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Abstract 22 

Tire pyrolysis oil (TPO) is a complex mixture of hydrocarbons spanning a wide boiling point range. Due to its 23 

complexity, direct implementation of TPO to combustion applications has been challenging. Distillation is a simple 24 

method for grouping similar compounds, based on their volatility, thereby facilitating further upgrading and use. In 25 

this work, TPO was distilled at atmospheric pressure into different fractions (light, low-middle, high-middle, and 26 

heavy), and the structural characteristics of each fraction were explored. Therefore, advanced analytical techniques 27 

such as GC-MS, APPI FT-ICR MS and 1H and 13C NMR were utilized. For the light fraction, the GC-MS revealed a 28 

significant presence of benzene, toluene, and xylene, as well as limonene. From the APPI FT-ICR MS results, the 29 

low-middle, high-middle, and heavy fractions were classified into a number of molecular classes. Among these, pure 30 

hydrocarbons (HC), hydrocarbons containing one sulfur atom (S1), hydrocarbons containing two oxygen atoms (O2), 31 

etc. Here, HC and S1 were found to be the most abundant molecular classes in all fractions. Finally, a structural analysis 32 

of the functional groups present in each TPO fraction was conducted by 1H and 13C NMR. Average molecular 33 

parameters (AMPs), such as the number of aromatic, naphthenic, and olefinic carbons/hydrogens, were determined. 34 

In addition, derived AMPs, such as the aromaticity factor (fa), C/H paraffinic, C/H aromatic, etc., were calculated. 35 
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Fractionation by distillation resulted in concentration of both the sulfur and aromatic compounds in the heaviest 36 

fraction. In this manner, effective application and upgrading strategies could be individually designed for each 37 

fraction. 38 

Keywords: Tire pyrolysis oil, distillation, structural characterization, GC-MS, FT-ICR MS, NMR. 39 

1. Introduction 40 

The development of alternative fuels equivalent to petroleum derivatives and fully compatible with existing 41 

infrastructures is increasingly appealing. Unstable petroleum prices, and dependence on politically unstable regions 42 

for transportation fuel, are key motivations for pursuing alternative fuels. In addition, these new fuels should not 43 

contribute towards global warming or exhibit the drawbacks associated with agriculturally derived biofuels (e.g. food-44 

fuel debate).  45 

The search for non-conventional fuels from waste has experienced a great forward thrust, motivated mainly by new 46 

regulations focused on closing the life cycle of products and materials to achieve a circular economy concept [1,2]. 47 

As a result, and based on the waste refinery approach, several operations aimed at producing valuable fuel and 48 

chemicals from waste have been explored. In this work, special attention has been given to materials which present 49 

disposal challenges: waste tires [3]. Their disposal processes include pyrolysis/hydrothermal liquefaction platforms, 50 

and gasification/Fischer-Tropsch-based technologies, which, among others, have been under continuous research 51 

scrutiny and assessment [3–5]. 52 

In particular, implementing these processes for waste tire valorization has vast potential for various economic and 53 

energy sectors, offering the possibility of obtaining high-value materials, chemicals and fuels. Tire pyrolysis oil (TPO) 54 

is currently the target of several research projects which examine its production, characterization, upgrading and 55 

implementation [6–12]. TPO is a complex mixture that contains valuable hydrocarbon fractions and spans a wide 56 

range of boiling points, including light naphtha (< 70 ºC), heavy naphtha (71 – 182 ºC), kerosene (182 – 260 ºC), 57 

diesel (260 – 338 ºC), and gasoil (338 – 566 ºC). It has kinematic viscosity ranging between 1.70 – 17.80 cSt, density 58 

between 871 – 995 kg/m3, and heating value between 40 – 44 MJ/kg [3,13,14].  TPO also exhibits hydrogen and 59 

carbon content between 9 – 11 wt.% and 83 – 87 wt.%, respectively, similar to those reported for gasoline and diesel 60 

fuels [3,13,15]. Because of its renewable characteristics (given the natural rubber present in tires) and its compatibility 61 
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with crude oil (completely miscible), TPO fulfills the definition of drop-in-biofuels established by Task 39 of the 62 

International Energy Agency (IEA): “Drop-in biofuels are liquid hydrocarbons that are functionally equivalent to 63 

petroleum fuels and are fully compatible with existing petroleum infrastructure” [4].  64 

Pyrolysis oils from waste tires have an important potential to substitute petroleum-derived fuels in several industrial 65 

processes where thermal systems like boilers, furnaces, turbines, and internal combustion engines are used [16–18]. 66 

Nonetheless, with a wide boiling point range and complex composition, TPO is relatively unsuitable for direct use in 67 

these applications. To increase its applicability, some compositional features and properties still require supplementary 68 

upgrading from a technical and environmental perspective. These properties usually include high aromatic content (up 69 

to 65 wt.%), as well as several other elements - fuel-bound nitrogen (0.40 – 1.05 wt.%), sulfur (0.6 – 1.4 wt.%), and 70 

oxygen (0.2 – 3.50 wt.%). Additional drawbacks of TPO include: (i) the significant presence of benzene, toluene, 71 

xylene, and limonene, which tend to increase ignition delay time (IDT) [19]; (ii) a high final distillation point (550 72 

°C), affecting its vaporization during combustion; and (iii), a low flash point (up to 30 °C), making it difficult to 73 

handle and store [3,9,13]. Table 1 summarizes some characteristics of TPO and the related challenges for its 74 

application. 75 

 76 
Table 1. Characteristics of TPO and related challenges 77 

Property  Characteristics Issues  

Sulfur 

Content 

Usually between 0.6 -1.4 wt.%. Sulfur is added to 

tires in the vulcanization process. Up to 70 % of 

initial sulfur in tires remains in recovered carbon 

black after pyrolysis. The remaining fraction is 

distributed into pyrolytic gas and TPO [20]. Sulfur 

compounds in TPO are in the form of thiophene, 

benzothiazole, benzothiophene, etc.  

Sulfur containing compounds are 

environmental pollutants. During 

oxidation, SOx are produced and released 

as gas products. SOx also reaches the 

lubricant oil, causing corrosion problems 

in combustion systems like internal 

combustion engines.  

Nitrogen 

Content  

Usually in the range of 0.4 -1.05 wt.%, depending 

on initial tire composition and attributable to 

thermal degradation of accelerators such as N,N-

di-isopropyl-2-benzothiazole-sulfenamide, 2-(4-

morpholinylthio)-benzothiazole, N,N 

caprolactamdisulphide, and 2-

mercaptobenzothiazole incorporated into tires 

during formulation. Nitrogen in TPO is commonly 

found in the form of benzothiazole, also containing 

sulfur.  

High nitrogen levels in the fuel lead to 

fuel NOx formation during combustion, 

which may cause acid rain. 

Flash 

Point 

Usually lower than 30 °C, this low flash point is 

due to high fraction of volatile compounds in TPO. 

High flash point of a liquid fuel is 

beneficial for storage. A lower flash point 

is easier for igniting the fuel/air mixture; 

liquid is considered flammable if its flash 

point is less than 60 ºC.  

Aromatic 

Content  

As much as 65 wt.% of TPO could be represented 

by aromatic hydrocarbons, associated with the 

Aromatic hydrocarbons are associated 

with incomplete combustion (due to long 
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Property  Characteristics Issues  

aromatic nature of rubber (one aromatic ring in the 

styrene butadiene rubber monomer) and the 

cyclisation of olefin structures, followed by 

dehydration and Diels-Alder reactions, favored at 

high temperature in the pyrolysis process. 

IDT) and the tendency to form particulate 

matter (PM) (act as PM precursors).  

Final 

Distillation 

Point  

Final distillation point is usually higher than 550 

°C., associated with the presence of high 

molecular weight compounds like polycyclic 

aromatic hydrocarbons (PAH) and polycyclic 

aromatic sulfur hydrocarbon (PASH). 

Fuel’s boiling point affects its 

vaporization and combustion process. A 

high final boiling point may decrease the 

vaporization rate, resulting in incomplete 

combustion and PM formation. 

Ignition 

Delay 

Time 

(IDT) 

Significant presence of light aromatic (benzene, 

toluene, and xylene) and iso-paraffinic (limonene) 

hydrocarbons tends to increase the IDT of TPO, 

resulting in a low cetane number. These 

compounds have stable molecular structures, 

requiring high temperatures and pressures to 

ignite. 

