 

found in pyrolysis oil from virgin polyolefins further indicates that pyrolysis oil contaminants 45 

do not exclusively accumulate during plastics’ lifetime, but could potentially be limited on the 46 

manufacturing side. This unprecedented level of molecular detail in the compositional analysis 47 

of plastic pyrolysis oils will aid in the development of improved recycling strategies which can 48 

help close the loop to a circularized lifecycle for polyolefin waste.   49 
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1. Introduction 50 

Around 10% of all fossil hydrocarbons are used for the production of plastics, corresponding 51 

to a production of 350 Mt annually.1, 2 While plastics are an incredibly lightweight versatile 52 

material, their end-of-life is a huge burden on the environment.3, 4 Globally, only 10% of the 53 

plastics in the world are recycled, with 19% being incinerated for energy recovery and the 54 

majority ends up as landfill (49%) or is lost to the environment (22%).5 This linear plastic 55 

economy results in plastic pollution of the environment (e.g., the great Pacific garbage patch), 56 

a huge emission of greenhouse gasses, and the need for fossil feedstocks to produce new 57 

polymers. By transitioning from a linear to a circular plastics economy, where end-of-life 58 

polymers are recycled to new material in a closed loop, all three problems can be alleviated. 59 

While mechanical recycling has the largest carbon avoidance potential of all recycling 60 

techniques, closed-loop recycling is challenging for heterogeneous polymer mixtures. 61 

Especially for polyolefins (polyethylene (PE), polypropylene (PP)) closed-loop mechanical 62 

recycling is unfeasible, even though this waste stream accounts for 60% of plastic waste.6 63 

Mechanical recycling suffers from three fallbacks: thermomechanical degradation, polymer 64 

immiscibility, and the presence of additives and waste contaminants.6, 7 Mechanical recycling 65 

utilizes a principal thermoplastic character of the polymer, where it is brought back to the 66 

molten state and subjected to high shears during the re-processing. This results in severe 67 

thermo-mechanical chain degradation which yields products with deteriorated material 68 

properties. Furthermore, due to the very similar density, separation of PE and PP fractions via 69 

conventional sorting techniques such as sink-float separation is nearly impossible. Furthermore, 70 

removal of all the polymer additives present in the plastic waste is impossible with conventional 71 

techniques, resulting in a recycled product of inferior quality.8 Thus, a technique to improve the 72 
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closed-loop recycling rates of polyolefin waste is hence chemical recycling in which the 73 

polymers are converted into chemical feedstocks which can subsequently be used to produce 74 

new virgin-grade polymers. It is estimated that over 655 Mt CO2 annually can be saved by 75 

chemical recycling of plastic waste compared to the current plastic end-of-life, corresponding 76 

to 1.87 metric tons CO2 per ton of recycled plastic.6, 9 However, of the global 9% of recycled 77 

polymers, the majority are still mechanically recycled while chemical recycling is almost 78 

entirely absent in the current recycling industry.1 79 

Thermal or catalytic pyrolysis of waste plastics is one of the most preferred options to recycle 80 

complex polyolefin waste fractions.10-12 During thermal pyrolysis of plastic waste, the plastics 81 

undergo cracking to produce pyrolysis oils. These oils are subsequently refined downstream 82 

into plastic monomers and other base chemicals through either steam or fluid catalytic 83 

cracking.13-15 With catalytic pyrolysis, the aim is to promote this cracking further either in-situ 84 

or ex-situ, to increase the fraction of valuable products.16, 17 The produced plastic pyrolysis oils 85 

are a complex mixture of hydrocarbons, which contain contaminants comprising of nearly the 86 

whole periodic system.18, 19 These contaminants originate from polymer additives, traces of 87 

non-polyolefinic polymers due to imperfect sorting, and organic waste accumulated during the 88 

lifetime of the plastics. The presence of contaminants hampers downstream processing of 89 

plastic pyrolysis oils in the current chemical industry.15, 20 The heteroatoms present in the 90 

pyrolysis oils can induce coking and reduce the carbon efficiency in steam cracking and thermal 91 

pyrolysis. For example, an excessive presence of nitrogen, halogens, or metals will result in 92 

catalyst poisoning during fluid catalytic cracking or other downstream catalytic processes.21, 22 93 

The most abundant heteroatom in plastic pyrolysis oils is oxygen which originates from various 94 

plastic additives, ill-sorted polymers, and organic residue(s).18, 23 The oxygenates present in the 95 

plastic pyrolysis oil can react further with the hydrocarbon matrix resulting in various impurities 96 
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upon further chemical processing. Moreover, when steam cracking the plastic pyrolysis oils, 97 

the oxygen present will primarily end up under the form of carbon dioxide and carbon 98 

monoxide.24, 25 This production of carbon oxides decreases the carbon efficiency of the steam 99 

cracker, creates issues in the separation section and thus makes the pyrolysis oil less valuable 100 

for the chemical industry. 101 

The prevention of impurities in the plastic waste starts by thorough sorting and washing of the 102 

waste feed. The post-consumer plastic waste runs through several sorting and purification steps 103 

prior to recycling.3, 26 This sorting comprises the removal of glass, metals, and other foreign 104 

materials based on size (sieves), magnetic properties (magnetic attraction or induced magnetic 105 

repulsion) or optical properties (infrared spectra).26 Subsequently, the polymers can be 106 

separated further by various approaches based on gravity or optical properties. As the density 107 

of polymers differs depending on the polymer type (PP, PE 900 kg.m-³ and PET, PVC 1400 108 

kg.m-³), a sink-float separation can be employed by using water.27 Furthermore, sorting based 109 

on infrared, ultraviolet, or X-rays is a potential strategy to refine these polymer streams further 110 

and reduce the fraction of contaminants. However, pure polyolefin streams are currently not 111 

achievable by sorting. Next to these mechanical strategies to improve the purity of the solid 112 

waste feedstock, different potential chemical decontamination methods of the obtained 113 

pyrolysis oil are known. For instance, techniques such as hydrotreating, dehalogenation, and 114 

membrane filtration exist today to decontaminate the produced pyrolysis oils.28 Importantly, 115 

fundamental knowledge of the molecular compositions of the plastic pyrolysis oil and its 116 

contaminants are essential to determine the optimal decontamination strategy. 117 

