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Abstract  

Tire pyrolysis oil (TPO) is a complex mixture of hydrocarbons, and it is one of the useful fractions obtained 

from the pyrolysis of waste tires (WT). As a result of its high energy density (HHV ~ 43 MJ/kg), TPO use as a 

fuel in combustion systems is a promising approach for recycling WT. However, fundamental fuel characteristics 

and combustion properties of TPO are still unexplored, which stand as a bottleneck for potential applications. 

This work pursues a comprehensive understanding of the structural characteristics of a TPO produced in a lab-

scale twin-auger reactor as a first step towards defining applications and upgrading strategies. Therefore, 

advanced analytical techniques such as Fourier Transform - Ion Cyclotron Resonance Mass Spectrometry (FT-

ICR MS), and 1H and 13C Nuclear Magnetic Resonance (NMR) spectroscopy were utilized. In addition, we also 

present the characterization of a TPO obtained from adding CaO to WT, as a low-cost catalytic material for its 

in-situ upgrading, herein named TPO[CaO]. FT-ICR MS results revealed the significant presence of pure 

hydrocarbons (HC) (HC(TPO) = 74.9 % and HC(TPO[CaO]) = 78.6 %) and hydrocarbons containing one sulfur atom 

(S1) (S1(TPO) = 14.3 % and S1(TPO[CaO]) = 13.9 %). HC compounds were found mainly in the form of tri-aromatics 

(26 %), tetra-aromatics (13 and 15 %), and penta-aromatics (22 and 30 %), while S1 compounds in the form of 

dibenzothiophene (31 %) and benzonaphthothiophene (34 %). The resolved compounds by means of FT-ICR 
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MS exhibited an average double bond equivalent (DBE) number of 11.3 and 12.2 for TPO and TPO[CaO], 

respectively. These high DBE values were indicators of the significant presence of condensed aromatic 

structures.  1H NMR analysis showed that hydrogen atoms in methylene (CH2), methyl (CH3), and naphthenic 

groups, as well as hydrogen atoms in aromatic structures make up more than 80 % of both fuels. Similarly, 

carbon atoms in paraffinic groups (both CH2 and CH3) and protonated carbons in aromatic rings together form 

more than 50 % of the carbon atoms in TPO and TPO[CaO]. The information reported in this work provides 

new insights into the structural characteristics of the TPO obtained in promising technology as the twin-auger 

reactor for its use as a fuel, as well as for the design of upgrading strategies.  

Keywords: Tire pyrolysis oil, chemical structure, FT-ICR, NMR, average molecular parameters. 

1. Introduction 

Interest in the use of alternative fuels is growing, especially those obtained from non-edible sources and/or 

produced from waste, such as plastics and waste tires (WT) [1–3]. This is due to the vulnerability, environmental 

impact, and price variability of fossil fuels, as well as the added problem of disposing WT. The use of alternative 

fuels without any significant modification in combustion systems, referred to as drop-in fuels [4,5], has led to 

extensive research in the areas of fuel chemistry and fuel design, in order to develop advanced fuels [6–9]. There 

is an expanded search for new fuels from renewable or waste feedstock that can compete with petroleum-derived 

fuels. A detailed study of fuels from waste is therefore needed to find their best applications in targeted 

combustion systems [10]. 

Tire pyrolysis oil (TPO) is the liquid fraction obtained in the pyrolysis of WT. It contains a significant renewable 

portion due to the presence of natural rubber in tires [11]. Therefore, its use as fuel is in accordance with 

worldwide guidelines regarding the promotion of renewable energy, for instance the 2009/28/EC European 

directive. This suggests that TPO could be a suitable component in the variety of alternative fuels needed to 

supply the growing energy demand. 

TPO is a dark-brown liquid containing a complex mixture of several hydrocarbon families with a wide carbon 

number range (C5–C50), some heteroatoms including sulfur and nitrogen, as well as oxygen to a minor extent. 
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Its H/C atomic ratio is around 1.5, which indicates the presence of both aliphatic (paraffins) and aromatic 

compounds [12,13]. This oil has high energy density (HHV: 40-44 MJ/kg), and physical and chemical properties 

comparable to those of crude oils, such as kinematic viscosity (1.70-17.80 cSt) and density (871-995 kg/m3) 

[10,11,14–16]. Elemental bulk carbon, hydrogen, nitrogen, sulfur and oxygen contents are usually in the range 

of 83-87 wt.%, 9-11 wt.%, 0.4-1 wt.%, 0.6-1.4 wt.%, 0.2-2.1 wt.%, respectively, depending on feedstock 

composition and on pyrolysis conditions (temperature, residence time, etc.) [11]. TPO is a mixture of different 

hydrocarbon families with boiling points ranging from 70 ºC to 450 ºC, or higher. Hita et al. [14] reported that 

TPO could be fractionated into 25.7 wt.% naphtha (boiling point 36 - 216 ºC), 44.5 wt.% diesel (boiling point 

216 - 343 ºC) and 29.8 wt.% gasoil (> 343 ºC). This suggests that TPO can be considered as an unrefined 

hydrocarbon source [11]. Light aromatic hydrocarbons (benzene, toluene, xylene, and ethylbenzene), 

polyaromatic hydrocarbons (naphthalene), aliphatic hydrocarbons (dodecane, tridecane), and monoterpenes 

(limonene) seem to represent some of the major compounds in the mixture [17–20]. In general, yields and 

physicochemical properties of TPO are closely related to the tire composition, reactor technology, and main 

pyrolysis-governing variables (i.e. temperature, pressure, heating rate, residence time, etc.). Several works 

reported in literature associated with WT pyrolysis have aimed at developing a complete understanding about 

how these parameters influence TPO [11,12,15,21–25].  

Among others, the combustion chemistry of a fuel depends on its molecular distribution and on its constituent 

functional groups [26,27]. As such, identifying and quantifying functional groups in the fuel helps in predicting 

its physical, chemical, and combustion properties, which are otherwise difficult to be experimentally measured 

[28]. Functional groups (determined by NMR spectroscopy [29]) are structural moieties that impart characteristic 

physical, chemical, and combustion properties  to the molecule [26,30]. Likewise, structural characteristics such 

as the degree of branching (methylation) and the position of the branches in the molecule are defining 

contributors to the combustion reactivity (ignition delay) [26]. Abdul Jameel et al. [6] demonstrated the high 

negative impact of branching index (a structural parameter that quantifies the degree of branching by considering 

the number and position of the alkyl substitutions) on derived cetane number – DCN, and its positive influence 

on octane number [6]. Moreover, physical processes, such as spray formation and vaporization, are related to 

the molecular weight and molecular structure of the fuel. Alkyl substitutions also affect physical properties, such 
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as boiling point and volatility. All these facts suggest that defining the structural characteristics is an important 

step in identifying and improving applications of alternative fuels [31]. In addition, the molecular analysis of 

fuels such as TPO is valuable for the advancement of scientific knowledge, and for obtaining accurate predictions 

of the combustion behavior through Quantitative Structure-Property Relationship (QSPR) based models [32–

34].  