In diesel engines, fuels with high IDTs 

may increase particulate matter 

emissions, since combustion begins in the 

final stage of the expansion cycle when 

the temperature inside the chamber 

decreases. Oxidation rate decreases here, 

leading to increased concentration of 

unburned hydrocarbons condensing on 

the surface and increasing the mass of PM 

[21,22]. 

Intensive research has been conducted to improve these properties and increase the value and quality of TPO. 78 

Techniques such as catalytic pyrolysis (in-situ upgrading), or optimization of the pyrolysis conditions, have been 79 

conducted to selectively favor the yields of certain compounds during the pyrolysis of waste tires [23,24]. Other works 80 

have reported  blends of TPO with conventional fuels (diesel) [16,25–30], or methyl esters [31–33]. However, the use 81 

of TPO as a fuel in combustion engines is still extremely limited by the current legislation on fuels, i.e. European Air 82 

Quality Standard (EU2015/2193). Thus, upgrading steps are required before TPO use in combustion applications. 83 

Due to TPO’s compatibility with petroleum derived fuels, upgrading strategies may have several steps in common 84 

with those implemented in conventional refineries, usually including oxidative desulfurization (ODS) and 85 

hydroprocessing (HP).[34,35]. ODS of TPO has been previously assessed in several experimental studies and 86 

desulfurization percentages up to 75 wt. % have been achieved [23][36,37].  Moreover, HP has been widely explored 87 

to improve the properties of TPO [8,38–42]. A nearly complete reduction of the sulfur content (99.9 %) has been 88 

found, as well as an increase in the paraffinic and iso-paraffinic portions (up to 70 %) in the desulfurized TPO.  89 

Even though these upgrading strategies appear to be adequate in overcoming the compositional barriers of TPO, such 90 

processes have been conducted mostly in a laboratory under highly controlled conditions, making their applicability 91 

for large-scale TPO production uncertain. First, ODS presents significant challenges; certain oxidants tend to cause 92 

accompanying reactions that reduce the quality of the final product. Using an incompatible solvent may result in 93 
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removing desirable compounds, or extracting less sulfur from the fuel, affecting the quality and yield of the final 94 

product. In both cases, the consequences are costly [34,43]. Second, HP has been described as an expensive process, 95 

unsustainable for small to medium scale pyrolysis plants. A dedicated HP facility for TPO implies the construction of 96 

units with a massive supply of H2, resulting in high operating costs and increasing the price of the final product. These 97 

limitations defy the concept of pyrolysis as a relatively simple, widely distributed technology. The waste tire pyrolysis 98 

industry is in its early stages and cannot compete with petroleum refineries in terms of technological capacity and 99 

cost, making all of these upgrading steps highly challenging from the feasibility point of view in the short run.  100 

As an alternative, fractional distillation offers interesting advantages for TPO upgrading  [44]. Considering the 101 

chemical complexity of TPO, the wide carbon number (C6 – C55) and boiling point (70 – 550 ºC) range [45], 102 

fractionation by distillation would be an attractive method of grouping similar compounds, based on their volatility. 103 

Distillation is by far the most important and widely used separation process in a petroleum refinery. In conventional 104 

refineries, crude oils are distilled into groups with similar properties to be further characterized, upgraded, and used 105 

in different systems. In an analogous manner, different fractions of TPO could be separated according to their boiling 106 

points in order to be refined and used individually. Previous work has reported that separating TPO into distinct 107 

fractions by distillation can expand the range of possibilities, making it more suitable for specific applications, rather 108 

than using the raw oil directly [46–48]. For instance, the preceding work by this group revealed that sulfur-containing 109 

compounds in TPO exhibited high molecular weight (average molecular weight = 444.56 g/mol) [45]; and even though 110 

distillation will not remove these compounds, they could be concentrated in the leftover heavy fraction, improving the 111 

characteristics of the remaining fractions. In this manner, subsequent severe upgrading steps can be minimized or even 112 

avoided for some of the resulting distillate fraction.  113 

Distillation data alone is not conclusive about whether or not a fraction is suitable for a particular application; 114 

therefore, after fractionation, more detailed knowledge about the characteristics of each fraction is also necessary. 115 

Clarification of these features is essential to understand the deployment of each fraction in practical combustion 116 

applications, as well as for fuel upgrading strategies. In addition, based on a comprehensive characterization of TPO 117 

fractions, it should be possible to correlate (and ultimately predict) their properties and behavior. For instance, 118 

molecular mass distribution, distillation profile, heavy ends (asphaltenes content), and sulfur distribution (among 119 

others) can be estimated [49].  120 
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Several analytical techniques have been implemented to characterize a variety of hydrocarbons, including TPO [50–121 

54]. Today, ultrahigh resolution mass spectrometry is shown to be the state-of-the-art technique for the analysis of 122 

highly complex mixtures. Among these techniques, Fourier transform ion cyclotron resonance mass spectrometry (FT-123 

ICR MS) can resolve ions at the molecular level by assigning unique elemental compositions to each mass peak. This 124 

analytical technique has been widely used in previous works to study the molecular characteristics of base oil [55], 125 

heavy fuel oils [56], furnace oil [57], coal liquefaction products [58], lubricants [59,60], etc. 126 

Likewise, structural knowledge of TPO fractions by identifying the characteristics of its main functional groups can 127 

be accomplished by 1H and 13C nuclear magnetic resonance (NMR) spectroscopy, a technique that allows the 128 

quantification of hydrogen and carbon atoms in different types of compounds in a fuel [61] (aromatic, paraffinic, 129 

naphthenic, and olefinic hydrogen/carbon atoms). This information can then be used to predict combustion 130 

characteristics and emissions profiles [62–66].  131 

The aim of this work is to explore the structural characteristics of different distillate fractions obtained from TPO. As 132 

such, TPO was initially separated into four distillate volume fractions: (i) light (boiling point range: 70 – 176 ºC), (ii) 133 

low-middle (boiling point range: 176 – 240 ºC), (iii) high-middle (boiling point range: 240 – 285 ºC), and (iv) heavy 134 

(boiling point range: 285 – 550.9 ºC). Thereafter, each fraction was investigated in detail using advanced analytical 135 

techniques, such as gas chromatography mass spectroscopy (light fraction), APPI FT-ICR MS (low-middle, high-136 

middle, and heavy fractions), 1H and 13C NMR spectroscopy (all fractions), and elemental analysis (all fractions). 137 

Properties such as density, viscosity, and heating value were also determined for each fraction. This information is 138 

important in order to identify potential applications for each fraction, as opposed to utilizing complex, raw TPO. 139 

2. Materials and methods 140 

2.1 TPO production and separation  141 

TPO was produced in a continuous process conducted in a lab-scale twin-auger pyrolysis plant. The feedstock used to 142 

produce TPO consisted in a non-specified mixture of tire rubber with a particle size between 2 – 4 mm without the 143 

steel thread and textile netting. The rubber granulates present carbon, hydrogen, nitrogen, oxygen, and sulfur contents 144 

of 82.4 wt.%, 8.2 wt.%, < 0.1 wt.%, 0.8 wt.%, and 1.9 wt.%, respectively. This material also contains significant 145 

amounts of volatile matter (62.2 wt.%, dry basis) and fixed carbon (29.9 wt.%, dry basis) linked to rubber (both natural 146 
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and synthetic) and several carbon blacks used in tire manufacture, respectively; while low ash content (6.9 wt.%, dry 147 

basis) is related to inorganic fillers. The experimental conditions to produce TPO were: (i) pyrolysis temperature of 148 

475 ºC, (ii) solid residence time of 3.5 min, (iii) tire mass flow rate of 1.16 kg/h, and (iv) N2 flow of 300 mL/min [67]. 149 

Furthermore, 15 wt.% of CaO (particle size of 149-841 µm), based on the tire mass flow rate, was added during 150 

the pyrolysis process as a low-cost catalyst to upgrade the physicochemical properties of the derived liquid [45]. These 151 

operational parameters were selected as those maximizing the yield of TPO, while keeping the volatile matter content 152 

in the recovered carbon black (rCB) as low as possible. Based on these experimental conditions, TPO, rCB, and TPG 153 

yields have been found to be 45 wt.%, 40 wt.%, and 15 wt.%. It is worth mentioning that the addition of CaO during 154 

the pyrolysis of WT did not lead to significant changes of these yields. A detailed description of the twin-auger 155 

pyrolyzer, the criteria for the selection of the pyrolysis experimental conditions, and the procedures to characterize 156 

the feedstock can be found in our preceding work [67]. 157 

TPO was divided into four different fractions by distillation, in order to explore and understand the main properties 158 

of each one. A schematic representation of the experimental setup used to conduct distillation of TPO is shown in Fig. 159 

