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7 Abstract

8 Incorporating unconventional fuel sources into the global energy mix is necessary to meet 

9 increasing energy demand. One attractive option is the gasification of residual fuels, such as heavy 

10 fuels, which produce clean combustible gases. Pyrolysis is the first step in the gasification process, 

11 so its understanding can help in the development of the gasification process. The information on 

12 the pyrolysis products can serve the development of chemical kinetics mechanisms for gasification 

13 of heavy fuels for their efficient utilization. In this study, pyrolysis of heavy fuel oil (HFO) and 

14 vacuum residue oil (VRO) is reported. Prior to the pyrolysis experiments, these fuels were 

15 characterized for proximate analysis, elemental and trace metal composition. The pyrolysis 

16 experiments were conducted in a wide temperature range of 400–1000 °C in a customized tubular 

17 furnace-based reactor. A two-stage condensation system was used to collect the condensable 

18 fraction evolved from the pyrolysis of HFO and VRO and non-condensable gases were collected 

19 in Tedlar® bags. Both liquid and gaseous products were characterized using a gas chromatography 

20 (GC)-mass spectrometry (MS)-flame ionization detector (FID) and Fourier transform–ion 

21 cyclotron resonance–mass spectrometer (FT-ICR-MS) to understand the presence of different 

22 types of compounds. The identified compounds were classified as benzene derivatives, 
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23 naphthalene derivatives, polycyclic aromatic hydrocarbons, saturated and unsaturated 

24 hydrocarbons and sulfur-containing compounds. In order to better understand the liquid fraction, 

25 the heavy fraction (with high molecular weight) which could not be analyzed and identified in 

26 GC/MS-FID was analyzed in FT-ICR-MS. This shed significant insights on the deconstruction of 

27 HFO and VRO. Twenty lighter hydrocarbons ranging from C1-C5 were identified and quantified 

28 in the pyrolysis vapors of both fuels.

29 1. Introduction

30 In 2020, fossil fuels supplied approximately 84% of global energy demand, with oil 

31 comprising a significant share of 33% [1]. Based on the past trends, fossil fuels will continue 

32 serving a primary source of energy. This will result in declining fossil fuel reserves. To address 

33 this concern, the utilization of unconventional fuel resources such as residual fuel oils should be 

34 prioritized to ensure their significant inclusion in the global energy mix. Residual fuel oils are 

35 considered unconventional resources because their conversion into valuable products is 

36 challenging compared to conventional petroleum crude. Residual fuel oils are obtained as the 

37 bottom cut from the distillation and cracking of petroleum crude oil. Rising energy demand stirs 

38 interests in deriving energy and chemicals from heavy hydrocarbon containing residual fuels [2,3].

39 Heavy fuel oil (HFO) and vacuum residue oils (VRO) contain high levels of asphaltenes, 

40 heteroatoms and metallic contaminants. Due to their high sulfur content, the direct use of HFO and 

41 VRO cause pollution and low-temperature corrosion [4]. Therefore, upgrading them is necessary 

42 before their direct use to minimize health safety and environmental risks. Conventional upgrading 

43 technologies for these oils involve hydrogen addition, carbon rejection and separation. Hydrogen 

44 addition-based technologies such as hydroprocessing can produce valuable light hydrocarbons. 

45 However, the hard-to-crack part present in these oils lead to high operating costs, which limits the 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4385837

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



3

46 development of these technologies [5]. The deep conversion of heavy feedstocks such as residual 

47 fuels into syngas through gasification is an attractive option [6]. Pyrolysis is the first step in the 

48 gasification process involving the feedstock’s constituents are decomposed into smaller molecules. 

49 Pyrolysis is a promising technology due to its ease of operation and relatively lower costs for 

50 converting feedstocks [7]. Recently, pyrolysis has been used to valorize petroleum-contaminated 

51 soil [8], high sulfur petroleum coke [9], hazardous petroleum sludge [10] and oil shale [11]. These 

52 studies have focused on product evolution, kinetics and effect of reaction conditions on the 

53 production of valuable chemicals and resource recovery.

54 The complex structural composition of HFO and VRO can be characterized using advanced 

55 analytical techniques such as Fourier transform ion cyclotron resonance–mass spectrometry 

56 (FTICR-MS) and nuclear magnetic resonance (NMR) [12-14]. Thermochemical conversion 

57 (pyrolysis, combustion and gasification) of these residual fuels is a complex process. To maximize 

58 the resource recovery from these fuels, the development of pyrolysis-based technologies such as 

59 gasification is required. It can be noted that gasification combined with conventional power plant 

60 systems (integrated gasification combined cycle) can increase the efficiency of power generation 

61 [15]. Catalytic cracking of heavy residues has been explored as a potential method for producing 

62 light olefins [16-18]. This can reduce the dependence on light crude oil for the production of 

63 strategic molecules such as ethylene and propylene. To further develop these processes efficiently, 

64 a thorough understanding of catalytic and non-catalytic cracking/ pyrolysis assumes importance. 