Due to the complex nature of TPO, unraveling its structural features has been a challenging undertaking. Despite 

its high energy density, much is not yet known about the structural properties influencing its combustion 

characteristics. Hence, a complete understanding of these characteristics is needed in order to provide new 

insights for its use in practical combustion applications, and for fuel upgrading strategies. As an example, 

different sulfur-containing compounds (one of the main drawbacks of TPO) behave differently when subjected 

to different desulfurization processes (i.e. oxidative desulfurization, hydrodesulfurization, extractive 

desulfurization, etc.) [35]. A proper understanding of the molecular characteristics of the sulfur-containing 

compounds present in TPO would help to select and optimize desulfurization steps. This knowledge will also be 

key to understanding gaseous and particulate matter emissions [8], as well as to define strategies to reduce TPO 

impacts on the environment and on human health. Thus, combustion and emission control systems could be 

either enhanced or modified to make TPO viable as a fuel for road transportation, marine transportation (low 

sulfur fuel oil), power generation (gas turbines/stationary diesel engines), or industrial applications (boilers) 

from a technical, economic, and environmental point of view.  

The extent of knowledge regarding TPO’s molecular structure is rather limited due to its complexity, which 

renders molecular resolution with conventional analytical techniques quite difficult. Fourier transform-infrared 

(FT-IR) spectroscopy has been used to identify functional groups and types of bonds in TPO molecules, hence 

revealing some chemical properties [36,37]. This technique allows not only a qualitative analysis, but also a 

semi-quantitative analysis, based on the area of the absorption bands appearing in a specific wavelength of the 

spectra [38]. However, it does not provide a broad description of the fuel. Gas chromatography coupled to mass 

spectroscopy (GC-MS) is a powerful analytical technique to analyze individual components in complex 

mixtures. This technique has been widely applied in TPO characterization [39]. Nevertheless, it requires an 
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operational temperature of 300 ºC or lower, due to the thermal stability limitations of the column’s stationary 

phase [35]. Low to middle molecular weight compounds, including gas, naphtha, and middle distillates 

(kerosene, jet fuel, and diesel) can be detected by GC-MS. For higher boiling point fractions, many isomers 

remain partially or completely unresolved [35]. Hence, this technique is unable to completely analyze complex 

fuels like TPO, which contain high boiling point compounds.  

High-resolution analytical techniques such as Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 

(FT-ICR MS) and Nuclear Magnetic Resonance (NMR) are ideally suited to characterize complex and high 

molecular weight fuels that possess uncountable individual molecules, with the presence of heteroatoms. FT-

ICR MS can resolve ions at the molecular level by assigning a unique elemental composition to each mass peak. 

It also detects extremely low mass differences at the order of one electron [40]. Samples are diluted by selected 

solvents, directly infused and then ionized by means of different ionization methods (i.e. atmospheric pressure 

photo ionization − APPI, electrospray ionization − ESI, atmospheric pressure chemical ionization − APCI, etc.) 

before being detected by FT-ICR MS. This technique has been reported in literature to study a number of samples 

such as base oil [41], heavy fuel oils [42], furnace oil [43], coal liquefaction products [44,45], microalgae bio-

crude oil [46], and lubricants [47], among others. 

Likewise, 1H and 13C NMR are potential techniques to quantify the type of hydrogen and carbon atoms present 

in a fuel [48]. The information obtained from NMR can be used by itself or in combination with other data (e.g. 

elemental analysis and/or the average molecular weight obtained from FT-ICR MS) as an approach to estimate 

the overall/average molecular structure of complex mixtures [49]. This technique provides valuable information 

for predicting combustion characteristics and emissions. For instance, it has been widely used to predict fuel 

combustion properties by using molecular descriptors such as octane (RON and MON) [50] and cetane [6] 

numbers. Similarly, the structural information can be related to physical and chemical properties, as well as to 

kinetic parameters [26].  

The information currently reported in the scientific literature does not provide a comprehensive characterization 

of TPO. Therefore, the aim of the present investigation is to understand the structural characteristics of TPO 

produced in a twin-auger reactor using a number of advanced analytical techniques such as APPI FT-ICR MS, 
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1H and 13C NMR, and elemental analysis (CHNSO). Due to the relatively high sulfur content of TPO, a second 

TPO sample (TPO[CaO]) was produced with the addition of CaO during pyrolysis in order to test its potential 

for upgrading the fuel. This sample was then characterized using the same analytical techniques employed for 

TPO, in order to compare and contrast their structural characteristics.  

2. Materials and methods 

2.1 Production of test fuels 

Two different fuel samples were assessed in this work, named as TPO and TPO[CaO]. Both samples were 

obtained in a continuous pyrolysis process conducted in a lab-scale twin-auger pyrolysis plant with a nominal 

capacity of 1 kg/h. TPO was produced by feeding WT granulate — a non-specified mixture of rubber without 

the steel thread and textile netting with a particle size between 2 - 4 mm, provided by a Colombian tires recycling 

company — into the reactor. These granulate possess carbon, hydrogen, nitrogen, oxygen, and sulfur contents 

of 82.4 wt.%, 8.2 wt.%, < 0.1 wt.%, 0.8 wt.%, and 1.9 wt.%, respectively. In addition, WT also contain 

significant amounts of volatile matter (62.2 wt.%, dry basis) and fixed carbon (29.9 wt.%, dry basis) associated 

with rubber (both natural and synthetic) and several carbon blacks used in tire manufacture, respectively, and 

low content of ash (6.9 wt.%, dry basis) linked to inorganic fillers. On the other hand, TPO[CaO] was obtained 

adding 15 wt.% of CaO with a particle size of 149-841 µm in an independent and continuous manner during 

pyrolysis based on a fixed WT mass flow rate. In both cases, the experimental conditions were: (i) pyrolysis 

temperature: 475 °C, (ii) residence time of the solids: 3.5 min, (iii) mass flow rate of waste tires: 1.16 kg/h, and 

(iv) volumetric flow rate of N2: 300 mL/min. These conditions were selected as those maximizing the yield of 

TPO, while keeping the volatile matter content in the recovered carbon black (rCB) as low as possible. A detailed 

description of the continuous twin-auger pyrolyzer, the pyrolysis experimental conditions, and the procedures to 

characterize the feedstock can be found in our previous work [51]. 
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2.2 Characterization of test fuels  

TPO and TPO[CaO] were initially characterized in terms of elemental composition using a Thermo Fischer 

Scientific 2000 apparatus, using lubricant oil (C: 82.07 wt.%, H: 13.62 wt.%, N:1.09 wt.%, S: 3.22 wt.%) as a 

standard for calibration. The initial characterization also included the determination of higher heating value 

(ASTM D240-17), density (ASTM D4052-11), kinematic viscosity (ASTM D445-12), water content (ASTM 

E203), and simulated distillation curve (ASTM D7500). 