1. Initially, a round-bottomed flask was filled with 200 mL of TPO and gradually heated from room temperature (25 160 

ºC) to 350 ºC using a heating mantle. A thermocouple recorded the temperature of the vapor phase in the takeoff 161 

position, before the cooling system. As the temperature increased, condensed vapors were collected in different 162 

containers according to the recovered volume. Thus, TPO was divided into four distillate volume fractions: (i) light 163 

(recovered volume: 40 %), (ii) low-middle (recovered volume: 20 %), (iii) high-middle (recovered volume: 20 %), 164 

and (iv) heavy (recovered volume: 20 %). The related temperature range to each fraction is specified in Fig. 1. The 165 

recovered volume percentages of these fractions were selected based on the profile of the TPO distillation curve, while 166 

aiming at overlapping with the boiling point ranges of commercial petroleum derived fuels. 167 

 168 
Fig. 1. Distillation procedure 169 
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2.2 Characterization of distillate fractions: light, low-middle, high-middle, and heavy fractions 170 

Fig. 2 gives a general overview of the analytical techniques utilized to characterize the obtained distillate fractions of 171 

TPO. Light, low-middle, high-middle, and heavy fractions were initially characterized in terms of elemental analysis, 172 

heating value, kinematic viscosity, and density. Elemental analysis was conducted in a Thermo Scientific 2000 173 

apparatus, where lubricant oil (C: 82.07 wt.%, H: 13.62 wt.%, N: 1.09 wt.%, S: 3.22 wt.%) was used as an internal 174 

standard. Each experiment was conducted by triplicate to ensure repeatability. 175 

 176 
Fig. 2. TPO fractions characterization overview  177 

Heating value was measured in a Parr Calorimeter 6400, following the standard procedure ASTM D240-17, while 178 

kinematic viscosity and density were obtained according to ASTM D445-12 and ASTM D4052-11, respectively. The 179 

main chemical compounds in the light fraction (boiling point range: 70 – 176 ºC) were determined by qualitative gas 180 

chromatography mass spectrometry (GC-MS). In addition, structural level characterization was conducted, 181 

considering advanced high-resolution analytical techniques such as APPI FT-ICR MS for the low-middle, high-182 

middle, and heavy fractions. Finally, the functional groups present in all TPO fractions were analyzed by 1H and 13C 183 

NMR. It is important to note that GC-MS can give the exact chemical structures for the components in light TPO 184 

fractions and is thus employed here. However, due to the high complexity and low volatility of heavier fractions, their 185 

exact chemical structural elucidation is not possible at the current stage. Thereby, FT-ICR MS is used here to achieve 186 

the molecular level characterization of these heavier fractions of TPO. It is also worth mentioning that light 187 

hydrocarbons have low molecular weight, which makes them travel very fast in the ICR cell with possible interference 188 
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of signals that make accurate determination difficult [68]. These compounds are more suitable to be detected by GC-189 

MS. In this regard, FT-ICR MS data for the light fraction is not discussed in this work. 190 

2.2.1 GC-MS: light fraction 191 

The GC-MS analysis of the light fraction was performed in a THERMO Trace GC Ultra with MS DSQ II, to identify 192 

its main chemical compounds. Prior to the analysis, this fraction was diluted in dichloromethane (1:10), which was 193 

also used as an internal standard. A capillary column BP-petro (100m x 0.25 mm ID x 0.5 µm film thickness) was 194 

installed with helium as a carrier gas, with an initial flow of 0.2 mL/min during the first 84 min. The helium flow rate 195 

was then increased from 0.2 to 1.8 mL/min, and this value was maintained constant for the remaining of the test. The 196 

oven temperature was initially set at 40 ºC (4 min), then gradually heated to different heating rates (1 ºC/min up to 55 197 

ºC, 2 ºC/min up to 185 ºC, and finally 10 ºC/min up to 250 ºC). When the oven reached 250 ºC, the temperature was 198 

held constant for 60 min. The temperatures of the injector, the ion source, and of the transfer line were maintained 199 

constant at 300, 230 and 280 ºC, respectively. A sample volume of 1 μl was injected, applying 1:7 split mode. After a 200 

solvent delay of 10.4 min, a full mass spectrum was obtained. The MS was operated in positive electron ionization 201 

mode, and the mass-to-charge ratio (m/z) range from 30 to 500 was scanned. The voltage applied to the multiplier 202 

detector was 1275 V, to find the total ion chromatograms (TICs) in a full-scan acquisition method. Identification of 203 

the peaks was conducted based on computer matching of the mass spectra with the NIST library. When the 204 

identification was accomplished, a selective ion monitoring (SIM) chromatogram of the principal ion of each 205 

compound was extracted from the full-scan spectra. 206 

The molecular weight of the light fraction (MWLF) was empirically estimated according to the dependence of this 207 

parameter on density (see Equation 1) [69].  208 

MWLF = 450.97(ρ)2 − 422.58(ρ) + 207.4 (1) 

Here, the density (ρ) is in g/cm3. This equation is valid for 0.780 ≤ ρ ≤0.827. The MWLF, in g/mol, in combination 209 

with the elemental composition, provided an approximation of the average molecular formula (number of carbon, 210 

hydrogen, nitrogen, oxygen, and sulfur atoms) of the light fraction, as will be shown later. 211 
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2.2.2 APPI FT-ICR MS: low-middle, high-middle, and heavy fractions 212 

FT-ICR MS was used to assess the molecular features of the low-middle, high-middle and heavy fractions of TPO. 213 

The test was conducted on a 9.4 Tesla SolariX FT-ICR MS (Bruker GmbH, Bremen, Germany), equipped with an 214 

APPI source. Samples were dissolved and diluted in pure toluene and then infused directly into the APPI source. As 215 

noted in the introduction, the FT-ICR MS can be combined with different ionization sources. Each source is effective 216 

in ionizing one particular class of compounds over others [49]. However, APPI ionization was used in the present 217 

study since it is very suitable for the ionization of non-polar compounds such as polycyclic aromatic compounds 218 

(PAHs) and polycyclic aromatic sulfur heterocycles (PASHs), known to be abundant in TPO [70]. The APPI source 219 

utilizes a krypton light, which provided 10.6 eV of ionization energy for the analytes, and only singly-charged ions 220 

were observed. The sample molecules were ionized mainly into molecular ions without fragmentation, since APPI is 221 

a soft ionization technique. Then, the ultrahigh resolution and mass accuracy provided by FT-ICR MS made it possible 222 

to assign a molecular formula to each detected ion. 223 

The APPI FT-ICR MS of the samples were acquired within the m/z range between 154 – 1200. The ion accumulation 224 

time in the hexapole was 0.01 s, and each spectrum was acquired by accumulating 300 scans with a time domain size 225 

of eight mega-points, transient length of 4.4739 s. All mass spectra were externally calibrated using 0.05 mg/ml of a 226 

polystyrene solution (m/z from 100 to 1200). The raw data was further recalibrated using a set of homologous alkylated 227 

compounds for each sample. The mass list with signal-to-noise ratio > 5 of each mass spectrum was generated by Data 228 

Analysis V4.5 and imported into the Composer software (Sierra Analytics, Pasadena, California, USA) for chemical 229 

formula assignment [71]. The most likely elemental composition of each monoisotopic mass peak was determined 230 

according to the resulting accurate mass within the range of C1-100H1-200N0-3O0-3S0-3, with an error range of 0.5 ppm. 231 

Chemical formulas were sorted into different compound classes, such as HC (pure hydrocarbon), NS (hydrocarbons 232 

with one additional N atom and one additional S atom), S1 (hydrocarbons with one additional S atom), etc. The 233 

abundance of each molecular class was calculated by the total intensity of the particular class, divided by the intensity 234 

of all assigned peaks. The double bond equivalent (DBE) number for each elemental formula, CcHhNnOoSs, provided 235 

insight on the number of rings and double bonds contained in the sample. DBE was calculated according to Equation 236 

2. 237 
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DBE = c −
h

2
+

n

2
+ 1 (2) 