Several analytical techniques have been employed to examine the composition of plastic 118 

pyrolysis oils. Since these oils primarily consist of hydrocarbons, much research has been 119 

dedicated to elucidating the intricate hydrocarbon composition within these complex 120 
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mixtures.29, 30 The hydrocarbon matrix has been frequently investigated by one-dimensional gas 121 

chromatography (1DGC) coupled to various detectors, however, these techniques typically only 122 

allow identification of low molecular mass compounds and lump C5+ species.31 On the other 123 

hand, two-dimensional comprehensive gas chromatography (GC × GC), has become one of the 124 

most popular and efficient methods to determine the hydrocarbon composition of complex 125 

mixtures. Especially GC × GC coupled to a flame ionization detector (GC × GC-FID) is 126 

valuable as it allows a quantification of the detected compounds facilitating the determination 127 

of the PIONA (Paraffins, Isoparafins, Olefins, Naphthenes, and Aromatics) composition.18, 29, 128 

30 These analyses have shown the major differences between plastic pyrolysis oils and 129 

conventional crude oil feedstocks as the plastic oils have an increased fraction of (di-)olefins 130 

and aromatics and span a wider carbon range up to C80. Although GC × GC-FID, especially 131 

equipped with reversed phase columns, is highly powerful to characterize complex mixtures, it 132 

still struggles with the detailed separation of the complex heavy tail of pyrolysis oils.30 High-133 

magnetic-field ultra-high-resolution mass spectrometry, known as Fourier transform ion 134 

cyclotron resonance mass spectrometry (FT-ICR MS), can complement GC × GC-FID analysis 135 

for plastic pyrolysis oils. Especially as it can analyze high molecular weight compounds,32 136 

assess species with high heteroatom content,33, 34 and differentiates between complex 137 

unsaturated hydrocarbons.35 In recent years, FT-ICR MS has already been used for the analysis 138 

of plastic pyrolysis oils.36-44 However, these studies focused on the hydrocarbon content of one 139 

mixed plastic waste pyrolysis oil and less on heteroatom containing components.  140 

Indeed, in addition to hydrocarbons, plastic waste pyrolysis oils typically contain between 1 to 141 

5 wt.% of heteroatoms of which oxygen is the most prevalent.18, 29, 31 During pyrolysis these 142 

heteroatoms partly transfer into the pyrolysis oils. The total amount of heteroatoms (i.e., 143 

hydrocarbon, carbon, nitrogen, sulfur, and oxygen) can be tentatively quantified by combustion 144 
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elemental analysis. However, the detection of oxygen via elemental analysis is challenging as 145 

the limit of detection is as high as 1000 ppm for conventional methods. Furthermore, to design 146 

upgrading techniques, next to the absolute concentrations of heteroatoms, knowledge of the 147 

detailed chemical form in which they are present is also essential. For this purpose, GC × GC 148 

can be employed to identify compounds with specific heteroatoms. By employing GC × GC-149 

TOF-MS, Toraman et al. characterized 2.3 wt.% oxygenated compounds in a plastic pyrolysis 150 

oil including components with up to 17 carbon atoms.29 The majority of oxygenates detected 151 

were phenols and ketones, especially for smaller oxygenates with less than 8 carbon atoms. 152 

Additionally, one-dimensional GC-MS can also be employed to quantify oxygenates present in 153 

plastic pyrolysis oils despite being less informative and accurate than two-dimensional 154 

comprehensive GC × GC.31 Mass spectrometry without a prior GC separation can further 155 

elucidate the composition of oxygenates present in plastic pyrolysis oils. Here, FT-ICR MS has 156 

also been used to investigate the molecular structure of oxygenates within pyrolysis oils. Ware 157 

et al. investigated the composition of one plastic pyrolysis oil and compared it to a biomass and 158 

municipal waste oil.38, 39 They identified oxygenated hydrocarbons with up to four oxygens and 159 

a carbon number of 55 in the plastic pyrolysis oil. Mase et al. employed three different 160 

ionization methods to analyze the oxygen content of a mixed plastic waste pyrolysis oil.36 They 161 

also predominantly observed aromatics with one to four oxygen atoms. However, no clear 162 

contaminant sources have been pinpointed and only one type of plastic waste pyrolysis oils was 163 

studied. This makes it unclear how additives, organic waste, or other trace polymers influence 164 

the composition and whether the composition is dependent on the type of polymers. 165 

In this work, the molecular composition of four different plastic pyrolysis oils has been 166 

analyzed by an ultra-high-resolution 21 Tesla FT-ICR MS. FT-ICR MS allows the 167 

determination of the accurate molecular mass and assigns unique molecular formulas to all 168 
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ionized species within the pyrolysis oils with a minimum carbon number of 13 and no 169 

limitations in heteroatom content. The four different plastic pyrolysis oils were produced from 170 

three post-consumer waste samples consisting of different polyolefins, i.e., PE, PP, and mixed 171 

polyolefins (MPO). In addition to the three waste samples, one pyrolysis oil produced from 172 

virgin LDPE has been analyzed. Every sample has been analyzed with two different ionization 173 

modes: positive-ion atmospheric pressure photoionization [(+)APPI] and negative-electrospray 174 

ionization [(-)ESI]. Each of these ionization modes promotes the identification of different 175 

molecules present in the pyrolysis oils.45 (+)APPI is excellent for the identification of the 176 

hydrocarbon matrix while (-)ESI ionizes mainly oxygenates and acidic contaminants. While, 177 

(+)APPI has a lower ionization selectivity for paraffinic species, no other ionization techniques 178 

like positive-ion atmospheric pressure chemical ionization (+)APCI perform better in this 179 

regard with post-consumer plastic waste pyrolysis oils.44 This is of no concern as the paraffinic 180 

content of these pyrolysis oils is well characterized with GC-methods. The combination of these 181 

two ionization modes allows to paint a picture of the hydrocarbons and oxygenates present in 182 

the four pyrolysis oils. Due to the ultra-high resolution of the applied 21T FT-ICR MS we could 183 

identify the molecular composition of the heavy fraction (C13+) of the pyrolysis oils and its 184 

contaminants with an unprecedented level of molecular detail.  185 

2. Materials and Methodology 186 

2.1. Materials 187 

Four different plastic pyrolysis oils have been analyzed throughout this work, including three 188 

post-consumer plastic pyrolysis oils (PE, PP, and MPO) and one pyrolyzed virgin LDPE 189 

sample. The three sorted post-consumer plastics waste pyrolysis oils were produced in earlier 190 
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work, where more details can be found.18 In short, the original plastic waste samples were 191 

acquired from the recycling company Ecoo (Belgium). The post-consumer PE stems from 192 

polymers used in film applications, the PP sample is a mixture of PP from rigid applications 193 

and the MPO also comes from rigid applications. These waste fractions accurately represent the 194 

sorted outlet streams of a typical European plastic waste sorting plant, having undergone 195 

authentic pre-processing procedures such as shredding, washing, drying, and sorting. Due to 196 

imperfect sorting, the investigated polyolefin blends comprise of trace amounts of other 197 

polymers and (in)organic residues that have accrued during the prior utilization of these plastic 198 

materials. The virgin LDPE was a film grade LDPE LD 150 Series grade (Exxonmobil) with a 199 

melt flow index of 0.75 (g/10 min at 190 °C/ 2.16 kg, ASTM D1238) and a density of 923 kg.m-200 