65 Che et al.[19] screened various micro- and mesoporous catalysts for the production of light 

66 olefins at 600 °C from the cracking of VR. Calcium aluminate/ZSM-5 (1:1 wt./wt.) was found to 

67 produce the highest amount of light olefins [19]. Heavy oils were upgraded into gasoline- and 

68 diesel-range hydrocarbons via pyrolysis with Na2CO3 as catalyst [20]. Pyrolysis characteristics, 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4385837

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



4

69 kinetic analysis and gas evolution of VR and eight different fractions was studied using a 

70 thermogravimetric analyzer–Fourier transform infrared (TG-FTIR) spectroscopy till 800 °C [21]. 

71 TG-FTIR revealed that similar products evolved in the gas phase from saturates, aromatics and 

72 VR [21]. Non-isothermal pyrolysis of Korean VR in a TGA unraveled multi-stage decomposition, 

73 with the apparent activation energy of the second stage being twice as high that of the first stage 

74 [22]. In a recent study by Yi et al.[23], molecular distribution, volatile components, thermal 

75 decomposition and polymerization of low sulfur heavy fuel oil and heavy fuel oil was studied. 

76 Combustion characteristics index and flammability index of HFO were determined using a TGA 

77 [24]. Jameel et al. [25] investigated the functional groups evolving from the pyrolysis and 

78 combustion of HFO using a TG-FTIR to understand the formation of pollutants. In a recent study 

79 by AlAbbad et al. [26], apparent kinetics, pyrolysis and combustion parameters and time evolution 

80 of functional groups was studied via means of a TGA couple to instruments such as FTIR and 

81 differential scanning calorimetry. To identify the primary pyrolysis products, fast pyrolysis of 

82 VRO was performed in a Pyroprobe®-gas chromatography/MS (GC/MS) in the temperature range 

83 650–850 °C and investigated heating range was in the range 500–20000 °C s-1 [27].

84 To successfully upgrade and convert bottom of the barrel via gasification, an understanding 

85 of the pyrolysis products of these fuels is necessary. This study mainly investigated the products 

86 obtained from the pyrolysis of HFO and VRO in the temperature range of 400–1000 °C. The 

87 pyrolysis products, viz., liquid oil and gases from both HFO and VRO were characterized via 

88 GC/MS/ flame ionization detector (FID). In addition, FT-ICR-MS was used for a better 

89 understanding of the presence of high molecular weight compounds in the liquid fraction. The 

90 evolution of products in different temperature regime can aid in selecting the catalysts for 

91 converting these residual fuels into valuable chemicals across different temperatures. Also, the 
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92 information on the pyrolysis products is critical and can be utilized in developing the models for 

93 gasification of heavy residuals [28].

94 2. Materials and methods

95 2.1. Feedstock and characterization

96 HFO and VRO samples investigated in this study were received from a Saudi Aramco 

97 facility. The fuel samples were characterized via proximate analyzer, elemental analyzer, bomb 

98 calorimeter and inductively coupled plasma–optical emission spectroscopy (ICP–OES) for 

99 proximate analysis, CHNS composition, higher heating value and metal analysis, respectively. 

100 2.2. Experimental setup

101 To understand the effect of temperature on the composition of pyrolysis products, the 

102 experiments were performed in a bench-scale reactor. The reactor comprised of a heating furnace 

103 and a quartz tube (450 mm in length, 22.3 mm in i.d. and 25 mm in o.d.). The quartz tube is placed 

104 in the furnace in such a way that 205 mm of it is directly in the resistively heated zone. A detailed 

105 description of the setup can be found elsewhere [29]. The temperature of the furnace is set as per 

106 the required pyrolysis temperature (400, 500, 600, 800 and 1000 °C). Once the pyrolysis 

107 temperature is achieved, approximately, 1.5 g of HFO/VRO was weighed in a boat-shaped sample 

108 holder made of quartz was placed in the quartz tube (out of the heated zone). To maintain the inert 

109 atmosphere, the reactor was purged with N2 at a flow rate of 300 mL min-1 to maintain inert 

110 atmosphere and remove all the air. The same N2 flow rate was maintained during each pyrolysis 

111 experiment. Following this, the sample holder is pushed in the center of the already heated furnace. 