Here c, h, n, o, and s are the number of carbon, hydrogen, nitrogen, oxygen, and sulfur atoms, respectively. From all 238 

of the molecular formulas assigned to the mass peak, the average molecular weight (MWavg), average number of 239 

carbon atoms (Cavg), average number of hydrogen atoms (Havg), and average DBE number (DBEavg) of each sample 240 

were determined by summing up the product of either m/z, carbon number or DBE number (Pi), multiplied by the 241 

signal intensity (Ii) of each recorded ion and divided by the total intensity of all of the recorded ions (Equation 3). 242 

MWavg =
∑ Pi. Ii

n
i=1

∑ Ii
n
i=1

 (3) 

The average molecular formula of each fraction can be obtained in the form of CcHhOoNnSs, where the subscripts c, 243 

h, o, n, and s represent the respective number of atoms (see Equation 2) in the hypothetical molecule. The number of 244 

atoms (NAi) can be calculated following Equation 4: 245 

NAi  = MWavg . Ai (
1

100 . by

) (4) 

where MWavg is the average molecular weight of the sample determined with Equation 3 for the low-middle, high-246 

middle, and heavy fractions, or the resulting value from Equation 1 (MWLF) for the light fraction. Likewise, Ai and 247 

by are the weight percent obtained from the elemental analysis and the atomic mass in grams per mole of each atom, 248 

respectively. 249 

2.2.3 1H and 13C NMR: light, low-middle, high-middle, and heavy fractions 250 

Samples were prepared by dissolving 100 µl of fuel into 600 µl of deuterated chloroform CDCl3 inside five mm NMR 251 

tubes. All NMR spectra were recorded under the same conditions using a Bruker 700 MHz AVANACIII NMR 252 

spectrometer equipped with Bruker CPTCI multinuclear CryoProbe (BrukerBioSpin, Rheinstetten, Germany). For 253 

quantitative measurements, the 1H NMR spectra were recorded after collecting 64 scans with a recycle delay time of 254 

20 s, using one pulse sequence through a standard (zg) program from the Bruker pulse library. All 13C NMR spectra 255 

were recorded by collecting 12 k scans, using 1D Bruker pulse sequence with inverse gated decoupling (zgig30), and 256 

the recycle delay was set to 10 s for 30-degree flip angle. The chemical shift was corrected using the TMS signal at 257 
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0.0 ppm, as the internal chemical shift reference for both proton and carbon spectra. Bruker Topspin 4.0.4 software 258 

(Bruker BioSpin, Rheinstetten, Germany) was used to collect the spectra and MestreNova was used for data analysis.  259 

The NMR spectra is denoted in terms of the chemical shift (represented in terms of ppm), which is associated with the 260 

resonant frequency of the nuclei relative to the magnetic field. Different nuclei exhibited different shifts, and the 261 

number and position of these shifts are an indication of the molecular structure. 1H NMR spectra had a chemical shift 262 

range between −4 and +14 ppm, while the 13C NMR spectra had a larger chemical shift, ranging from 0 to +220 ppm. 263 

Here, specific regions within the chemical shift range were related to a certain group of nuclei. For instance, hydrogen 264 

atoms in aromatic compounds (including both mono and poly aromatic structures) range from 8.99-6.20 ppm, and 265 

hydrogen atoms in olefinic compounds (CH and CH2 groups) were in the range of 4.50-6.42 ppm. Similarly, aromatic 266 

quaternary carbon atoms in alpha position to sulfur atoms were assigned to a chemical shift between 137-140.5 ppm, 267 

while carbon atoms bridging two aromatic rings in aromatic compounds lay in the range between 129.2–131.7 ppm. 268 

Integrating the peaks in a specific region enabled quantification of the corresponding nuclei respective to other nuclei 269 

in the sample. The chemical shift assignments and nomenclature used for denoting the symbols in this work were 270 

chosen after the methodology proposed by Poveda and Molina [72]. By combining this information with the average 271 

molecular weight and the elemental composition, the number of hydrogen atoms (NAH), or carbon atoms (NAC), 272 

present in a specific arrangement was calculated for each fraction by Equation 5. Here, X refers to either NAH or 273 

NAC, I denotes a 1H or 13C NMR integral area, and the index i refers to a specific chemical shift interval in the NMR 274 

spectra. %X stands for the weight percent of X from the elemental composition. 275 

Xi =  
Ii

I Total

 %X (5) 

Finally, derived average molecular parameters (AMPs), including aromaticity factor (fa), C/H paraffinic, C/H 276 

aromatic, number of naphthenic rings RN, number of aromatic rings (RA), and condensation index (ϕ),  were also 277 

determined for each fraction in agreement with the methodology established by Poveda and Molina [72]. 278 

3. Results and discussion 279 

Fig. 3 shows the appearance of the fractions obtained after the distillation of TPO. As noted, the light fraction (boiling 280 

point range: 70 – 176 ºC) has a yellowish appearance, with low viscosity, resembling gasoline fuel. The low-middle 281 
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(boiling point range: 176 – 240 ºC) and high-middle (boiling point range: 240 – 280 ºC) fractions exhibit a dark 282 

brownish color, and were slightly more viscous than the light fraction, in particular the high-middle fraction. These 283 

qualitative properties may indicate compatibility with diesel or distillate marine fuels. Lastly, the heavy fraction 284 

(boiling point range: 280 – 550.9 ºC) looks black, with high viscosity at room temperature (barely flowing), resembling 285 

bitumen. In addition to a comparison of their properties with those of the petroleum-derived fuels, a detailed 286 

characterization of these fractions is presented in the sections that follow. 287 

 288 
Fig. 3. TPO fractions appearance from left to right: light, low-middle, high-middle, heavy. 289 

 290 
3.1 Physical and chemical characteristics of TPO distillate fractions  291 

Physical and chemical characteristics of light, low-middle, high-middle, and heavy fractions are listed in Table 2. It 292 

is noteworthy that new and alternative fuels such as TPO and its related distillate fractions must have properties similar 293 

to their hydrocarbon counterparts in order to avoid modifications in fueling systems and engines. Careful examination 294 

of standards related to petroleum-derived fuels helps pave the way for assessment of basic properties like volatility, 295 

composition, density, viscosity, and heating value, and provides a first step towards possible uses complimentary with 296 

those established for gasoline (ASTM D4814-19a), diesel fuel (ASTM D975-19c), aviation turbine fuel (ASTM 297 

D1655-19a), or fuel oil (ASTM D396-19a), among others. 298 

Table 2. Physicochemical properties of TPO distillate fractions 299 

Property 
Fractions 

Crude TPO 
Light  Low-middle  High-middle  Heavy  

Boiling point range (ºC) 70 – 176 176 – 240 240 – 285 285 – 550.9 70 – 550.9 

C (wt.%) 86.16 ± 3.0 86.75 ± 3.0 87.76 ± 3.0 87.43 ± 3.0 87.21 ± 3.0 

H (wt.%) 12.24 ± 0.5 10.33 ± 0.5 10.49 ± 0.5 9.70 ± 0.5 10.66 ± 0.5 

N (wt.%) 0.80 ± 0.2 0.50 ± 0.2 0.91 ± 0.2 0.82 ± 0.2 1.23 ± 0.2 

S (wt.%) 0.06 ± 0.04 0.53 ± 0.04 0.82 ± 0.04 0.89 ± 0.04 0.51 ± 0.04 

O (wt.%) 0.64 ± 0.02 1.86 ± 0.02 0.02 ± 0.02 1.16 ± 0.02 0.39 ± 0.02 

H/C 1.70 1.43 1.43 1.33 1.47 

Density @ 25 ºC (kg/m3) 795.47 ± 1.1 873.6 ± 1.1 913.3 ± 1.1 1050 ± 1.1 888.67 ± 1.1 

Kinematic viscosity (cSt) @ 40 ºC 0.66 ± 0.07 2.01 ± 0.07 6.96 ± 0.07 - 1.9 ± 0.07 

High heating value (MJ/kg) 41.91 ± 1.3 43.37 ± 1.3 43.22 ± 1.3 42.48 ± 1.3 43.4 ± 0.38 
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As mentioned earlier, TPO is a complex mixture containing valuable hydrocarbon fractions within a wide boiling 300 

point range (70 to 550.9 ºC). The aim of distillation is to generate fractions which boiling point range coincides with 301 

those of conventional fuels (Table 2), including for instance, gasoline (boiling point range: 35 – 200 ºC), diesel 302 