3 (ASTM D1505). 201 

All plastic blends underwent thermal pyrolysis in a pilot-scale pyrolysis unit. The pyrolysis 202 

process involved the utilization of an extruder to introduce post-consumer waste into a heated 203 

continuously stirred tank reactor (CSTR). The unit maintained a consistent feeding rate of 1 204 

kg/h, while the CSTR operated at 450 °C and atmospheric pressure. It was confirmed that 205 

steady-state conditions were achieved for all obtained pyrolysis oils. Further information 206 

regarding the pilot-scale pyrolysis unit can be found in our previous work.18 207 

The obtained post-consumer plastic pyrolysis oils have been characterized by elemental 208 

analysis and GC × GC-FID.18 The virgin LDPE pyrolysis oil sample has also been characterized 209 

by GC × GC-FID at the same conditions. The obtained hydrocarbon composition of the LDPE 210 

pyrolysis oil is provided in Supporting information. Supplementary analyses using inductively 211 

coupled plasma-optical emission spectroscopy (ICP-OES) and combustion ion chromatography 212 

(CIC) were conducted to provide additional insights into the elemental composition of the post-213 

consumer plastic pyrolysis oils. The CIC method facilitates the quantification of halogens, 214 
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whereas ICP-OES specifically targets the elemental metal compositions. As the virgin LDPE 215 

contains only pure polymer and a limited share of additives no ICP-OES or CIC characterization 216 

has been performed on this sample. 217 

2.2. 21 Tesla FT-ICR MS 218 

Two different ionization modes have been employed in this work to analyze the hydrocarbons 219 

and oxygenates using a custom-built 21 Tesla FT-ICR mass spectrometer.46 (+)APPI offers a 220 

high reproducibility and a more uniform ionization response among different species (e.g., 221 

hydrocarbons, heteroatom-containing species), reducing the biases towards specific compound 222 

families (e.g., carboxylic acids).47-49 Therefore, (+)APPI is ideally suited for analyzing the 223 

hydrocarbon content in the four different polymer pyrolysis oils. On the other hand, (-)ESI 224 

targets the ionization of acidic and oxygenated compounds, making it well-suited for analyzing 225 

oxygenates within the four pyrolysis oils.45 226 

For (+)APPI, the plastic pyrolysis oils were prepared and ionized as follows. The plastic 227 

pyrolysis oils were dissolved in a toluene:methanol solution (1:1 volumetric ratio) at a 228 

concentration of 50 µg/mL prior to injection. Methanol was required to fully dissolve the polar 229 

oxygen-containing species within the plastic pyrolysis oils. An Ion Max APPI source from 230 

Thermo-Fisher Scientific, Inc. (San Jose, CA, U.S.A.) was employed with a vaporizer 231 

temperature set at 350 °C. Nitrogen (N2) sheath gas was utilized at 3.44 bar to prevent any 232 

contact between the pyrolysis oil and the air, and an N2 auxiliary gas (32 mL min-1) was 233 

employed to prevent sample oxidation. Gas-phase neutrals underwent photoionization through 234 

a 10 eV (120 nm) ultraviolet krypton lamp (Syagen Technology, Inc., Tustin, CA, U.S.A.). For 235 

(-)ESI, the pyrolysis oil samples were also dissolved in 1:1 toluene:methanol at a concentration 236 
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of 50 µg/mL. Samples were directly infused at 0.55 µL/min and ionized with a needle voltage 237 

of -3.2 kV for negative ions. 238 

Ions were analyzed using a custom-built 21T FT-ICR mass spectrometer.46 For the analysis, 239 

2×106 charges were accumulated for approximately 1-5 ms in an external multipole ion trap 240 

equipped with automatic gain control, or AGC.50 Ion depletion, a method for mass filtering or 241 

gas-phase depletion of contaminant ions,51 was employed to enhance the signal-to-noise ratio 242 

by dampening the abundance of species with a mass-to-charge ratio (m/z) between 306 – 334 243 

Da due to an unknown compound in the samples. 244 

Ions were transferred to the ICR cell based on their m/z values, and subsequent excitation to an 245 

m/z-dependent radius was performed to optimize the dynamic range and the number of detected 246 

peaks. Excitation and detection occurred on the same pair of electrodes of the dynamically 247 

harmonized ICR, which operated with a 6 V trapping potential. Time-domain transients of 3.2 248 

seconds were acquired using Predator Software, and 100 time-domain transients were averaged 249 

for all samples. Spectra were internally calibrated using an extended homologous alkylation 250 

series of high relative abundance before peak detection (>6σ baseline root-mean-square (RMS) 251 

noise) and automated elemental composition assignment. These homologous alkylation series 252 

comprised of series of paraffins, olefins, and diolefins (DBE=0, 1, and 2) to ensure that the 253 

entire mass spectrum was covered. PetroOrg© software facilitated molecular formula 254 

calculation and data visualization in plots of double bond equivalent (DBE) vs. carbon number. 255 

The DBE is defined by Equation (1) and represents the number of double bonds and cyclic rings 256 

for hydrocarbons, with C denoting the number of carbon atoms and H the number of hydrogen 257 

atoms. The number of oxygen atoms does not influence the DBE. 258 

 𝐷𝐵𝐸 = 𝐶 −
𝐻

2
+ 1 (1) 
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Only molecular formulas with an error below ∼0.10 parts per million were kept for data 259 

interpretation, and only compound classes with a relative abundance of ≥0.15% and at least 260 

three different molecular formulas were considered for data analysis. The latter criterion stems 261 

from the fact that it is unlikely that for example only two molecular formulas would be 262 

identified for one compound class in a complex mixture as a plastic pyrolysis oil.  263 