2.2.1 APPI FT-ICR MS 

Mass spectrometry was conducted in a 9.4 Tesla SolariX FT-ICR MS (Bruker GmbH, Germany) equipped with 

an APPI source. Both TPO and TPO[CaO] were diluted in pure toluene and directly injected into the APPI 

source. The FT-ICR mass spectra of the samples were acquired using positive APPI ionization mode with a mass 

range of 154 – 1200 m/z. The APPI source uses a krypton light, which provides 10.6 eV of ionization energy for 

the analytes; only singly charged ions were observed. The sample molecules were mainly ionized into molecular 

ions without undergoing fragmentation. The ion accumulation time in the hexapole was 0.01 s, and each 

spectrum was acquired by accumulating 300 scans with a time domain size of 8 mega-points, and a transient 

length of 4.4739 s. All mass spectra were externally calibrated using 0.05 mg/ml of a polystyrene solution (from 

100 to 1200 m/z). Raw data was further recalibrated during data analysis using a set of homologous alkylated 

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

by Data Analysis V4.5 and imported into the Composer software (Sierra Analytics, Pasadena, California, USA) 

for the assignment of chemical formulas [52]. With an error range of 0.5 ppm, the most likely elemental 

composition of each monoisotopic mass peak was calculated according to the determined accurate mass within 

the range of C1-100H1-200N0-3O0-3S0-3. Then, in order to achieve an overview of the compound distributions, all 

the assigned chemical formulas were divided into molecular classes (i.e. HC, S1, S2, O, N, etc.) according to the 

heteroatom content. The relative abundance of each molecular class was calculated as the total intensity of the 

particular class divided by the intensity of all assigned peaks. Based on the assigned molecular formula to each 

mass peak appearing in the spectrum, the double bond equivalent (DBE) number was calculated following 
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Equation 1. The subscripts c, h, o, n, and s represent the number of carbon, hydrogen, oxygen, nitrogen, and 

sulfur atoms, respectively, in the assigned molecular formula (CcHhNnOoSs). 

DBE = c −
h

2
+

n

2
+ 1 (1) 

The average molecular weight (MWavg) was determined by summing the product of m/z (Pi) with the signal 

intensity (Ii) of each recorded ion, then dividing by the total intensity of all the ions recorded (Equation 2). 

Similarly, the average number of carbons and the average DBE number were also calculated. 

MWavg =
∑ Pi  Ii

n
i=1

∑ Ii
n
i=1

 (2) 

2.2.2 
1
H and 

13
C NMR  

The solvent used was deuterated chloroform (CDCl3). 50 μl of the sample were diluted into 600 μl of CDCl3. 

0.6 ml of the diluted mixture were transferred into 5 mm NMR tubes. A 700 MHz Bruker AVANCE III 

spectrometer was used to obtain the spectra at 298 K. The spectrometer was equipped with a Bruker CP TCI 

multinuclear CryoProbe (from Brukerbiospin, Rheinstetten, Germany). In order to record the 1H NMR spectra, 

128 scans were collected with a recycle delay time of 10 s. A standard one-dimensional (1D) 90° pulse sequence 

was used with standard (zg) program from the Bruker pulse library. Tetramethylsilane (TMS) was used as the 

internal chemical shift reference for both 1H and 13C spectra. A spectral width of 14,098 Hz was digitized into 

64,000 data points to collect the free induction decay (FID). In order to record the 13C NMR spectra, a 1D 

sequence was used with power gate decoupling, along with a 30° flip angle, using the standard 1D pulse sequence 

zgig30 program from the Bruker pulse library. Fourier transformation was applied after applying a line 

broadening of 1 Hz. Bruker Topspin 4.0.4 software (Bruker BioSpin, Rheinstetten, Germany) was used to collect 

the spectra and MestreNova was used for both spectral post-processing and for data analyses.  

2.2.3 Average molecular parameters (AMPs)  

AMPs enable the structural elucidation of complex hydrocarbon fuels. They are obtained by combining the NMR 

data with elemental analysis and the average molecular weight (determined from FT-ICR MS). This method 
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provides the total distribution of both carbon (from 13C NMR) and hydrogen (1H NMR) atoms in a fictitious 

average molecule of the fuel (i.e., number of carbon and hydrogen atoms in paraffinic, naphthenic, olefinic, 

aromatic, etc., compounds) [53]. The NMR spectra is represented in terms of the chemical shifts (usually given 

in terms of ppm), which is associated with the resonant frequency of the nuclei relative to a magnetic field. 

Different nuclei exhibit different shifts, and the splitting pattern along with the position of these shifts shed light 

into the molecular structure. 1H NMR spectra have a typical chemical shift range between 0 and +14 ppm, while 

13C NMR spectra have a larger chemical shift range between 0 and +220 ppm. Specific regions within the spectra 

can be assigned to a group of nuclei. For instance, hydrogen atoms in poly-aromatic compounds give rise to 

signals between 7.20-8.99 ppm, while hydrogen atoms in paraffinic CH3 groups lie between 0-0.97 ppm. 

Similarly, carbon atoms in aromatic quaternary compounds produce peaks between 140.5-160.0 ppm, while 

paraffinic quaternary carbon atoms do so between 50.0-60.0 ppm [49]. NMR spectroscopy is an inherently 

quantitative technique, as the area under each peak (integral) is proportional to the concentration level and the 

number of these nuclei in each molecule existing in the mixture sample.  

An AMP can be determined by means of Equation 3. X refers to either C or H atoms, I denotes 1H or 13C 

NMR integral area, and index i refers to a particular chemical shift interval in the NMR spectra. %X stands for 

the weight percent of X from the elemental composition. 

Xi =  
Ii

I Total

 %X (3) 

The average molecular formula of TPO and TPO[CaO] can be obtained in the form of CcHhOoNnSs, where the 

subscripts c, h, o, n, and s represent the respective number of atoms (see Equation 1) in the hypothetical 

molecule. The number of these atoms can be calculated following Equation 4: 

Number of Atoms = MWavg ×  %X (
1

100 ×  ay

) (4) 

MWavg is the average molecular weight of the sample, obtained by means of APPI FT-ICR MS. From Equation 

2, %X is the weight percent of the respective element (C, H, N, S, O) obtained from the elemental analysis, and 

ay is the atomic mass of the respective element, in grams per mole. The chemical shift assignments and the 
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nomenclature used for denoting the symbols in this work were chosen following the methodology proposed by 

Poveda and Molina [31]. Derived AMPs, such as aromaticity factor (fa), C/H ratio, average chain length (nacl), 

naphthenic ring number (RN), aromatic ring number (RA), and aromatic condensation index (ϕ) were also 

calculated. These derived AMPs provide additional information on the atomic arrangement within TPO and 

TPO[CaO] structures. The formulae and the procedure to calculate these derived AMPs are described elsewhere 

[49].  