(boiling point range: 150 – 338 ºC), and heavy fuel oil (boiling point range: 350 – 650 ºC). In this way, the properties 303 

of the fractions obtained could be compared with those of conventional fuels, in order to propose similar applications. 304 

Density is an important property of fuels, which is fundamental in applications such as internal combustion engines, 305 

given that fuel injection systems operate on a volume basis. The density of a fuel changes depending on the carbon 306 

number and compound classes present on it (i.e. paraffins, naphthenes, aromatics). For compounds of the same class, 307 

density increases with the carbon number. For compounds with the same carbon number, the order of increasing 308 

density is paraffins, naphthenes, and aromatics [73].  This property was found to vary among the TPO fractions 309 

between 795.47 kg/m3 (light fraction) and 1050 kg/m3 (heavy fraction). Comparing these values to those of 310 

conventional gasoline (720 – 775 kg/m3) [73], diesel (820 – 845 kg/m3) [73], distillate marine fuels (890 – 900 kg/m3) 311 

[74], residual marine fuels (920 – 1010 kg/m3) [74], and bitumen (1010 – 1060) [75], the light fraction (795.47 kg/m3) 312 

seemed comparable to conventional gasoline, while the low-middle (873.6 kg/m3) was within the range suggested for 313 

conventional diesel fuel. On the other hand, high-middle (913.3 kg/m3) and heavy (1050 kg/m3) fractions seemed to 314 

be more like distillate marine fuels/residual marine fuels [76] and bitumen, respectively. 315 

Viscosity is another important property that determines the fluidity of the fuel at certain temperature conditions. Like 316 

density, it is dependent on temperature, and it decreases as the temperature increases. In thermal systems such as 317 

internal combustion engines, this property is very important in the lubrication of the injection systems and on spray 318 

pattern [74]. If viscosity is not within the prescribed limits established by the engine manufacturer, it may result in 319 

poor combustion, deposit formation, and energy losses [74]. Viscosity for TPO fractions was found to be in the range 320 

of 0.66 cSt (light fraction) and 6.96 cSt (high-middle fraction). The heavy fraction was highly viscous at room 321 

temperature (no flow) and therefore difficult to measure. Relating these values to conventional petroleum-derived 322 

fuels, the light fraction (0.66 cSt), the low-middle (2.01 cSt), and the high-middle (6.96 cSt) can be compared to 323 

gasoline (0.4 – 0.7 cSt), diesel (2.0 – 4.5 cSt) [73], and distillate marine fuel grade DMZ (3 – 6 cSt) [74] fuels, 324 

respectively.  325 
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Another important property to consider in a fuel is its heating value. A common aspect among all fractions is their 326 

high heating value, which can be linked to their high carbon (85 – 88 wt.%) and hydrogen (9.72 – 13.47 wt.%) contents, 327 

as shown in Table 2. The high heating value of the TPO distillate fractions was found to be in the range of 41.91 – 328 

43.37 MJ/kg; these values were close to those reported for conventional gasoline (46.5 MJ/kg) [73], diesel (45.13.0 329 

MJ/kg) [15], and heavy fuel oil (43.0 MJ/kg) [77]. These values also agreed with those specified for marine fuels. For 330 

instance, the heating value for ship fuels is expected to be at least 30 MJ/kg for ideal economical operation [77].  331 

After distillation, the sulfur content was found to gradually increase from the light (0.06 wt.%) to the heavy fraction 332 

(0.89 wt.%), confirming the benefits of distillation to enrich sulfur-containing compounds in the heavy leftover 333 

fraction. Now, further desulfurization strategies can be applied to this heavy fraction, depending on the specific 334 

application. Sulfur distribution among the fractions will be corroborated with the FT-ICR MS data in Section 3.3. The 335 

H/C ratio was found to decrease from 1.7 (light fraction) to 1.33 (heaviest fraction). This value provided insight into 336 

the molecular diversity of the fuel, a relative combination of paraffins, aromatics, naphthenes and olefins. Aromatic 337 

rings have an H/C close to one or lower, while in paraffins, H/C tends to be close to two [64]. In this manner, as the 338 

boiling point increases (as the distillate TPO fraction becomes heavier), it tends to be more aromatic in nature. For 339 

instance, in a previous work by this group [45], high molecular weight compounds (high carbon number) contained 340 

in TPO exhibited a large DBE number (> 20), and hence, a high degree of unsaturation. These compounds can be 341 

linked to highly condensed aromatic structures, which tend to stay in the heaviest fraction [78]. This tendency will be 342 

corroborated by FT-ICR MS and NMR results. 343 

The measured properties such as viscosity, density, and heating value of the TPO fractions are generally comparable 344 

to petroleum-derived fuels such as gasoline (light fraction), diesel (low-middle fraction), distillate marine fuels grade 345 

DMZ (high-middle), and bitumen (heavy fraction). In this regard, similar applications to those established for these 346 

conventional fuels can be considered for the obtained distillate fractions of TPO. Likewise, due to their compatibility 347 

and complete miscibility, blends of such distillate fractions with their related petroleum counterparts can be seen as 348 

an alternative to boost those properties that are out of standard fuel specifications, i.e. sulfur content. Thereby, 349 

applications such as (i) spark ignition engines (light fraction), (ii) boilers or stationary diesel engines for power 350 

generation (low-middle fraction), (iii) marine fuel or mixed with marine fuels to improve their properties (high-middle 351 
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and heavy fractions), are some of the potential alternatives to use TPO fractions. Even so, complementary information 352 

regarding the combustion behavior of each of them is required to strengthen these ideas. 353 

3.2 GC MS: light fraction  354 

The main chemical compounds present in the light fraction derived from the TPO were identified by a qualitative GC-355 

MS analysis, using dichloromethane as an internal standard. Even though multiple peaks appeared in the resulting 356 

spectra (Fig. A1 in the Supplementary Information), which confirms the complexity of this fraction, the most 357 

representative peaks were identified (39 compounds). Fig. 4 illustrates the normalized area percentages of these 39 358 

compounds from the spectra. It can be seen that the main compounds in this mixture are toluene (P7; normalized area 359 

= 13.02 %), 1,3-dimethyl-benzene or m-Xylene (P12; normalized area = 15.82 %), d-limonene (P20; normalized area 360 

= 23.30 %), totaling to circa 50% of the sample. Other species such as ethylbenzene (P11, normalized area = 2.93 %) 361 

and mesitylene (P18, normalized area = 4.05 %) are also represented in the light fraction of TPO. Sulfur (one of the 362 

major drawbacks of TPO) was found in the form of benzothiazole (P25, normalized area = 1.06 %). Table A1 in the 363 

Supplementary Information lists the identified compounds with their linked retention times and normalized area 364 

percentages. 365 

 366 
Fig. 4. Normalized areas of selected compounds of the light fraction of TPO 367 
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These results are in agreement with previous information reported in the scientific literature. Several works have 368 

established that the light fraction of TPO (usually boiling points ranging from 70 to 210 ºC) contain single aromatic 369 

rings (benzene, toluene, xylene) and aliphatic compounds such as limonene (one of the major compounds listed above) 370 

[3,13,14]. In particular, limonene  is a cyclic terpene (C10H16) that exists in its d- and l- forms, as d-limonene and l-371 

limonene [7]. It is a high-value chemical used in the formulation of industrial solvents, resins, adhesives and 372 

fragrances, among others [13]. Due to the occurrence of secondary reactions - especially dehydrogenation -to form 373 

aromatics, high pyrolysis temperatures lead to lower limonene yield; therefore, yields of some aromatic compounds 374 

like benzene, toluene, and xylene (BTX) are inversely proportional to limonene yields [7]. 375 

A number of reaction mechanisms have been suggested to describe the formation of limonene during tire pyrolysis 376 

[79–83]: It might be formed due to poly-isoprene (present in natural rubber) cracking through β-scission and intra-377 

molecular cyclization. At the same time, isoprene could dimerize through a Diels-Alder pathway, and if temperature 378 

and residence time are adequate, limonene reacts further to form aromatics, as mentioned previously [84]. 379 