3. Results and Discussion 264 

3.1. Hydrocarbons [(+)APPI] 265 

(+)APPI is known to ionize the hydrocarbon matrix well and has been used to identify the 266 

hydrocarbons present in all four pyrolysis oils. Figure 1 displays the plots of the DBE versus 267 

carbon number for the hydrocarbons of the four samples. The plastic pyrolysis oils displayed a 268 

carbon range from C13 to C82 for the three waste oils, whereas the virgin pyrolysis oil contained 269 

species up to C70. The fractions lighter than C13 were not measured by FT-ICR MS but were 270 

determined via GC × GC (see supporting information).18 Note that FT-ICR MS is a semi-271 

quantitative method at best, making it unreliable to determine a PIONA composition based on 272 

this. Therefore, the supplied GC × GC measurements provide an accurate quantitative detailed 273 

PIONA composition of the pyrolysis oils. FT-ICR MS adds another level of detail to the 274 

identification of heteroatom-containing species and heavy or polyaromatic hydrocarbons. 275 

A distinction is made between odd-electron ions, corresponding to ionized radicals, and even-276 

electron ions, corresponding to protonated molecules. With (+)APPI a dominant fraction of 277 

odd-electron hydrocarbons is observed, similar to what is found in literature.36 The radical 278 

cations (odd-electron) exhibited a significantly broader variation in both carbon number and 279 

double bond equivalents (DBE) compared to the protonated species. The most prevalent 280 
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molecular formulas for the odd-electron configuration have a DBE of two, representing 281 

diolefins and cyclic olefins. In contrast, for the even-electron ions, the predominant DBE is 282 

three, possibly corresponding to triolefins or cyclic diolefins. These observed trends are in 283 

agreement with what is observed in literature.36, 44 The carbon number distribution of the FT-284 

ICR MS corresponds well with the analysis by GC × GC18 which quantified hydrocarbons up 285 

to C75, proving that with proper GC-columns the latter technique is also suitable for the analysis 286 

of very heavy hydrocarbon feedstocks. All samples in Figure 1 contain a dip in signal-to-noise 287 

between C21-C24 due to the “ion depletion” or mass filter required to reduce the abundance of 288 

prominent contaminant peaks in the pyrolysis oils and improve the signal-to-noise ratio of the 289 

ions of interest. A highly abundant peak at approximately 322 Da within this m/z range can act 290 

as a potential contaminant, leading to significant ion suppression. 291 
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Figure 1. (+)APPI-mode DBE versus carbon number plots for hydrocarbons from the virgin 

LDPE, PE waste, PP waste and MPO waste. The area of the dots is proportional to the 

relative abundance of the respective molecular formula. Odd-electron ions (left) and even-

electron-ions (right) are presented with the relative abundance of every class presented in 

the top right corner. 

 292 

The mono-alkenes and cycloalkanes can be identified at a DBE of 1. At higher DBEs, diolefins 293 

(DBE=2), mono-aromatics (DBE=4) and fused aromatic compounds (DBE ≥ 6) are found. The 294 

area at a DBE of 10-15 and C20 comprises highly unsaturated polynuclear aromatics, known as 295 

coke-precursors, which are identified in all four samples. For example, C28H14 was found in 296 

MPO, which is an eight-ring polyaromatic such as for example bisanthene or benzocoronene 297 
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for which the molecular structures are provided in Figure 2. The exact molecular structures of 298 

the identified C28H14 cannot be determined by FT-ICR MS. 299 

 

Figure 2. Molecular structures of bisanthene and benzocoronene, which correspond to 

molecular formulas assigned to mass spectral peaks detected by (+)APPI 21 Tesla FT-ICR 

MS in MPO pyrolysis oil. 

 300 

While the area of the dots in Figure 1 is proportional to the relative abundance, it should be 301 

noted that the relative abundances of FT-ICR MS are semi-quantitative at best. This is due to 302 

mass spectrometry detecting ions, and ionization efficiency or “monomer ion yield” is affected 303 

by molecular structure and even intermolecular interactions or aggregation state of the 304 

sample.52-54 All samples revealed a decrease in the carbon number range as a function of 305 

increasing DBE values. For instance, for the diolefins (DBE=2), the PE waste pyrolysis oil 306 

revealed compounds up to C82; conversely, species with DBE of 21 only featured up to C32. 307 
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This decrease is attributed to the fact that the polyaromatic (high DBE), heavier hydrocarbons 308 

remain in the char, a solid that is not the focus of the present study; the work herein presents 309 

only the analysis of the liquid pyrolysis oil. 310 

All studied pyrolysis oils consist of a wide range of (un)saturated hydrocarbons as presented in 311 

Figure 1. A wide diversity of aromatics was observed for both the virgin and post-consumer PE 312 

waste pyrolysis oil. Overall, the FT-ICR MS analyses of virgin LDPE and PE waste pyrolysis 313 

oils reveal similar trends for the abundance of hydrocarbons. Nevertheless, the post-consumer 314 

waste pyrolysis oil features a more complex collection of polycyclic aromatic hydrocarbons 315 

(PAH), particularly with a DBE > 17. The existence of these coke precursors in the PE waste 316 

pyrolysis oil demonstrates the higher tendency of waste plastics to form aromatics during 317 

pyrolysis compared to virgin material which has been reported in literature.55, 56 With the FT-318 

ICR MS it is observed that there is not only more coke formation in post-consumer plastic 319 

pyrolysis compared to virgin plastics, but that the produced coke contains more aromatic rings. 320 

The first reason for the larger occurrence of coke precursors is the presence of ill-sorted 321 

polymers in the waste PE fraction. As waste PE mostly stems from polymer film applications, 322 

these traces are for example polystyrene (PS), polyethylene terephthalate (PET) or even 323 

polyvinylchloride (PVC), among others, stemming from multi-layer packaging.57 The presence 324 

of styrene and elevated concentrations of chlorine in the waste PE pyrolysis oil confirm the 325 

presence of PS and PVC in this sample.18 The aromatics formed during pyrolysis of those ill-326 

sorted polymers can then undergo alkylation and cyclization reactions to form PAHs, increasing 327 

the share of (complex) aromatics in the final product.58, 59 In addition, polymer additives such 328 

as stabilizers or phthalates stemming from the catalyst can also contribute to the aromatic 329 

fraction in the waste pyrolysis oils. Furthermore, the waste pyrolysis oil contains metals as 330 

demonstrated by ICP-OES analysis.18 These metals such as Fe, K, and Na are known to act as 331 
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catalysts for coke formation, thus enhancing the rate of aromatic formation.25, 60 A last potential 332 

reason for the difference in aromatics is the higher fraction of defects and oxygenates caused 333 

by aging during the polymer lifecycle. These defects will result in a faster dissociation, higher 334 

polymer conversion and as a result a higher selectivity towards aromatics.61 335 

Next, a comparison between the three oils of the post-consumer plastic wastes will be made. 336 