3. Results and discussion 

3.1 Physicochemical properties 

Table 1 presents the elemental composition, some physical properties (API gravity, viscosity, density) including 

the heating value, and some distillation parameters of TPO and TPO[CaO]. Both fuel samples have high carbon 

(86.64 and 87.21 wt.%) and hydrogen (10.56 and 10.66 wt.%) contents, which agree with the information 

reported previously in the literature related to TPO obtained from different types of pyrolyzers and processing 

conditions [10,11,14,15,37]. The high sulfur content in TPO and TPO[CaO] (0.69 and 0.51 wt.%, respectively) 

is one of their main drawbacks. Even though these values are significantly smaller compared to  that of heavy 

fuel oils used in the marine sector [54], they are high enough to pose detrimental effects on human health and 

on the formation of acid rain. For instance, and according to the Regulation 14.1.3, MARPOL Annex 14 [55], 

by 2020 all ships should burn fuels with a sulfur content of no more than 0.5 wt.%. Moreover, environmental 

limits related to SO2, NO2, and CO emissions levels established by the European Air Quality Standard 

(EU2015/2193), have restricted the use of TPO in automotive engines. Thus, upgrading strategies, in particular 

deep desulfurization methods [56,57,66,58–65] are required before the use of TPO in this application. After 

vulcanization, sulfur in rubber may be present in the form of monosulfide, disulfide, or polysulfide, as well as 

cyclic-mono- and di-sulfides. During pyrolysis, the decomposition of these sulfur-containing compounds, 

coupled with the influence of the high temperature, gives rise to the formation of aromatic structures containing 

sulfur atoms, some of which will be found in TPO [67]. These structures will be visualized with the FT-ICR MS 

results in Section 3.2.1. 
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Table 1. Basic physicochemical properties of TPO and TPO[CaO] 

Property/ Sample Methods TPO TPO[CaO] 

C (wt.%) 

ThermoScientific 2000 
apparatus 

86.64 87.21 
H (wt.%) 10.56 10.66 
N (wt.%) 1.32 1.23 

S (wt.%) 0.69 0.51 
O (wt.%) 0.78 0.39 
H/C from elemental analysis  1.46 1.47 

API gravity  29.70 29.70 
Viscosity 40 ºC (cSt) ASTM D445-12 2.60 ± 0.4 1.90 ± 0.4 
Density 15 ºC (kg/m3) ASTM D4052-11 888.29 888.67 
High Heating Value (MJ/kg) ASTM D240-17 42.76 43.40 

Initial BP (ºC) ASTM D86 69.00 70.00 
50 % distillation (ºC) ASTM D7500 253.90 253.90 
90 % distillation (ºC) ASTM D7500 433.60 429.50 
Final BP (ºC) ASTM D7500 558.50 550.90 

Properties such as viscosity, density, heating value, and distillation have a significant influence on combustion. 

Density and viscosity affect the formation of spray droplets, hence influencing the overall fuel evaporation and 

distribution in internal combustion engines [10]. TPO[CaO] presents a slightly lower kinematic viscosity (1.9 ± 

0.4 cSt) than TPO (2.6 ± 0.4 cSt). The lower viscosity of TPO[CaO] could be attributed to the catalytic effect of 

CaO during the pyrolysis, where it is likely that the heavy/long chain hydrocarbons underwent cracking. The 

cracking effect of CaO arises from the ability of O2- to destabilize the π-electron cloud resonance structure of 

aromatic rings, as well as to abstract H+ ions [68–71]. In addition, viscosity has been shown to directly correlate 

with sulfur content in fuels [27]. In this regard, the lower sulfur content of TPO[CaO], in contrast to TPO, may 

have given rise to its lower viscosity. A reduction in viscosity effectively translates into improved atomization 

for the liquid spray. As such, smaller fuel droplets can undergo a more thorough burnout for a fixed residence 

time. A smaller droplet size increases combustion efficiency, while reducing total hydrocarbon (THC), CO and 

particulate matter (PM) emissions [72,73]. API gravity is used to classify an oil as light (> 31.1), medium (22.3 

- 31.1), heavy (< 22.3), and extra heavy (< 10). As the “weight” of the oil is the largest determinant of its market 

value, API gravity is an important parameter [74]. API gravity was found to be 29.7 for both samples. According 

to this, TPO and TPO[CaO] can be classified as medium weight oil. In general, all of the above-mentioned 

properties are similar to those reported for conventional fuels. Therefore, a deeper knowledge of the TPO 

chemistry is fundamental, in order to understand and explain its combustion properties. 

Distillation characteristics affect the fuel/air mixture formation, as well as the ignition and combustion processes. 

These characteristics are based on the volatility of fuel, which can be related to its molecular size and structure. 
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The measured initial boiling point suggests that both samples contain light compounds that evaporate and mix 

easily with air. Moreover, high volatility has a significant influence on flash point, given the formation of fuel 

vapor/air mixture that can be ignited easily. The distillation temperature at which 50% of the fuel is evaporated 

(T50) was the same for both fuels. This parameter is a broad indicator of warm-up and acceleration performance 

under cold starting conditions in internal combustion engines [75]. The lower the T50 of the fuel, the better the 

performance of this type of oils in engines [76]. Similarly, when the distillation temperature at which 90 % of 

the fuel is evaporated (T90), and the final distillation point are high (> 350 ºC), poor ignition distribution may 

occur in the combustion chamber. This leads to the increase of THC emissions and excessive combustion 

chamber deposits. Assuming similar atomization quality, a fuel with low volatility tends to form localized 

regions in the reaction zone, with a lower equivalence ratio than the nominal value. The net result is a reduced 

rate of heat release that promotes the onset of flame extinction and blow-out at higher overall equivalence ratios 

than more volatile fuels [77]. 

In contrast to conventional fuels, T50 and T90 are significantly high for both TPO samples, which can be 

associated with the presence of high molecular weight compounds, such as polycyclic aromatic hydrocarbons 

(PAH) and polycyclic aromatic sulfur hydrocarbon (PASH) [18,37,78]. The structural level characterization of 

TPO has revealed the significant presence of condensed aromatic structures of increasing size, up to three ring 

PAH [79]. Likewise, sulfur-containing compounds have been identified in the form of benzothiophenes and 

dibenzothiophenes [78]. These compounds present high molecular weight (above 420 g/mol), and a wide range 

of carbon atoms number (between 10 and 55). These characteristics will be discussed in the following sections. 

3.2 Structural characterization of TPO and TPO[CaO] 

3.2.1 APPI FT-ICR MS 

APPI FT-ICR MS was used in this work to study the chemical composition and molecular structure of TPO and 

TPO[CaO]. Based on the unsaturation degree and carbon range distribution, structural parameters were 

elucidated. Even though there are different ionization modes, APPI mode was chosen in this work as it is more 

effective in ionizing high aromatic and sulfur containing compounds [41]. Fig. 1 shows the mass spectra obtained 
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for each sample. The mass spectra of TPO and TPO[CaO] exhibit a mass to charge ratio (m/z) ranging from 200 

to 800, and from 200 to 750, respectively. Herein, 2,448 and 1,473 mass peaks were resolved for TPO and 

TPO[CaO], respectively, and a unique molecular formula was assigned to each mass peak detected. Due to the 

high complexity of TPOs, the possible structural isomers with identical chemical formulas and molecular 

weights cannot be distinguished by FT-ICR MS technique alone [79]. Nevertheless, comparing with other classic 

analytical methods, such as FT IR, NMR, etc., FT-ICR MS technique can provide the most detailed 

compositional and structural information of complex oil samples at the molecular level. The inserted graphs 

(histograms) in Fig. 1 show the frequency at which the resolved compounds for either TPO or TPO[CaO] fall in 

a specific m/z range. As such, it can be observed that in both cases, the highest frequency is found in a m/z range 

between 400 and 450. Moreover, the symmetrical shape of the continuous lines shows values clustering around 

the central range (normal distribution); thus, the MWavg was calculated to lie in this range as shown later. 
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Fig. 1. APPI FT-ICR mass spectra of TPO and TPO[CaO] 

Table 2 presents some molecular parameters for TPO and TPO[CaO], derived from the assigned chemical 

formulas. The following values were calculated: MWavg, the average number of carbon atoms (Cavg), and the 

average DBE number (DBEavg). The MWavg was found to be 430 and 427 g/mol for TPO and TPO[CaO], 

respectively. These values, along with the average number of carbon atoms (31.6) agree with the high final 

boiling points (558.5 and 550.9 °C) of TPO and TPO[CaO], previously reported in Table 1. It is important to 

point out that the oil obtained from WT presents a significant content of low molecular weight hydrocarbons 

such as benzene (C6), toluene (C7), xylene (C8), limonene (C10), etc., which explains the low initial boiling point 

(69 and 70 °C for TPO and TPO[CaO], respectively) [11,14]. However, these compounds are not detected by 

the present technique. Light hydrocarbons have low molecular weight, which makes them travel very fast in the 

ICR cell with possible interference of signals that make accurate determination difficult [80]. These compounds 

are more suitable to be detected by GC-MS. 