To illustrate the types of compounds contained in the light fraction, Fig. 5 shows the distribution of different 380 

hydrocarbon families such as paraffins, aromatics, olefins and naphthenes. Most of the compounds present in the light 381 

fraction are found at the intersections between aromatics and paraffins, paraffins and olefins, and naphthenes and 382 

olefins. This distribution highlights the aromatic and unsaturated nature (olefinic structures) of the light fraction, as 383 

well as the presence of a few nitrogen, oxygen, and sulfur-containing hetero molecules.  384 

 385 
Fig. 5. Compound distribution into different hydrocarbon families  386 

According to the information derived from GC-MS, the light fraction of TPO differs from petroleum gasoline since it 387 

contains a greater amount of aromatic and olefinic compounds. Also, petroleum gasoline contains compounds in the 388 
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carbon number range between C4-C12, while the carbon number of the light fraction of TPO ranges from approximately 389 

C6-C18. Despite compositional differences, the light fraction of TPO exhibits physicochemical properties comparable 390 

to those of petroleum gasoline (Table 2). In addition, the MWLF was found to be 156.4 g/mol, which is close to the 391 

gasoline range (60-150 g/mol) [85]. Taking this into account, similar applications can be considered. More information 392 

related to the molecular characteristics of this fraction will be given in Section 3.4 (1H and 13C NMR). 393 

3.3 APPI FT-ICR: low-middle, high-middle, and heavy fractions 394 

APPI FT-ICR MS was employed in this work to clarify compositional and molecular features of the low-middle, high-395 

middle, and heavy fractions of TPO. Fig. 6 shows the mass spectra obtained for each fraction. The spectra obtained 396 

for the low-middle and high-middle fractions shows that most of the compounds contained in these two fractions are 397 

in m/z ratio ranging from 100 to 700. On the other hand, the heavy fraction exhibits a wider distribution, containing 398 

compounds in the m/z ratio range between 100 and 1000. Approximately 413, 813 and 3768 mass peaks were resolved 399 

for the low-middle, high-middle, and heavy fractions, respectively, and a unique chemical formula was assigned to 400 

each mass peak. It is important to note that the molecular formulas assigned to each mass peak may cover several 401 

isomers. 402 

 403 
Fig. 6. APPI FT-ICR mass spectra of low-middle, high-middle, and heavy fractions 404 

Fig. 6 also shows how peaks with the highest intensities are shifted to the right of the m/z axis as the boiling point 405 
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different structural parameters, including MWavg, Cavg, Havg, DBEavg, etc., were deduced for these three fractions and 407 

listed in Table 3. As expected, MWavg increased as the boiling point range increased. The MWavg was found to be 408 

299.94 g/mol, 353.86 g/mol, and 498.43 g/mol for the low-middle, high-middle, and heavy fractions, respectively. 409 

These values aligned well with the carbon and hydrogen number range found for each fraction. The unsaturation level 410 

of each sample was identified by means of the DBEavg number. DBEavg number was found to be 7.33, 8.79, and 13.85 411 

for low-middle, high-middle and heavy fractions, respectively. These values, along with the H/C ratios reported in 412 

Table 3, revealed that the heavy fraction tended to be more aromatic in nature (H/C = 1.305), followed by the high-413 

middle (H/C = 1.39) and finally the low-middle (H/C = 1.42). The H/C values presented the same trend as those 414 

calculated from the elemental analysis and reported in Table 2. 415 

Table 3. Several structural parameters obtained from FT-ICR MS  416 

Parameter 
Fraction 

Low-middle  High-middle Heavy  

MWavg (g/mol) 299.94 353.86 498.43 

Carbon number range 12 – 36 12 – 42 13 – 74 

Cavg 22.17 26.05 37.05 

Hydrogen number range 12 – 58 14 – 66 12 – 106 

Havg 31.52 36.58 48.39 

DBE number range 3 – 14 3 – 17 0.5 – 35 

DBEavg 7.33 8.79 13.85 

H/C  1.417 1.399 1.305 

Combining the elemental composition with the MWavg, and the MWLF, Table 4 shows the number of C, H, S, N and 417 

O atoms in an average molecular formula for all fractions. It can be seen that the number of hydrogen and carbon 418 

atoms reported in Table 4 agrees with the number of atoms for these two elements shown in Table 3. This partially 419 

confirms the reliability of these results from both the macroscopic (elemental analysis) and at the microscopic 420 

(molecular characterization by FT-ICR MS) standpoints. 421 

Table 4. Number of atoms in average molecular formula 422 
Fraction  C H N S O 

Light  11.23 19.37 0.09 0.00 0.06 

Low-middle  25.64 36.75 0.13 0.06 0.41 

High-middle 25.40 36.43 0.23 0.09 0.00 

Heavy  38.36 51.06 0.31 0.15 0.38 

Based on the chemical formula assigned to each mass peak, the compounds identified were grouped in different 423 

molecular classes, depending on the heteroatom content in the molecule. As such, these compounds were divided into 424 

pure hydrocarbons (HC), hydrocarbons containing one nitrogen atom (N1), hydrocarbons containing two nitrogen 425 

atoms (N2), hydrocarbons containing one oxygen atom (O1), and hydrocarbons containing one sulfur atom (S1), among 426 
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others. It is notable that a positive APPI ionization mode leads to protonated ions [M + H]+, along with radical cations 427 

[M+·]. In this study, HC[H] were also recorded. However, to reduce the complexity and ease the analysis and 428 

comparison among the TPO fractions, the molecular classes shown in Fig. 7 include the sums of both [M+·] and [M + 429 

H]+. The relative abundance of each class was calculated as the total intensity of each compound class, divided by the 430 

total intensity of all assigned signals. It can be seen that the most abundant molecular classes present in all the fractions 431 

were HC and S1. The relative abundance of the HC molecular class was found to be 92.94 %, 85.81 %, and 82.12 % 432 

for low-middle, high-middle and the heavy fraction, respectively. Molecules containing S1 were more abundant in the 433 

heavy fraction (10.37 %), followed by the high-middle fraction (8.02 %), and finally the low-middle fraction (4.99 434 

%).  435 

  436 
Fig. 7. Compound class distribution of low-middle, high-middle and heavy fractions 437 

According to these results, sulfur containing compounds (S1) tended to stay in the heaviest fractions (high-middle and 438 

heavy), rather than in the lightest fractions (low-middle). These results are coherent with the elemental composition 439 

reported in Table 2, and confirmed the benefits of distillation to concentrate sulfur containing compounds in the 440 

heaviest fraction, while improving the properties of the lightest fractions. Since sulfur containing compounds in TPO 441 

fractions are mainly in the form of S1 molecules, it may imply that the core skeletal structures are thiophenic, or thiolic 442 

in nature [70]. It is worth noting that detailed knowledge of the molecular characteristics of sulfur containing 443 

compounds is fundamental to define and optimize further upgrading processes. As stated in the introduction, removing 444 

heterocyclic sulfur compounds such as dibenzothiophene (DBT) from TPO fractions is unlikely by means of HP. 445 

9
2

.9
4

0

1
.0

2

1
.5

5

0

4
.9

9

8
5

.8
1

0

5
.6

0
.2

9

0
.2

6

0

8
.0

2

8
2

.1
2

0
.9

8

2
.2

9

0
.1

5 3
.4

4

0
.5

8

1
0

.3
7

HC N1 N2 N2O O1 O2 S1

0

5

10

15

20

25

85

90

95

100

R
el

at
iv

e 
A

b
u

n
d

an
ce

 (
%

) 

Molecular Class

 Low-middle

 High-middle

 Heavy



 21 

Therefore, other techniques, such as ODS, may also be implemented for its ability to remove sulfur atoms in aromatic 446 

structures [86]. A more detailed description of the S1 molecular class is presented later, providing greater insight into 447 

how these sulfur atoms are arranged in the TPO fractions. 448 

Since HC and S1 were the most abundant molecular classes among all TPO fractions, they were classified further into 449 

different sub-families, according to their degree of unsaturation (DBE number). The HC molecular class was divided 450 

into dinaphthenes (DBE: 2 – 3), mono-aromatics (DBE: 4 – 6), diaromatics and naphtheno-aromatics (DBE: 7 – 9), 451 

tri-aromatic and naphtheno-aromatic (DBE: 10 – 12), tetra-aromatics and tetra-aromatics (DBE: 13 – 14), and penta-452 

aromatics and higher, including naphthenic rings (DBE: 16+), as shown in Table 5 [55]. Table 5 also displays 453 

minimum and maximum carbon atoms for each sub-family, including the low-middle, high-middle, and heavy 454 

fractions.  455 

Table 5. Range of DBE number of carbon atoms per sub-family of pure hydrocarbons (HC) class 456 