The waste PE pyrolysis oil contains a higher fraction of aromatic species compared to the waste 337 

PP. During thermal pyrolysis, aromatic compounds are typically formed by cyclization 338 

reactions between a linear diolefin and olefin such as Diels-Alder reactions or via cyclization 339 

reactions of a radical olefin.62 In theory, branched (di-)olefins also cause cyclization but the 340 

reaction rates are limited due to steric hindrance of the branches. As a result, polypropylene 341 

pyrolysis oil contains less cyclic compounds and more diolefins. The higher fraction of 342 

aromatics in the post-consumer PE oil can also be attributed to a higher fraction of other 343 

polymers such as polystyrene which decompose to aromatic compounds. Furthermore, it should 344 

be noted that PP pyrolysis results in iso-olefins and diolefins which differ in carbon number by 345 

three carbon atoms. This is because PP is rich in tertiary carbon atoms resulting in a more stable 346 

tertiary radical intermediate for depolymerization instead of secondary radical with 347 

polyethylene.10 As a result, an elevated product selectivity towards these iso-olefins and 348 

diolefins is found. Hassibi et al. observed a similar PP pyrolysis oil composition with a major 349 

fraction of diolefins and the depolymerization products of PP analyzed by atmospheric pressure 350 

chemical ionization (APCI) FT-ICR MS.37 351 

Looking at the DBE vs. carbon number plot of the MPO waste pyrolysis oil, its hydrocarbon 352 

composition appears to be a mix of both the PE and PP waste pyrolysis oils. For example, both 353 

the depolymerization trend of PP, with repeating units of three carbons, and the complex PAHs 354 

present in PE are observed. It should however be noted that FT-ICR MS is not quantitative as 355 
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it is limited by selective ionization.45 From GC × GC-FID it is known that the MPO pyrolysis 356 

oil consists of more aromatic species compared to the waste PE and PP pyrolysis oils, indicating 357 

that the pyrolyzed MPO fraction is not just a mix of PE and PP but also contains a higher amount 358 

of ill-sorted polymers causing a higher aromatic content in the corresponding pyrolysis oil.15, 63 359 

The presence of PS in the MPO fraction was confirmed by the detection of styrene in the 360 

pyrolysis oil by comprehensive two-dimensional GC which is a product not formed by the 361 

pyrolysis of PE or PP but solely by PS pyrolysis.64 The aromatics formed during the pyrolysis 362 

of PS and PET will thus increase the fraction of aromatics produced by PE and PP even further, 363 

resulting in the high aromatic content of MPO. Furthermore, Klaimy et al. reported that the 364 

thermal pyrolysis of PE and PP mixtures resulted in a higher aromatics content than the separate 365 

pyrolysis of PP and PE.63  366 

3.2. Oxygen 367 

Oxygen is one of the most abundant heteroatoms present in plastic pyrolysis oils. The presence 368 

of oxygen in virgin polymers stems from polymer additives such as antioxidants, stabilizers, 369 

plasticizers, etc.65-68. For plastic waste, the oxygen content can be attributed to ill-sorting of 370 

other polymers such as PET, acrylates or ethylene-vinyl acetate (EVA) and to organic residues 371 

accumulated during usage of the plastics. During pyrolysis, the majority of the oxygen is 372 

converted into water, carbon dioxide and carbon monoxide. Oxygen is undesired in plastic 373 

waste pyrolysis oils and plastic waste itself as it results in direct CO2 emissions, and thus carbon 374 

leakage i.e., lowering the carbon efficiency of the chemical recycling and hampering 375 

application of pyrolysis oils in further (petro-)chemical processes. The results for the 376 

characterization of oxygenates accessed via two ionization modes (+)APPI and (-)ESI are 377 

discussed in the following sections. 378 
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 (+)APPI 379 

The (+)APPI targets the ionization of hydrocarbons as discussed previously; however, it can 380 

also access heteroatom-containing compounds. Figure 3 presents the DBE versus carbon 381 

number plots for four oxygenated classes O1, O2, O3, and O4. The terms O1, O2, O3, and O4 382 

refer to molecules containing respectively one, two, three, and four oxygen atoms in addition 383 

to hydrogen and carbon. Every plot displays the relative abundances of the molecular class with 384 

respect to the total abundance detected in the sample. No distinction is made between odd and 385 

even-electron ions as the fraction of odd-electron oxygenates amounts to less than 20% for all 386 

pyrolysis oils. Moreover, the pattern of odd and even-electron oxygenates are similar and 387 

therefore no distinction is made between those. For example, in virgin pyrolysis oil, 5.76% of 388 

the relative abundance stems from O1 compounds, 5.16% are O2 molecules, O3 compounds 389 

comprise 1.74% of the abundance, and O4 compounds correspond with 1.99% of the 390 

abundance. The other detected compounds in addition to O1-O4 for (+)APPI are hydrocarbons 391 

and higher-order oxygenates that will be discussed later. Hence, the depicted relative abundance 392 

allows us to compare the prevalence of oxygenates within one type of pyrolysis oil. In addition 393 

to the relative abundances depicted in Figure 3, hydrocarbons and higher-order oxygenates were 394 

detected as will be discussed further. Only for the PE waste pyrolysis oil, a significant fraction 395 

of 2100 ppm of oxygenates could be detected by elemental analysis, whereas for the other 396 

samples the amount of oxygen was below the limit of detection of 1000 ppm.397 
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Figure 3. (+)APPI-mode DBE versus carbon number for oxygenates from the virgin LDPE, PE waste, PP waste and MPO waste with relative 

abundances per molecular class. The area of the dots is proportional to the relative abundance of the respective molecular formula. The mass 

fraction of oxygen detected by elemental analysis is depicted on top. The major differences between the waste and virgin pyrolysis oils are 

highlighted in red. 