112 The pyrolysis of samples occurred at atmospheric pressure. In this zone, the pyrolysis vapors 

113 evolving from the feedstock were carried by the N2 and condensed in a two stage condenser 
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114 connected to the outlet of the quartz tube reactor. The non-condensable gases were collected using 

115 a Tedlar® bag. The furnace was switched off after 15 min to ensure that the pyrolysis of the 

116 feedstock was completed. This time was ascertained by visual inspection of the outlet lines as no 

117 pyrolysis vapors were noticed. The collected liquid sample was weighed by weighing the 

118 condenser system before and after the experiment. The solid yield was determined by weighing 

119 the sample holder before and after the experiment. The gas yields were obtained by difference. It 

120 can be noted that all the yield% are obtained relative to the mass of the sample taken for each 

121 pyrolysis experiment.    

122 2.2.1. Liquid analysis

123 2.2.1.1.  GC/MS/FID analysis

124 The liquid collected in the condenser system was recovered by using a fixed amount of 

125 dichloromethane (30 mL) and stored. These samples were analyzed right after the pyrolysis 

126 experiments were performed to avoid any change in the sample attributed to the storage. The 

127 composition of the samples obtained from the pyrolysis of HFO and VRO at different temperatures 

128 was analyzed in an Agilent GC/MS/FID (7890 GC coupled to a 5975 MS). 1 µL of the diluted 

129 sample was injected through an injector maintained at 300 °C. An Agilent HP-Pona column (50 m 

130 length × 0.20 mm I.D. × 0.5 µm film thickness) was used for the separation of the vapors. The 

131 vapors were carried with He (99.9995% pure) at a flow rate of 2 mL min-1 and split ratio of 50:1. 

132 Initially, the GC oven was kept at 40 °C for 5 min then temperature was increased to 300 °C at a 

133 heating rate of 8 °C min-1. Following this, the oven was kept isothermal at 300 °C for 10 min. The 

134 compounds separated in GC were equally split by a distributor between MS and FID for detection 

135 and identification of compounds. The interface of the GC/MS/FID was maintained at 300 °C, while 

136 the MS detector temperature and ionization potential were 250 °C and 70 eV, respectively. The 
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137 separated compounds were scanned in the range of 40–500 Da and identified by comparing mass 

138 spectra with NIST library. FID detector was maintained at 250 °C with H2, air and makeup flow 

139 (N2) at a flow rate of 40, 400 and 15mL min-1. The quantification of the organics present in the 

140 liquid was performed using FID reactor as per the procedures provided in the literature [30]. The 

141 identified compounds were classified into the following categories: benzene derivatives for 

142 compounds with one benzene ring, naphthalene derivatives for compounds with two benzene 

143 derivatives, PAH (polycyclic aromatic hydrocarbons) for compounds with more than two benzene 

144 rings, saturated and unsaturated hydrocarbons including cyclic compounds for aliphatic 

145 hydrocarbons and S-containing compounds for compounds having sulfur.

146 2.2.1.2.  FT-ICR-MS analysis

147 Liquid fractions were analyzed using a Bruker SolariX 9.4 Tesla FT-ICR MS. Samples 

148 were dissolved in toluene at a concentration of 200 µg mL-1 and were directly infused into an 

149 atmospheric pressure photoionization source (APPI) operating in positive mode at 400 °C. 

150 Nitrogen was used as sheath gas at 2.5 bar and as a dry gas with a temperature of 280 °C and a 

151 flow of 32 mL min-1. Mass spectra were collected in the m/Z range of 150-1200 Da. Data analysis 

152 was performed using DataAnalysis V4.4 and imported into Composer software (Sierra Analytics, 

153 Pasadena, CA USA) for assigning molecular formulas. The elemental composition was 

154 constrained to C, H, N, S and O. All errors in the assigned molecular formula masses were found 

155 to be below 0.5 ppm. Additional analysis and visualization were performed in a custom script 

156 program using R [31]. 

157 2.2.2. Gas analysis

158 The lighter hydrocarbons in the range C1–C5 were identified and determined using a 

159 refinery gas analyzer (RGA) GC (Agilent 7890 GC) coupled to a FID. Non-condensable gases 
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160 were collected in a Tedlar® sampling bag. For all the experiments these bags were filled entirely 

161 to have a uniform basis for calculations. 500 µL sample from sampling bag was injected into the 

162 RGA. The valve temperature was maintained at 120 °C, and the oven was kept at 60 °C for 1 min. 

163 This was followed by a ramp of 20 °C min-1 to 80 °C and finally the temperature was raised to 190 

164 °C at a heating rate of 30 °C min-1. FID inlet was maintained at 150 °C and split ratio was 30:1 for 

165 the injected sample. The gas samples were separated using a DB-1 and HP-PLOT Al2O3 S column 

166 with a flow of 3.3 mL min-1 at constant flow mode. FID temperature was 200 °C and H2, air and 

167 makeup flow (N2) flow rates as 40, 400 and 40 mL min-1, respectively.