DBE  
Sub-

family  

Carbon number range 

Min Max 

Low-

middle  

High-

middle 
Heavy 

Low-

middle  

High-

middle 
Heavy 

0 P - - - - - - 

1 N - - - - - - 

2 - 3 DN 12 20 17 21 29 44 

4 - 6 MA 12 12 13 31 36 54 

7 - 9 DA 13 14 13 36 40 58 

10 - 12 TrA 17 17 17 36 42 62 

13 - 14 TeA 22 21 19 35 42 64 

16+ PA+ - 23 21 - 41 74 

P: Normal paraffins and isoparaffins; N: Naphthenes; DN: Dinaphthenes; MA: Monoaromatics, DA+: 

Diaromatics and naphtheno-aromatics; TrA+: Triaromatics and naphtheno-aromatics; TeA+: Tetra-

aromatics and tetra-aromatics with naphthenic rings; PA+: Penta-aromatics and higher, including 

naphthenic rings 

Fig. 8 illustrates the distribution of compounds present in the HC molecular class as a function of the carbon and DBE 457 

values. Here, bubble size represents the relative abundance of the recorded compound. Bubble plots are used to depict 458 

the distribution of different compound classes according to their carbon and DBE numbers. These plots are also 459 

convenient for visualizing the complexity of the molecular size distribution in terms of aromaticity (DBE number) 460 

and degree of alkylation (carbon number), facilitating comparison of different samples (for example, TPO distillate 461 

fractions).  462 
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 463 
Fig. 8. Abundance of pure hydrocarbon (HC) compounds: low-middle, high-middle, and heavy fractions 464 

It is observed in Fig. 8 that in low-middle and high-middle fractions, the most abundant compounds were identified 465 

in the carbon number range between 20 and 30, and DBE numbers between 5 and 15. A wider distribution was found 466 

for the heavy fraction, presenting carbon and DBE values in the range of 20 – 50 and 5 – 25, respectively. The high 467 

DBE numbers (BDE > 20) in the heavy fraction can be related to condensed aromatic structures [78]. In general, the 468 

evident aromaticity of TPO distillate fractions (in this case, the HC molecular class) is associated with the aromatic 469 

nature of rubber (styrene butadiene rubber) and the cyclisation of olefinic structures, followed by dehydration and 470 

Diels-Alder reactions, occurring during waste tire pyrolysis [13]. These reactions are favored at high temperatures. 471 

Thus, high pyrolysis temperatures tended to increase the formation of mono- and polyaromatic hydrocarbons. After 472 

distillation, light aromatic hydrocarbons were found in the lightest fractions, while more complex aromatic structures 473 

were mainly distributed in the heavier fractions. This trend is more easily visualized by means of the sub-families 474 

summed abundance plots, which are presented later. 475 

Similarly, for the S1 molecular class, Table 6 reports the carbon number distributions for each sub-family, also sorted 476 

according to their respective DBE numbers. As a result, a DBE number higher than three in this molecular class, may 477 

suggest that the core skeletal structures of sulfur-containing compounds in TPO were thiophenic or thiolic in nature. 478 

Therefore, S1 was classified in the following sub-families: thiophenes (DBE: 3), benzothiophenes (DBE: 6), 479 

dibenzothiophenes (DBE: 9), benzonaphthothiophenes (DBE: 12), and their related naphthenic derivatives (DBE 480 

number ranges between 4 and 5, 7 and 8, 10 and 11, and 13 and 15).  481 
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Table 6. Range of DBE number of carbon atoms per sub-family of S1 molecular class  482 

DBE 
Sub-

family 

Carbon number range 

Min  Max 

Low-middle  High-middle Heavy Low-middle  High-middle Heavy 

0 - 2  SD  - - - - - - 

3 - 5 TH 15 18 20 25 30 35 

4 - 7 BTH 16 16 17 30 35 48 

8 - 11 DBT  18 18 17 30 35 51 

12+ BNT - 20 19 - 34 60 

SD: sulfide; Th: thiophene; BT: benzothiophene; DBT: dibenzothiphene; BNT: benzonaphthothiophene 

Fig. 9 shows the distribution of compounds contained in the S1 molecular class as a function of the carbon and DBE 483 

numbers. The most abundant S1 identified compounds, in the low and high-middle fractions, were found in the carbon 484 

number range of 20 to 30 and DBE numbers between 3 and 10. In the heavy fraction, these compounds were found in 485 

the carbon number range of 20 to 50, and DBE number between 5 and 20. According to Dung et al. [87], the formation 486 

of aromatic structures containing sulfur atoms during the pyrolysis of waste tires could mainly be attributed to: (i) the 487 

combination of available olefins and free sulfurs, (ii) the combination of sulfur-containing compounds with olefins, 488 

via the Diels-Alder reactions, and (iii) the direct cracking of tire molecules where the sulfur atoms reside. These 489 

authors also suggested that these structures are commonly distributed in the heaviest fractions. Accordingly (and 490 

analogous to HC), the high DBE numbers (DBE > 20) of the S1 molecular class in the heavy fraction suggest the 491 

presence of sulfur atoms in condensed aromatic structures (i.e. benzonaphthothiophene). This will be also illustrated 492 

in the summed abundance plots. 493 

 494 
Fig. 9. Monosulfur (S1) compounds abundance: low-middle, high-middle, and heavy fractions 495 
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According to the sub-families previously defined, the HC and S1 compound distributions and their summed 497 

abundances are plotted in Figs. 10a and 10b, respectively. The HC molecules present in low-middle and high-middle 498 

fractions were mainly in the form of mono-aromatics (MA: 40% and 19%) and diaromatics and naphtheno-aromatics 499 

(DA+: 44% and 46%). However, the heavy fraction showed more complex structures, so they were found in the form 500 

of tri-aromatics and naphtheno-aromatics (TrA+: 21%), tetra-aromatics and tetra-aromatics with naphthenic rings 501 

(TeA+: 14 %), and penta-aromatics and higher (PA+: 42 %). None of the distributions found for all fractions showed 502 

any fully saturated species (DBE number between zero and three), which could be associated either with their absence 503 

or the inability of alkanes to form stabilized ions when using APPI ionization mode [88]. This hypothesis is 504 

corroborated with the NMR results in the following section. In Fig. 10b, S1 containing compounds in the low-middle 505 

and high-middle fractions were mainly present in the form of benzothiophenes (BT), while in the heavy fraction, these 506 

monosulfur compounds had a major presence in the form of benzonaphthothiophene (BNT). 507 

a) 

 

b) 

 

Fig. 10. Compound sub-families according to DBE number and summed abundance 508 

3.4 1H and 13C NMR: light, low-middle, high-middle, and heavy fractions 509 

The chemical environments for proton and carbon atoms in TPO fractions were characterized by 1H and 13C NMR, 510 

respectively. Fig. A2 and Fig. A3 in the Supplementary Information show the 1H and 13C NMR spectra obtained for 511 

all distillate fractions. The chemical shift assignments used in this work for 1H NMR and 13C NMR are reported in 512 

Tables 7 and Table 8, respectively. The methodology implemented to define the chemical shift regions was taken 513 

from Poveda and Molina [72], and from Abdul Jameel et al. [65]. The number of hydrogen and carbon atoms in an 514 

average molecule contained in aromatic, paraffinic, olefinic, and naphthenic structures for the light, low-middle, high-515 

middle, and heavy fractions are reported in Tables 7 and Table 8. 516 
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 517 
Table 7. 1H NMR chemical shift assignments 518 

Symbol  Hydrogen type 
Chemical 

shift 

Number of hydrogen atoms (NAH) 