Table 2. Average molecular parameters 

Parameter TPO TPO[CaO] 

MWavg (g/mol) 430 427 

Carbon number range 12 - 56 14 - 53 

Cavg 31.6 31.6 
DBE number range 0.5 - 27 4 - 26 

DBEavg 11.3 12.2 

H/C  1.46 1.46 
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The calculation of the DBE number is a well-established tool in mass spectrometry, especially for the analysis 

of complex mixtures, such as petroleum and dissolved organic matter. It represents the sum of unsaturated bonds 

plus rings in a molecule. The DBEavg for TPO and TPO[CaO] were found to be 11.3 and 12.2, respectively. An 

earlier work conducted by Hita et al. [61] reported that TPO can be divided into 2.39 wt.% paraffins, 7.11 wt.% 

olefins, 34.37 wt.% naphthenes and 55.83 wt.% aromatics. Taking into account the high aromatic and low olefin 

content of TPO, the high DBEavg values can be an indicator of the significant presence of condensed aromatic 

structures [53]. This hypothesis will be verified by the NMR results in the following section.  

Table 2 also shows the H/C ratio found by means of APPI FT-ICR MS for both TPO and TPO[CaO]. The H/C 

gives a general idea about the molecular diversity of the sample (relative content of paraffins, aromatics, olefins, 

and naphthenes), as well as of the amount of heat released during combustion. For instance, aromatic rings have 

H/C ratios close to unity, while paraffins have H/C ratios closer to two [26]. This ratio also constrains the identity 

and population of the radical pool, which is a fundamental driver for the occurrence of chemical kinetic 

phenomena such as induction time, flame velocity, and diffusive extinction limit [81]. An H/C ratio of 1.46 in 

both samples reveals the presence of aliphatic and aromatic compounds, as reported previously in literature 

[11,18,37,78]. It is worth to note that the H/C ratio shown in Table 2 is similar to the one calculated from 

elemental composition, which was reported in Table 1. This partially confirmed the reliability of our results at 

both the macroscopic (elemental analysis) and microscopic (molecular characterization by FT-ICR MS) views. 

According to the chemical formula assigned to each resolved peak, species were grouped into different molecular 

classes, depending on their content of heteroatoms. Chemical formulas were classified into different compound 

classes, including HC (pure hydrocarbons), S1 (hydrocarbons with one sulfur atom), NS (hydrocarbons with one 

N atom and one S atom), and S2 (hydrocarbons with two S atoms), among others. Furthermore, positive APPI 

mode leads to protonated ions [M + H]+ along with the radical cations [M+∙]. In the present analysis HC[H], 

S[H], N2[H], NO[H], O[H] and O2[H], were also recorded. However, to reduce the complexity and facilitate the 

comparison, molecular classes shown in Fig. 2 are the sum of both [M+∙] and [M + H]+. The relative abundance 

of each class was calculated as the total intensity of each compound class, divided by the total intensity of all of 

the assigned signals. 
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Fig. 2. Compound class distribution determined by APPI FT-ICR MS 

The most abundant molecular classes observed in both samples were pure hydrocarbons (HC) and hydrocarbons 

containing one sulfur atom (S1). The relative abundance of the HC compound class was higher in TPO[CaO] 

than in TPO. The S1 class was slightly more abundant in TPO than in TPO[CaO]. Very low levels of hydrocarbon 

compounds containing two sulfur atoms (S2) were detected in TPO, whereas none were detected in TPO[CaO]. 

The proportion of hydrocarbons with oxygen atoms (O1) is slightly higher in TPO than in TPO[CaO]. The higher 

abundance of HC species, low quantities of O1, and absence of the S2 molecular class in TPO[CaO] might be 

associated with the reactivity of CaO during the pyrolysis. Namely, it is likely that CaO either captures or 

transforms these heteroatoms contained in the volatile matter before they become part of the liquid hydrocarbon 

compounds, in turn, favoring a higher relative abundance of HC. For instance, the most abundant sulfur species 

contained in the volatile matter released from WT during pyrolysis are hydrogen sulfide (H2S) and carbonyl 

sulfide (COS) [60]. In the presence of CaO, these compounds react to form CaS, which is found in the rCB. 

Consequently, this phenomenon may result in a reduction of the sulfur concentration of TPO. Regarding O1, the 

possible decomposition of oxygenated compounds in the volatile matter via catalytic cracking (CaO as the 

catalyst) may lead to an increase in the concentration of CO [69]. In turn, CO might be involved in further 

reactions — water-gas shift reaction — along with H2O to produce H2 and CO2. Although CO2 is produced 

during the water-gas shift reaction, the presence of CaO in the system could react with it to produce CaCO3 

(contained in the rCB). 

74
.9

1.
07 2.

84

0.
94

0.
25

2.
96

1.
37

14
.3

0.
43

78
.6

0.
4

6.
32

0 0 0.
49

0

13
.9

0

HC N1 N2 N2O NO O1 O2 S1 S2
0

5

10

15

20

65

70

75

80

85

R
el

at
iv

e 
A

b
u

n
d

an
ce

 (
%

)

Molecular Class

 TPO

 TPO[CaO]



17 

These results agree with the information reported in Table 1, related to elemental analysis. The significant 

presence of S1 compounds could mean that the core skeletal structures of the molecules might be thiophenic or 

thiolic in nature. Understanding the nature of sulfur atoms in these fuels is fundamental in choosing proper 

desulfurization techniques, as will be discussed later [82]. Furthermore, there is a great interest for studying the 

structure of the PASH present in fuels, because some of them can have carcinogenic and mutagenic effects on 

humans. Therefore, knowledge of the structure of the sulfur-containing compounds allows for a more precise 

assessment of the health hazards associated with new fuels such as TPO [78].  

Given that HC and S1 are the most abundant molecular classes, both were divided into subfamilies with respect 

to their DBE number. The utilization of DBE values allows for the distinction of molecular structures according 

to their unsaturation degree (presence of both double bonds and rings in the molecule) [79]. For instance, DBE 

numbers between 10 and 12 could be related to tri-aromatics and naphtheno-aromatics (TrA), while values 

between 13 and 14 are related to tetra-aromatics and to tetra-aromatics with naphthenic rings (TeA). Finally, 

DBE values higher than 16 could be associated with penta and higher aromatics, including naphthenic rings 

(PA+) [41]. Table 3 provides the minimum and maximum number of carbon atoms for each subfamily.  