398 
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The relative abundance of all waste samples features a similar ratio between O1/O2 and O2/O3. 399 

For the virgin LDPE more O1 oxygenates are detected compared to O2 compounds, indicating 400 

a contrast to the waste samples, a topic that will be elaborated on later. 401 

The DBE versus carbon number plots for oxygenates have a similar profile compared to those 402 

for hydrocarbons. The plastic pyrolysis oils show a wide variety of oxygenated molecules in 403 

the waste and virgin pyrolysis oil. Moreover, there is a considerable similarity in the molecules 404 

detected between the waste and virgin pyrolysis oils. These two observations suggest that the 405 

oxygenated compounds detected are reaction products formed during thermal pyrolysis and that 406 

there are few unconverted oxygen containing impurities detected by (+)APPI. During thermal 407 

pyrolysis, the majority of oxygen is converted to carbon dioxide and carbon monoxide. This 408 

was also found by elemental analysis of the oxygen content of solid PE waste compared to the 409 

corresponding pyrolysis oil. The oxygen content of the solid waste was eight times higher than 410 

that of the pyrolysis oil, indicating that most oxygen was converted into carbon oxides and 411 

water.18 However, the formed carbon dioxide and especially the highly reactive carbon 412 

monoxide can react with the hydrocarbon matrix and form the oxygenates detected by (+)APPI. 413 

Another potential pathway is the reaction of released hydroxyl radicals with the hydrocarbon 414 

matrix. 415 

It is observed in Figure 3 that the lower limit of the DBE for O1 and O2 species is one, while 416 

for O3 and O4 this lower limit was two. As the presence of a carbonyl group will increase the 417 

DBE by a value of one, this lower limit makes that the O3 and O4 species contain at least two 418 

carbonyl groups. The fact that the lower limit of the DBE correlates with the amount of oxygen 419 

makes it unlikely in the case of O3 and O4 that the presence of olefins determines the increase 420 

in DBE.  421 



24 of 44 

For all oxygenated classes, highly aromatic compounds (DBE ≥ 5) reveal higher abundances 422 

compared to the aromatic species detected in hydrocarbons. This shows a clear preference of 423 

carbon oxides to react with aromatic hydrocarbons compared to aliphatic compounds. A typical 424 

reaction between carbon monoxide and the hydrocarbon matrix is the addition reaction of the 425 

carbon monoxide to a radical hydrocarbon with the formation of an aldehyde compound. The 426 

carbon monoxide insertion (carbonylation) can be catalyzed by metals such as Ni or Co which 427 

are present in the plastic pyrolysis oil.69-71 The bond dissociation energy of the carbon – carbon 428 

bond of ethanal and benzaldehyde are illustrated in Figure 4.72, 73  429 

 

Figure 4. Bond dissociation energies of the C-C bond of ethanal and benzaldehyde and C-O 

bond of ethanol and phenol. Data obtained from72, 73. 

 430 

The bond dissociation energy of the C–C bond in the aliphatic ethanal is 61 kJ.mol-1 lower 431 

compared to that of the aromatic benzaldehyde C–C bond. This will result in a significantly 432 

lower reaction enthalpy and therefore higher thermodynamic driving force for carbon monoxide 433 

addition to aromatic compounds. A similar reasoning holds for alcohols, which are formed by 434 

reduction of aldehydes and reaction of hydroxyl radicals with the hydrocarbon matrix. The C–435 
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O bond dissociation energy of ethanol is 83 kJ.mol-1 lower than the corresponding phenol bond 436 

(see Figure 4). Therefore, the superior stability of phenolic compounds will contribute to more 437 

aromatic oxygenates than aliphatic ones.  438 

Data derived from (+)APPI highlights the preferential occurrence of secondary reactions that 439 

produce oxygen-containing compounds with high DBE values. As observed in Figure 3, mainly 440 

at a DBE between 11-13 and a carbon number of 19-22 a prominent mass spectral peak for 441 

oxygenates is observed for both O1, O2, and O3. These are undoubtedly polyaromatic 442 

structures, which can correspond to a wide variety of possible structures among which the 443 

thermodynamic most stable consist of three aromatic rings. Some potential molecular structures 444 

are provided in the supporting information (Figure S1). These reaction products highlight the 445 

preference for secondary reactions between carbon oxides and hydroxyl radicals with aromatic 446 

hydrocarbons. Similarly for the hydrocarbons an elevated abundance of compounds at DBE of 447 

11-13 and with a carbon number of 21 is found in all samples (see Figure 1), indicating that the 448 

deoxygenation of these compounds occurs. As the prominence of the oxygenates at this DBE 449 

and carbon number is much more profound than the corresponding hydrocarbons this supports 450 

the claim that the hydrocarbons stem from deoxygenation reactions of structures as depicted in 451 

Figure S1. 452 
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Figure 5. Class distributions of relative abundance of the oxygenates detected by (+)APPI 

for virgin LDPE pyrolysis oil, PE waste pyrolysis oil, PP waste pyrolysis oil, and MPO 

waste pyrolysis oil. 

 453 

Next to the discussed O1-O3 oxygenates in Figure 3, compounds up to O7 have been detected 454 

in MPO pyrolysis oil. Figure 5 depicts the relative abundances of the oxygenates detected by 455 

(+)APPI for the four pyrolysis oils. Similar to what is found in literature, most oxygenates 456 

contain one to four oxygen atoms.36, 38, 39 The O5-O7 classes are a minor component of all 457 

samples with a relative abundance lower than 0.6 wt.%, while most oxygen containing 458 

compounds contain one or two oxygen atoms. The relative abundance of the O4 class is 459 

comparable to the class of O3. Figure 6 displays the DBE versus carbon number plot of O4 for 460 

the waste PP pyrolysis oil. The O4 composition of the waste PP pyrolysis oil is comparable to 461 

the other post-consumer waste pyrolysis oils. The distribution of O4 molecules are markedly 462 
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different from the O1-O3 plots. In contrast to the O1-O3 distribution, there is a high relative 463 

abundance of species in a limited number of molecules instead of a wide distribution. 464 

 

Figure 6. The DBE versus carbon number plot of even-ion O4 for waste PP pyrolysis oil by 

(+)APPI with (top) diethylhexyl phthalate (DEHP) and (bottom) 2-(((2-

ethylhexyl)oxy)carbonyl)benzoic acid indicated 

 465 

It has to be noted that FT-ICR MS does not allow the identification of the detailed molecular 466 

structure. Therefore, a combination of sample knowledge and experimental data is required to 467 

hypothesize the molecular structure of the abundantly detected C24H38O4. It is expected that 468 

diethylhexyl phthalate (DEHP) corresponds with the detected C24H38O4 which is a common 469 

internal donor in catalysts to control the isotacticity of PP.74 DEHP is detected in all three 470 

analyzed pyrolysis oils, as all oils contain a fraction of PP. This is also confirmed by the lower 471 

abundance of O4 found in the waste PE oil compared to the waste MPO and PP samples. During 472 

thermal pyrolysis, DEHP breaks down due to the scission of the C-O ester bond with formation 473 

of 2-(((2-ethylhexyl)oxy)carbonyl)benzoic acid and 3-methyleneheptane. The reaction product, 474 
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2-(((2-ethylhexyl)oxy)carbonyl)benzoic acid, is also detected by (+)APPI. Next to breaking the 475 