Light 
Low-

middle  

High-

middle 
Heavy 

HArma Aromatics  6.42-8.99 2.92 5.61 3.75 2.69 

Hole olefinic CH-CH2 groups 4.50-6.42 2.79 3.00 2.22 0.63 

HCHα CH group α to aromatic ring 2.88-3.40 0.12 0.82 0.52 0.14 

HCH2α CH2 group α to aromatic ring 2.64-2.88 0.25 0.55 1.20 0.14 

HCH3α CH3 group α to aromatic ring 2.04-2.64 2.83 6.26 4.66 1.65 

HNaph naphthenic CH-CH2 groups 1.57-1.96 5.40 8.13 5.25 0.65 

HPar-CH Paraffinic CH groups 1.39-1.57 0.77 0.71 0.70 0.55 

HPar-CH2 Paraffinic CH2 groups 0.94-1.39 2.69 7.24 8.11 28.21 

HPar-CH3 Paraffinic CH3 groups 0.25-0.94 1.59 4.43 10.01 16.40 

Total 19.37 36.75 36.43 51.06 

 519 

Table 8. 13C NMR chemical shift assignments 520 

Symbol  Carbon type 
Chemical 

shift  

Number of carbon atoms (NAC) 

Light 
Low-

middle 

High-

middle 
Heavy 

CAr Aromatic quaternary C 140.5-160.0 0.53 1.82 1.88 3.26 

CArα-S Aromatic quaternary C α to S atom 137.0-140.5 0.47 1.47 1.44 2.66 

CArα-CH3 Aromatic C α to position CH3 group 131.7-137.0 0.65 1.54 1.39 0.70 

CAr, AA Aromatic C bridging 2 aromatic rings 129.2-131.7 0.53 0.92 0.37 0.28 

CAr, AAA Aromatic C bridging 3 rings 

85.0-129.2 

0.94 2.60 3.30 8.54 

Cole Olefinic CH - CH2 0.68 1.20 0.77 0.39 

Car-H Aromatic protonated C 1.79 4.43 3.57 1.97 

CPar-C Paraffinic quaternary C 50.0-60.0 0.08 0.10 0.03 0.02 

CNaph Naphthenic CH and CH2 40.5-50.0 0.43 0.59 0.28 0.16 

CPar-CH Paraffinic CH 35.0-40.5 0.62 0.75 0.73 0.82 

CPar-CH2 Paraffinic CH2 21.5-35.0 2.28 5.96 6.77 13.01 

CPar-CH3α-Ar Paraffinic CH3 α to aromatic ring 18.5-21.5 1.05 2.21 1.92 1.89 

CPar-CH3 Paraffinic CH3 3.0-18.5 1.19 2.06 2.93 4.67 

Total 11.23 25.64 25.40 38.36 

 521 

According to the information reported in Tables 7 and Table 8, Fig. 11 illustrates the distribution of hydrogen and 522 

carbon atoms for each fraction. A significant amount of hydrogen atoms in aromatic structures was observed for the 523 

light fraction, which is linked to the important presence of protonated single aromatic rings such as benzene, toluene, 524 

xylene, etc., in agreement with the information obtained by GC-MS (Section 3.2). In addition, the existence of 525 

hydrogen and carbon atoms in olefinic and naphthenic structures is associated with compounds like limonene, also 526 

one of the major species in this fraction. As the boiling point increased, fewer aromatic rings were protonated and 527 

hydrogen atoms were mainly found in paraffinic structures such as paraffinic CH3 and paraffinic CH2. This could be 528 

attributed to two possible reasons: (i) the aromatic rings were fused, or (ii) the presence of multiple alkyl side chains. 529 

Indeed, the distribution of carbon atoms showed that there was an increase of the aromatic carbons bridging three 530 
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rings together (CAr, AAA) and aromatic quaternary carbons, while a decrease of the aromatic protonated carbons (Car-531 

H), from the light to the heavy fractions. 532 

 533 

 534 
Fig. 11. Hydrogen and carbon atoms distribution  535 
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branching decreases with an increase in boiling point, as evidenced by the decrease of paraffinic CH groups, as seen 539 

in Fig. 11. The inverse relationship between degree of branching and boiling point is due to weaker Van Der Waals 540 

forces between the branched structures, since there is less surface area for intermolecular interactions, in contrast to 541 

straight chains [89]. In addition, naphthenic and olefinic hydrogen and carbon atoms showed a gradual decrease from 542 

the light to the heavy fraction. Based on the information obtained by means of 1H and 13C NMR, different AMPs were 543 

determined and listed in Table 9. 544 

Table 9. Derived average molecular parameters 545 

AMPs Description  Light  
Low-

middle 

High-

middle 
Heavy 

Aromaticity 

factor (fa) 

Ratio of the number of aromatic C atoms to total number of 

C atoms in the sample  
0.44 0.49 0.47 0.44 

(C/H) Paraffinic  
Ratio of number of C atoms to H atoms in the paraffinic 

content of the sample 
0.58 0.55 0.49 0.43 

(C/H) Aromatic  
Ratio of number of C atoms to H atoms in the aromatic 

content of the sample 
1.55 2.28 3.19 6.48 

C/H Ratio of number of C atoms to H atoms in the sample 0.53 0.70 0.70 0.75 

RN Total number of naphthenic rings in an average molecule 0.28 0.45 0.26 0.14 

RA Total number of aromatic rings in an average molecule 2.26 3.86 3.80 6.35 

RT Total number of rings in an average molecule 2.54 4.31 4.06 6.49 

ϕ  
Ratio of total number of aromatic C in poly-condensed 

structures to number of aromatic C atoms 
0.30 0.28 0.31 0.51 

Significant differences can be seen in parameters such as (C/H)Aromatic, which increased from the lightest to the heaviest 546 

fraction. For instance, a value of 6.48 in the heavy fraction indicates that in an aromatic structure, six of the carbon 547 

atoms were non-protonated. In contrast, a value of 1.55 in the light fraction indicates that most of the aromatic carbons 548 

were protonated. In the case of (C/H)Paraffinic, a value of ~ 0.5 implied that most of the paraffinic structures were 549 

straight-chained. Two other important parameters that varied between the different fractions were RA and RN, which 550 

increased from 2.26 to 6.35, and decreased from 0.28 to 0.14, respectively. Therefore, as a general trend, the number 551 

of aromatic rings increased, while the number of naphthenic rings decreased as the fractions became heavier. 552 

Finally, the condensation index (ϕ) changed from 0.30 in the light fraction to 0.51 in the heavy fraction. This parameter 553 

provides a relationship between the total number of aromatic carbon atoms and the aromatic carbon atoms that formed 554 

poly-condensed structures. Here, a value of zero denotes the absence of a condensation center, while a value of 0.7 555 

accounts for structures that were highly condensed [65]. The high condensation index of the heavy fraction agreed 556 

with the information previously reported from the FT-ICR MS analysis in Section 3.3, which also revealed the 557 

presence of condensed aromatic structures in this fraction. 558 
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4. Conclusions 559 

TPO was divided into four different fractions by distillation, in order to explore their physical, chemical and molecular 560 

properties individually. Properties such as viscosity, density and heating value suggested that TPO fractions can be 561 

comparable to petroleum-derived fuels such as gasoline (light fraction), diesel (low-middle fraction), distillate marine 562 

fuels (high-middle), and bitumen (heavy fraction); for this reason, similar applications to those established for these 563 

conventional fuels can be considered. GC-MS analysis of the light fraction confirmed the presence of light aromatic 564 

hydrocarbons like benzene, toluene and xylene, as well as aliphatics like limonene.  FT-ICR MS results revealed that 565 

pure hydrocarbons (HC) and hydrocarbon containing one sulfur atom (S1) were the most significant molecular classes 566 

found in the low-middle, high-middle and heavy fractions. HC in the low-middle and high-middle fractions were 567 

mainly in the form of MA (40% and 19%) and DA (44% and 46%), while in the heavy fraction they were in the form 568 

of TrA (21%), TeA (14 %), and PA+ (42 %). On the other hand, S1 in the low-middle and high-middle fractions were 569 

present mainly in the form of BT (59 % and 58 %), while in the heavy fraction, these monosulfur compounds were 570 

(to a major extent) in the form of DBT (56 %). The identification of different functional groups by NMR revealed the 571 

significant presence of hydrogen and carbon atoms in paraffinic structures, although FT-ICR MS did not show any 572 

fully paraffinic one. This can be associated with the inability of alkanes to form stabilized ions when using the APPI 573 

ionization mode. The use of distillation to divide TPO into different fractions allowed concentration of sulfur 574 

containing compounds and highly aromatic structures in the heaviest fraction, in turn improving the characteristics of 575 

the lightest fractions. In this way, application and upgrading strategies could be established more effectively for each 576 

fraction individually, rather than for the raw TPO. For example, according to the characteristics of the sulfur containing 577 

compounds in the heavy fraction, ODS can be a potential upgrading pathway. 578 
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