Table 3. Range of the DBE number of carbon atoms per subfamily of pure hydrocarbons (HC) class 

DBE Compound family 
TPO TPO[CaO] 

Min Max Min Max 

0 P - - - - 
1 N - - - - 
2 - 3 DN 12  35  - - 
4 - 6 MA 12  45  14  39 
7 - 9 DA+ 13  50  16  46 
10 - 12 TrA+ 17  56  18  51 

13 - 14 TeA+ 20  56  21 53 
16+ PA+ 22  56  22 53 

P: Normal Paraffins and Isoparaffins; N: Naphthenes; DN: Dinaphthenes; MA: Monoaromatics, 
DA+: Diaromatics and Naphtheno-Aromatics; TrA+: Triaromatics and Naphtheno-Aromatics; 
TeA+: Tetraaromatics and tetraaromatics with Naphthenic Rings; PA+: Pentaaromatics and higher, 
including Naphthenic Rings.   

The distribution of compounds contained in the HC molecular class as a function of DBE and carbon number 

are illustrated in Fig. 3. The bubble size denotes the magnitude (relative abundance) of the recorded mass peaks. 

As observed, the most abundant compounds in both samples are in the carbon number range between 20 and 45, 

and DBE numbers between 5 and 20. A wider carbon range is noticed in TPO (C15-C58) than in TPO[CaO] (C15-

C53), which is in agreement with the MWavg and final distillation boiling points discussed above. The high final 
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boiling point found for both samples could be explained by the presence of heavy compounds with large DBE 

values (>20), likely linked to condensed aromatic structures [83] 

a) 

 

b) 

 
Fig. 3. Abundance of pure hydrocarbon (HC) compounds: a) TPO; b) TPO [CaO] 

Similarly, for the S1 molecular class, Table 4 reports the carbon number distribution for each subfamily. 

Subfamilies are also classified according to the DBE number. In this regard, S subfamilies are divided into mono-

sulfur containing species like sulfides (SD) and PASH structures such as thiophene (DBE: 3), benzothiophenes 

(DBE: 6), dibenzothiophene (DBE: 9), benzonaphthothiophene (DBE: 12) and their related naphthenic 

derivatives (DBE number ranges 4 - 5, 7 - 8, 10 - 11, and 13 - 15). Herein, the carbon range number for TPO 

and TPO[CaO] is between 13 and 20; and, 19 and 45, respectively.  

Table 4. Range of the DBE number of carbon atoms per subfamily of S molecular class  

DBE  Compound family  
TPO TPO[CaO] 

min  max min  max 

0 - 2  SD - - - - 

3 - 5 Th 13  35 19  30  

6 - 8 BT 18  45  19  41  

9 - 11 DBT 19 50  19  45 

12+ BNT 19  50  20  45 

SD: Sulfide; Th: Thiophene; BT: Benzothiophenes; DBT: Dibenzothiophene;  

BNT: Benzonaphthothiophene  

 

Fig. 4 shows the distribution of compounds contained in the S1 molecular class as a function of DBE and 

carbon number. As observed, compounds with carbon numbers between 25 and 35 and DBE numbers between 

5 and 10 are the most abundant in this molecular class. PASH in TPO and TPO[CaO] show the presence of 
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molecules with carbon numbers up to 50 and 45, respectively; which can be associated with long or multiple 

short alkyl chains connected to the aromatic rings [53]. 

 

a) b) 

  
Fig. 4. Abundance of Mono-sulfur (S1) compounds: a) TPO; b) TPO [CaO] 

The HC and S1 compound distributions according to the subfamilies previously described, and their cumulative 

abundances are plotted in Figs. 5a and 5b, respectively. As observed in Fig. 5a, 61% and 71% of the HC 

compounds in TPO and TPO[CaO] are found in the form of TrA, TeA and PA+, respectively. The HC 

distribution does not show any fully saturated hydrocarbon species (DBE numbers between 0 and 3), which 

could be due to their absence, or to the inability of alkanes to form stabilized ions using APPI ionization [84].  

a) 

 

b) 

 
Fig. 5. Compound subfamilies according to their DBE number and cumulative abundance 

On the other hand, Fig. 5b shows that more than 60 % of the sulfur-containing compounds are in the form of 
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Bottrill [78], who reported that the PASH present in TPO consist mainly of DBT, alkylated DBT, and 

naphthothiophenes, along with their methyl derivatives. However, due to the limitations of the analytical 

techniques used in that work (GC-MS), a large portion of the PASH, particularly high molecular weight 

compounds, could not be identified. It has been reported that highly condensed aromatic compounds of high 

molecular weight are formed in the pyrolysis of WT, and heteroatoms are incorporated. These compounds could 

be formed during pyrolysis or after vapor condensation.  

As discussed before, a proper understanding of the molecular characteristics of the compounds present in TPO 

helps to select and optimize upgrading strategies (e.g. desulfurization steps). Different sulfur-containing 

compounds behave in a different manner  when exposed to diverse desulfurization processes (i.e. oxidative 

desulfurization, hydrodesulfurization, extractive desulfurization, etc.) [35]. For example, regarding the removal 

of heterocyclic sulfur compounds such as DBT, as well as its derivatives (4,6-dimethyldibenzothiophene), 

hydrodesulfurization is not effective [56,85]. Previous hydrodesulfurization studies of diesel fuel have revealed 

that alkyl dibenzothiophene remains at a level of 0.1 wt.%, given that these kinds of compounds have low 

reactivity during hydrodesulfurization [82]. The major cause of low reactivity has been attributed to the steric 

hindrance presented by bulky sulfur containing aromatics. Alternatively, techniques such as oxidative 

desulfurization present higher reactivity when sulfur compounds are in the form of BT and DBT [86]. An 

attractive aspect of this technique is the higher reactivity of aromatic sulfur species with three or more aromatic 

rings, which is associated with the increase in electron density when sulfur atoms are set in a larger aromatic 

scheme. This electron density is also improved with the presence of alkyl groups in the aromatic rings. All these 

facts favor the electrophilic attack by oxidants [87]. In this regard, and according to the APPI FT-ICR results, 

oxidative desulfurization could be a promising pathway for TPO upgrading. 

The high abundance of PAH in TPO and TPO[CaO] is due to the aromatic nature of rubber (one aromatic ring 

is present in the styrene butadiene rubber monomer) and the cyclisation of olefin structures, followed by 

dehydration and Diels-Alder reactions [11]. Such aromatization reactions are enhanced at high pyrolysis 

temperatures, as well as prolong residence times of the volatiles inside the reactor. Likewise, previous studies 

have shown the formation of aromatics in TPO from the thermal decomposition of limonene (one of the major 
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components of TPO) [28]. Ding et al. [88] reported that such a process can occur in a temperature range between 

400°C and 700°C. Herein, limonene isomerizes to form 4-isopropylidene-1-methylcyclohexene at temperatures 

below 500°C. At 600°C, this compound then undergoes carbon-carbon bond cleavage, which is followed by an 

intramolecular hydrogen transfer to form an alkatriene. Consequently, intramolecular diene synthesis, followed 

by dehydration, leads to the formation of aromatics such as xylene and toluene. When the temperature reaches 

700°C, aromatization reactions can initiate further PAH formation. 