C-O ester bond, a decarboxylation is expected with formation of benzene and carbon dioxide. 476 

The correlation between the share of PP in the plastic waste and the amount of C24H38O4 477 

detected, combined with its use as catalyst donor and the identification of the most likely 478 

thermal dissociation product of DEHP, makes it highly likely that DEHP effectively 479 

corresponds with the observed C24H38O4. The example above illustrates how plastic additives 480 

influence the composition of plastic pyrolysis oils and that not all additives break down entirely 481 

during thermal pyrolysis. In the following subsection, results from (-)ESI ionization mode will 482 

be discussed to further elaborate on the breakdown of oxygen-containing additives and 483 

contaminants.  484 

 (-)ESI 485 

The (-)ESI-mode is very effective at ionizing oxygen-containing molecules. To illustrate this, 486 

Figure 7 depicts the DBE versus carbon number plots for four oxygenated classes O1, O2, O3, 487 

and O4. With (-)ESI, only even-electron ions are observed. The comparison between the plots 488 

of (+)APPI (Figure 3) and (-)ESI (Figure 7) reveal significant differences in terms of carbon 489 

number range at all given DBE values. While with (+)APPI a wide variety of molecules with 490 

similar concentrations was observed, in (-)ESI a few specific molecules with high 491 

concentrations were observed in O1-O4 for all pyrolysis oils. These highly abundant peaks 492 

(bold data points in the DBE vs carbon number plots of Figure 7) stem from the thermal 493 

dissociation products of specific additives and impurities. The rest of the distribution of 494 

molecules, featuring a wide DBE and carbon number range, are reaction products that stem 495 

from secondary reactions between carbon monoxides and other oxygenates.496 
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Figure 7. (-)ESI-mode DBE versus carbon number for oxygenates from the virgin LDPE, PE waste, PP waste and MPO waste with 

relative abundances per molecular class. The area of the dots is proportional to the relative abundance of the respective molecular 

formula. The mass fraction of oxygen detected by elemental analysis is depicted on top. 

497 
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Unlike the (+)APPI measurements, the trends in the relative abundance of the three oxygenated 498 

classes differ for the four plastics. The virgin polymer contains relatively more O3 and O4 499 

compounds compared to the post-consumer waste samples, suggesting that the contamination 500 

from organic residue and ill-sorted polymers mainly causes an increase in O1 and O2 species. 501 

From the elemental analysis it is known that the MPO and PE waste samples contain the most 502 

oxygenates, which corresponds to more O1 oxygenates and less O3 oxygenates compared to 503 

the post-consumer PP. The higher oxygen fraction in MPO and PE stems from accumulated 504 

oxygenates during the use of these plastics and oxygen containing additives. The post-consumer 505 

PE which has been collected comes from plastics used for film applications. These plastics are 506 

often multilayer packages where PE is layered with ethylene-vinyl alcohol (EVOH) for barrier 507 

properties.75-77 Hence, this results in a remaining fraction of EVOH in the PE waste and 508 

increases the oxygen fraction in this blend. Moreover, antioxidants are often added to these 509 

polymers to ensure the polymer stability during usage. These antioxidants often comprise of 510 

oxygen-containing groups, producing a higher oxygen share in the corresponding pyrolysis 511 

oils.68 Lastly, these polymer films are employed in the food industry where organic residue will 512 

contaminate the plastic. 513 

In O1, three clear molecule types can be distinguished for all four pyrolysis oils proving that 514 

the observed molecules stem from plastic additives and not from the usage of the plastics or 515 

other contaminants.65, 66 The peak at a DBE of 4 consists of both C14H22O and C15H24O. While 516 

FT-ICR MS does not allow to further elucidate the molecular structure, knowledge about the 517 

source of the polymers allows pinpointing the most likely structure for a given detected 518 

molecular formula. For example, 2,6-di-tert-butylphenol is a substructure common in 519 

antioxidants within polymers such as the common Irganox 101065, 66 (see Figure 8). These 520 

antioxidants are added with the primary objective that they would react with remaining radicals 521 
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present in the polymer, to prevent any thermo-oxidative degradation during the polymer 522 

lifetime. Thermal pyrolysis is a radical reaction resulting in the consumption of these 523 

antioxidants. During thermal pyrolysis, Irganox 1010 is broken down with formation of 2,6-di-524 

tert-butylphenol. No remaining Irganox 1010 was detected in any of the pyrolysis oils, showing 525 

full conversion at the applied pyrolysis conditions. Butylated hydroxytoluene (BHT) is another 526 

antioxidant that is commonly used within plastics which was observed via (-)ESI.  527 

 

Figure 8. The molecular structures of 2,6-di-tert-butylphenol, butylated hydroxytoluene 

(BHT), and Irganox 1010 

 528 

Next to the three prominent peaks on the O1 plots, a distribution of other molecules is detected 529 

for these oxygenates. For clarity, the plots with the peaks for C14H22O, C15H24O, C22H22O, and 530 

C30H30O removed have been added to the Supporting information, Figure S2. These graphs 531 

again highlight the resemblance of the oxygenates found in the MPO and PE waste. These are 532 

molecules formed by secondary reactions between oxygenates and the hydrocarbon matrix. A 533 
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more distinct area of these molecules is observed for the waste pyrolysis oils of the PE and 534 

MPO compared to the virgin and PP pyrolysis oils. More aromatic oxygenates are formed, 535 

especially for the PE and MPO pyrolysis oils, indicating the preference for oxygenated 536 

compounds reacting with aromatic species. As the thermal pyrolysis of PE and MPO results in 537 

a higher formation of aromatics, the oxygenates are more likely to react, resulting in more O1 538 

oxygenates in PE and MPO than in PP. 539 

The composition of O2 oxygenates differs majorly between the post-consumer waste and the 540 

virgin LDPE. Virgin LDPE consists of a wide range of O2 oxygenates with similar relative 541 

abundances, while the post-consumer waste has specific molecules with elevated 542 

concentrations. Several peaks can be observed for all waste samples, especially at low DBEs. 543 