Similarly, the formation of PASH in TPO during pyrolysis has been attributed to the combinations of available 

olefins and free sulfur atoms, the combination of sulfur-containing compounds with olefins via the Diels-Alder 

reactions, and the direct cracking of WT molecules where sulfur atoms resided. A complete description of the 

reaction mechanisms for the formation of PASH during the pyrolysis of WT have been presented in a previous 

work conducted by Dung et al. [67]. 

Table 5 shows different molecular parameters found in TPO and TPO[CaO]. Noteworthy facts are the high 

MWavg of S1 (higher than 440 g/mol) and their high DBE number (~10). HC species exhibit a MWavg of 419.97 

and 428.82 g/mol, while the average DBE numbers are around 10.20 and 12.38 for TPO and TPO[CaO], 

respectively. Considering that the S1 molecular class exhibits a high average molecular weight, another path to 

remove sulfur-containing compounds contained in TPO and TPO[CaO] could be fractional distillation. Even 

though distillation will not remove the sulfur atoms from the fuel, sulfur containing compounds can be 

concentrated in the leftover heavy fraction.   

Table 5. Molecular parameters of HC and S1 compound classes 

Parameter  
TPO  TPO[CaO] 

HC S1 HC S1 

MWavg (g/mol) 419.97 447.83 428.82 444.56 

Average DBE Number  10.20 10.28 12.38 10.33 

Average H/C ratio 1.35 1.39 1.29 1.39 

In addition, Fig. 6 illustrates the characteristics of other molecular classes (O1, N1 and N2) present in TPO and 

TPO[CaO] based on their carbon and DBE numbers. Similar distributions are found in the N2 molecular class 

for both samples: compounds with carbon and DBE numbers in the range of 15-40 and 10-20, respectively. In 

contrast, significant differences are observed in O1 and N1 molecular classes between TPO and TPO[CaO]. A 
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significant reduction of the identified compounds belonging to these molecular classes is noticed in TPO[CaO]. 

These results are aligned with the information obtained from the elemental analysis, reported in Table 1. 

a) 

 

b) 

 
c) 

 

d) 

 

e) 

 

f) 

 

Fig. 6. Molecular class distribution of O1, N1 and N2 compounds 
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3.3 
1
H and 

13
C NMR  

Combining the data from 1H NMR, 13C NMR spectra, elemental analysis (Table 1), and MWavg (Table 2), it is 

possible to characterize a complex fuel in terms of its AMPs. The average molecular formula of TPO and 

TPO[CaO] obtained by means of Equation 4 are C31.09H45.05N0.41S0.09O0.21 and C31.00H45.16N0.37S0.07O0.10, 

respectively. Tables 6 and Table 7 present the characteristic 1H and 13C NMR chemical shift used to identify 

and quantify several nuclei, as well as the related AMPs calculated using Equation 3. The 1H chemical shift 

assignments were taken from Abdul Jameel et al. [26] and the 13C NMR assignments were obtained from Poveda 

and Molina [31]. The formulae and terminology used to denote and calculate the AMPs follows the methodology 

of Poveda and Molina [31] and from Abdul Jameel et al. [49]. 

Table 6. 1H NMR chemical shift assignments 

Symbol Hydrogen type 
Chemical 

shift 

TPO TPO[CaO] 

Mole (%) 
Number 

of atoms 
Mole (%) 

Number 

of atoms 

HArom Aromatics  6.42 - 8.99 9.21 4.15 10.96 4.95 
HOle Olefinic CH - CH2 groups 4.50 - 6.42 7.55 3.40 8.04 3.63 

HCHα CH group α to aromatic ring 2.88 - 3.40 0.72 0.32 0.85 0.38 
HCH2α CH2 group α to aromatic ring 2.64 - 2.88 1.03 0.46 1.45 0.65 
HCH3α CH3 group α to aromatic ring 2.04 - 2.64 12.49 5.63 13.8 6.23 
HNaph Naphthenic CH - CH2 groups 1.57 - 1.96 14.8 6.67 16.45 7.43 
HPar-CH Paraffinic CH groups 1.39 - 1.57 3.52 1.59 2.67 1.21 
HPar-CH2 Paraffinic CH2 groups 0.94 - 1.39 22.83 10.28 19.96 9.01 
HPar-CH3 Paraffinic CH3 groups 0.25 - 0.94 27.85 12.55 25.82 11.66 

Total  100.00 40.05 100.00 45.16 

 

Table 7. 13C NMR chemical shift assignments 

Symbol Carbon type 
Chemical 

shift 

TPO TPO[CaO] 

Mole (%) 
Number 

of atoms 
Mole (%) 

Number 

of atoms 

CAr Aromatic quaternary C 140.5 - 160.0 3.81 1.18 4.25 1.32 
CArα-S Aromatic quaternary C α to S atom 137.0 - 140.5 2.04 0.63 1.82 0.56 
CArα-CH3 Aromatic C α to position CH3 group 131.7 - 137.0 6.8 2.11 7.08 2.19 
CAA Aromatic C bridging 2 aromatic rings 129.2 - 131.7 6.95 2.16 7.1 2.20 
CAAA Aromatic C bridging 3 rings 

85.0 - 129.2 

1.92 0.60 2.04 0.63 

COle Olefinic CH - CH2 5.51 1.71 6.29 1.95 
CAr-H Aromatic protonated C 14.5 4.51 17.23 5.34 
CPar-C Paraffinic quaternary C 50.0 - 60.0 0.4 0.12 0 0.00 
CNaph Naphthenic CH - CH2 40.5 - 50.0 10.2 3.17 11.85 3.67 
CPar-CH Paraffinic CH 35.0 - 40.5 2.67 0.83 2.48 0.77 
CPar-CH2 Paraffinic CH2 21.5 - 35.0 23.74 7.38 20.38 6.32 
CPar-CH3α-Ar Paraffinic CH3 α to aromatic ring 18.5 - 21.5 7.05 2.19 6.76 2.10 
CPar-CH3 Paraffinic CH3 3.0 - 18.5 14.41 4.48 12.72 3.94 

Total 100.00 31.09 100.00 31.00 

As mentioned in the section of materials and methods, different nuclei exhibit different shifts. Accordingly, the 

splitting pattern and position of these shifts are indicative of the underlying molecular structure. Thus, it is 
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possible to determine the relative amount of each molecular functional group and atomic arrangement, such as 

aromatic carbons, olefinic carbon, aromatic hydrogen, naphthenic hydrogen, etc. Fig. 7 shows the distribution 

of hydrogen (Fig. 7a) and carbon (Fig. 7b) types in TPO and TPO[CaO], according to different hydrocarbon 

subfamilies. NMR data reveals that there is a significant presence of hydrogen and carbon atoms in paraffinic 

structures for both samples. In contrast to TPO, TPO[CaO] exhibits a higher content of hydrogen and carbon 

atoms in aromatic, naphthenic, and olefinic structures, while lower hydrogen and carbon atoms in paraffinic 

ones. This trend can be associated with the participation of CaO in diverse chemical reactions during tire 

pyrolysis.  

 
Fig. 7. Atomic distribution by hydrocarbon families  
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Fig. 8 shows the distribution of hydrogen atoms along with their cumulative frequency for TPO and TPO[CaO]. 