These compounds are likely to be fatty acids such as stearic acid, palmitic acid, and lauric acid 544 

which originate from food remains, cosmetics, and detergents. As these fatty acids are less 545 

observed within virgin pyrolysis oil, it is clear that these species stem from the usage of plastic 546 

products. During thermal pyrolysis, these carboxylic acids are converted into linear 547 

hydrocarbons and carbon dioxide, but these are clearly not fully converted with the currently 548 

applied process conditions. The fatty acids are higher in concentration for the pyrolysis oil with 549 

the highest oxygen content, i.e., the PE waste pyrolysis oil. This indicates that the elevated 550 

oxygen content within the PE waste is caused by an increased contamination from these fatty 551 

acids which is logical due to the main use of film packaging in food contact applications. 552 

As previously discussed, O3 oxygenates are relatively less abundant in the post-consumer waste 553 

samples compared to the virgin LDPE. This indicates that the thermally pyrolyzed organic 554 

residues mostly end up in less complex O1 (by secondary reactions) or in O2 components. The 555 

more complex O3 compounds display a few clear peaks of high-concentration compounds. 556 
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Particularly C28H42O3 is present in all four pyrolysis oils making it likely that it stems from 557 

plastic additives.  558 

Lastly, the O4 oxygenates display a similar pattern across all four pyrolysis oils with a high 559 

abundance of C17H26O4 and a wide range of less abundant hydrocarbons. The presence of 560 

C17H26O4 in the virgin PE pyrolysis oil proves that this compound stems from a polymer 561 

additive. It is highly likely that this structure is a phthalic acid which were also identified with 562 

(+)APPI as shown in Figure 6.  563 

When looking at (+)APPI, there is a remarkable similarity in the molecular composition of the 564 

oxygenates between the virgin pyrolysis oil and the three post-consumer waste oils. This 565 

similarity across the four pyrolysis oils has also been observed for (-)ESI. It is remarkable that 566 

the dominant O1 compounds in all pyrolysis oils stem from plastic additives breaking down 567 

and undergoing secondary reactions with the hydrocarbon matrix. This shows for the first time, 568 

that polymer additives play an essential role in the pyrolysis process and are detrimental for the 569 

quality of the obtained pyrolysis oils. Therefore, the design-to-recycle of polymer additives is 570 

an essential step towards plastic pyrolysis oils which are processable in the chemical industry. 571 

It was observed that phenol-groups and aromatic carboxyl acids are stable oxygenated 572 

compounds, that have difficulties to break down upon thermal pyrolysis. For example, with 573 

Irganox 1010 only the 2,6-di-tert-butylphenol group was found while the carboxyl functionality 574 

was entirely removed. Consequently, from a recycling perspective additives with these 575 

thermally stable functionalities should be limited in the plastics or removed prior thermal 576 

pyrolysis, which is not straightforward at present. Next to this, a lot of oxygenates stemming 577 

from additives, other polymers and organic waste break down during thermal pyrolysis and 578 

react with the hydrocarbon matrix. The reaction products mainly depend on the number of 579 

aromatics formed during thermal pyrolysis. This is one of the two distinct differences observed 580 
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between the four organic mixtures. Within PE and MPO more O1 oxygenates are observed, as 581 

these plastics cause the formation of more aromatics resulting in an elevated contribution of 582 

secondary reactions. Subsequently, a larger fraction of fatty acids has been observed for the 583 

post-consumer waste compared to the virgin LDPE pyrolysis oil. Therefore, decontamination 584 

strategies of plastic waste should focus on these compounds to facilitate an improved chemical 585 

recycling. 586 

4. Conclusion 587 

An extensive FT-ICR MS characterization of post-consumer PE, PP, MPO pyrolysis oils, and 588 

virgin LDPE pyrolysis oil was conducted, employing both (+)APPI and (-)ESI to analyze 589 

hydrocarbon and oxygen content. The presence of aromatic polymers such as PS and PET, an 590 

increased metal content, and the presence of polymer defects in post-consumer PE clearly 591 

affected the hydrocarbon composition and the formation rates of aromatics upon thermal 592 

pyrolysis. Consequently, the post-consumer PE pyrolysis oil had a higher fraction of aromatics 593 

and PAH than the virgin LDPE pyrolysis oil. Furthermore, a considerable resemblance was 594 

found when comparing the composition of the MPO with the PE and PP waste. Even though it 595 

is known that interactions between the PE and PP in MPO occur upon thermal pyrolysis, no 596 

distinct compounds differing from both PE and PP were observed in MPO pyrolysis oil.  597 

The analysis of the oxygenates for the four plastic pyrolysis oils displayed a remarkable 598 

similarity between the four analyzed pyrolysis oils, especially with (+)APPI. This resemblance 599 

indicates how most oxygenates present dissociate, after which a fraction reacts with the 600 

hydrocarbon matrix. The oxygenated compounds detected by (+)APPI show a tendency to react 601 

with aromatic compounds over aliphatic structures because of the higher stability of the formed 602 

aromatic oxygenates. This makes the removal of oxygen-containing compounds even more 603 
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important for polymers where thermal pyrolysis results in a high fraction of aromatics as a 604 

higher fraction of oxygen will have reacted with the hydrocarbon matrix. Moreover, the 605 

produced aromatic oxygenates are more difficult to hydrogenate than aliphatic oxygenates. 606 

Hence, the removal of oxygenates is essential for polystyrene, MPO and PE waste, while PP 607 

forms less aromatics resulting in less (aromatic) oxygenates in PP oils. When one wants to limit 608 

the oxygen content in polymer pyrolysis oils it is therefore not only critical to limit the presence 609 

of oxygen-containing polymers, additives, and organic residue but also focus on limiting the 610 

presence of aromatic products by reducing aromatic polymers and the metal content. The latter 611 

will reduce the aromatic fraction formed during pyrolysis, as metals catalyze aromatic 612 

formation, resulting in less aromatic hydrocarbons reacting with oxygen. 613 

With (-)ESI certain contaminants and their reaction products could be pinpointed. All samples 614 

(including the virgin LDPE) contained remains of antioxidants (Irganox 1010 and BHT). 615 

However, (-)ESI showed a clear difference between the post-consumer waste and the virgin 616 

samples. In the waste pyrolysis oils fatty acids (from food and detergents) and more complex 617 

oxygenated aromatics were observed. These results show that not all oxygenates fully break 618 

down upon thermal dissociation at these process conditions. 619 

This study provides fundamental insights into the chemistry of oxygenated contaminants in 620 

plastic pyrolysis oils, aiding in the development of improved decontamination strategies. These 621 

strategies may include enhanced removal of metals and trace polymers and solvent extraction 622 

to remove the aromatic fraction, thus reducing the oxygen content of the pyrolysis oils. Such 623 

improvements will make plastic pyrolysis oils more suitable for further chemical processing, 624 

closing the loop for polyolefin waste. 625 
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