Hydrogen atoms in methylene (CH2), methyl (CH3), and naphthenic groups, as well as hydrogen atoms in 

aromatic rings make up more than 80 % of both samples. This can be associated with the presence of multiple 

shorter paraffinic chains instead of longer ones attached to aromatic structures [49].  

 
Fig. 8. Hydrogen type distribution 

On the other hand, carbon atoms in paraffins such as methylene (CH2) and methyl (CH3) groups, and protonated 

carbon atoms in aromatic structures, make up around 50 % of both TPO and TPO[CaO], as shown in Fig. 9. The 

number of carbon atoms in aromatic structures is higher than the number of hydrogen atoms, which means that 

some carbon atoms are non-protonated [53]. This suggests that the carbon atoms in aromatic compounds are 

either present in condensed structures or connected to paraffinic side chains, as aforementioned. 
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Fig. 9. Carbon type distribution 

Based on the hydrogen and carbon type distributions obtained from 1H and 13C NMR reported in Table 6 and 

Table 7, the derived AMPs for both samples were calculated. Derived AMPs are a group of dimensionless 

quantities obtained by re-arranging the AMPs, which provide an overall understanding of the structure of 

complex mixtures. The formulae used to calculate these derived AMPs were taken from Poveda and Molina 

[31]. The derived AMPs calculated for TPO and TPO[CaO] are listed in Table 8. Herein, fa is related to the 

aromatic content, and it is defined as the ratio of carbon atoms in aromatic compounds to total carbon atoms in 

the sample. In this regard, TPO[CaO] was found to be 11% more aromatic (fa=0.40) than TPO (fa=0.36). C/H is 

the ratio of the number of carbon atoms to the number of hydrogen atoms in the fuel. Values of 0.68 (H/C =1.47) 

for this parameter confirms the presence of both paraffinic and aromatic structures in the fuels.  

Table 8. Derived AMPs for TPO and TPO[CaO] 
Derived AMP Description TPO TPO[CaO] 

Aromaticity 
factor (fa) 

Ratio of the number of aromatic C atoms to total number of C atoms in the sample  0.36 0.40 

(C/H)Paraffinic  Ratio of number of C atoms to H atoms in the paraffinic content of the sample 0.61 0.60 
(C/H)Aromatic  Ratio of number of C atoms to H atoms in the aromatic content of the sample 2.48 2.70 
C/H Ratio of number of C atoms to H atoms in the sample 0.69 0.69 
nacl Average number of C atoms in paraffinic chains connected with aromatic rings 5.15 2.78 
RN Total number of naphthenic rings in an average molecule 1.22 1.41 
RA Total number of aromatic rings in an average molecule 3.46 7.00 
RT Total number of rings in an average molecule 4.69 4.88 

ϕ 
Ratio of total number of aromatic C in poly-condensed structures to number of 
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Likewise, a value of (C/H) aromatic of around 3 indicates that 3 out of 6 aromatic carbons are non-protonated. 

Therefore, the aromatic rings are present in condensed structures (cata- or peri-condensed) or have multiple side 

chains connected to them. This confirms the hypothesis previously established according to the results of APPI 

FT-ICR MS. The average number of C atoms in paraffinic chains connected with aromatic rings (nacl) exhibits 

a significant difference between TPO (nacl=5.57) and TPO[CaO] (nacl=2.78). The smaller chain length of 

TPO[CaO] is explained by the possible cracking effect of CaO on long hydrocarbon chains. The phenomenon 

can also be noticed by the higher RN and RA of TPO[CaO], in contrast to TPO. In the case of (C/H)Paraffinic, a 

value of ~ 0.6 in TPO[CaO] and implies that most paraffinic structures are straight-chained, with a slight 

presence of paraffinic structures with branched chains. 

The condensation index (ϕ) helps to establish the relationship between the total number of aromatic carbon atoms 

and the aromatic carbon atoms that form poly-condensed structures. A value of 0 denotes the absence of a 

condensation center, while a value of 0.7 accounts for structures that are highly condensed [49]. In this regard, 

both samples present aromatic structures that are slightly condensed due to their low value of ϕ. Overall, the 

presence of this wide variety of functional groups detected by means of 1H and 13C NMR will significantly 

influence the combustion properties of TPO and TPO[CaO] and eventually, their gaseous and particulate matter 

emissions. For instance, paraffinic CH2 groups seem to have a positive effect on DCN [91]. Likewise, aromatic 

rings tend to reduce the DCN more than other functional groups [6].  

4. Conclusions  

This study reported the structural characterization of TPO and TPO[CaO] produced in a lab-scale twin-auger 

reactor, utilizing advanced analytical techniques such as APPI FT-ICR MS and 1H and 13C NMR. Physical and 

chemical properties, including density, viscosity, heating value, and elemental composition of both fuels render 

TPO and TPO[CaO] suitable to be implemented without requiring significant modifications in conventional 

combustion systems. The APPI FT-ICR MS of TPO and TPO[CaO] recorded ions in the mass to charge ratio 

(m/z) range of 200 - 800 and 200 - 750, respectively. The chemical formulas assigned to each resolved peak 

showed that the main molecular classes in TPO and TPO[CaO] are HC and S1. HC was found higher in 
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TPO[CaO] (78.64 %) than in TPO (74.91 %), while the S1 class was slightly more abundant in TPO (14.27 %) 

than TPO[CaO] (13.9 %). Molecules containing two sulfur atoms (S2) were detected in TPO (0.43 %), but not 

in TPO[CaO]. The significant presence of S1 compounds could mean that the core skeletal structures of the 

molecules might be thiophenic or thiolic in nature. HC compounds in TPO and TPO[CaO] were found mainly 

in the form of tri-aromatics (26 %), tetra-aromatics (13 and 15 %), and penta-aromatics (22 and 30 %), while S1 

compounds in the form of dibenzothiophene (31 %) and benzonaphthothiophene (34 %), which confirms the 

aromatic nature of both fuels. According to these results, oxidative desulfurization could be more suitable than 

hydrodesulfuriztion for TPO, considering its higher selectivity in removing aromatic sulfur compounds 

compared to other techniques such as hydrodesulfurization. Alternatively, due to the complexity of TPO and 

wide carbon number range (C6-C56), separating it into distinct fractions by distillation can expand the range of 

possibilities and feasibility in specific applications. In addition, considering the high molecular weight of sulfur 

containing compounds (determined by FT-ICR MS), distillation can concentrate these compounds in the leftover 

heavy fraction, improving the characteristic of the other ones. Even though FT-ICR MS did not report saturated 

hydrocarbons, NMR data revealed the significant presence of paraffinic hydrogen and carbon atoms in both 

samples. This can be explained by the inability of alkanes to form stabilized ions using APPI ionization. 

According to 1H NMR, around 80 % of the hydrogen atoms contained in both fuels are present in methylene 

(CH2), methyl (CH3), naphthenic, and aromatic groups. Similarly, 13C NMR revealed that carbon atoms in 

paraffinic groups, including both CH2 and CH3, and protonated carbons in aromatic structures together form 

more than 50 % of the carbon atoms in TPO and TPO[CaO]. Overall, the present work presents novel insights 

into the detailed composition and structure of TPO, in order to provide a comprehensive understanding of the 

fuel, which can be used to better understand its combustion properties.  
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