168 3. Results and discussions

169 3.1. Feedstock and their characterization

170 Table 1. presents the elemental, proximate, ICP-OES and HHV analyses of HFO and VRO. 

171 It is shown that VRO had higher sulfur content (5.73 wt.%) compared to HFO (3.9 wt.%). The 

172 difference in sulfur and ash can be explained by the fact that HFO is a blend of VRO and lighter 

173 distillation cuts. The properties of these residual fuel oils are heavily dependent on the presence of 

174 saturates, aromatics, resins and asphaltenes (SARA) [32]. The amounts of aromatics, resins and 

175 asphaltenes are higher in VRO than in HFO, which is attributed to the high fixed carbon (F.C.) in 

176 VRO (15.24 wt.%) and high volatile matter (V.M) in HFO (89.32 wt.%). The proximate analysis 

177 was performed according to the standard method adopted from ASTM E1131-08 [33]. The higher 

178 heating values (HHV) of HFO and VRO were found to be similar (~40 MJ kg-1) due to a similar 

179 H/C ratio. The ash in the fuels was primarily consisted of Ni, Ca and V in ppm levels.   

180 Table 1. Characterization of HFO and VRO (dry basis)
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Elemental analysis (in wt.%)

Carbon Hydrogen Nitrogen Sulfur Oxygen

HFO 83.63 (1.4) 10.4 (0.20) 0.1 (0.01) 3.9 (0.04) 1.4 (0.03)

VRO 83.26 (1.2) 10.2 (0.12) 0.12 (0.01) 5.73 (0.03) 1.38 (0.03)

Proximate analysis (in wt.%)

V.M. F.C. Ash

HFO 89.32 (1.30) 10.56 (0.12) 0.12 (0.01)

VRO 84.54 (1.56) 15.24 (0.18) 0.22 (0.02)

ICP-OES analysis (in ppm)

Ni Ca V

HFO 18.2 0.56 39.04

VRO 22.1 0.94 65.14

HHV (MJ kg-1)

HFO 40.12

VRO 39.74

181 3.2. Yields of products

182 The yields of the pyrolysis products at different temperatures from the HFO and VRO are 

183 depicted in Figure 1. It was observed that the  pyrolysis of VRO at 400 °C resulted in only 11% 

184 liquid fraction with the residual fraction left unconverted in the sample holder, while the pyrolysis 

185 of HFO resulted in a significant liquid fraction (43.45 wt.%). This can be attributed to lighter 

186 fractions evaporating and minimal cracking happening at 400 °C, as evidenced by the very low 

187 amounts of gases (2 wt.%) produced from VRO. The liquid yield from HFO increased from 43.45 

188 wt.% (400 °C) to 70.57 wt.% at 600 °C, but then decreased to 34.38 wt.% at 1000 °C. Similar 

189 trends were observed for pyrolysis of VRO. For both fuels, the liquid yields were maximum for 
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190 both HFO (70.57 wt.%) and VRO (72.78 wt.%) at 600 °C. It can be noted that cracking of these 

191 fuels significantly increased beyond the pyrolysis temperature of 600 °C, which resulted in high 

192 amounts of gas formation (> 50 wt.%) at 1000 °C. The solid residue obtained from the pyrolysis 

193 of HFO and VRO conformed to the amount of fixed carbon present in the HFO and VRO, and the 

194 amount of char obtained followed the trend HFO (10.77 wt.%) < VRO (14.08 wt.%). Chalov et al. 

195 [34] investigated the pyrolysis of oil residue in the temperature range of 500–750 °C and observed 

196 similar trends for liquids and gases. It can be noted that the consistency in the liquid and char yield 

197 after 800 °C suggested that increment in conversions of HFO and VRO cannot be achieved by 

198 increasing the temperature further.

199      

(a) (b)

200 Figure 1. Yields of the liquid, gas and solid fractions obtained from pyrolysis of (a) HFO 

201 and (b) VRO   

202 3.3. Composition of liquid products

203 3.3.1. GC/MS/FID analysis of liquid products from pyrolysis of HFO and VRO
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204 Liquid products obtained from the pyrolysis of HFO and VRO resulted in the formation of 

205 large number of compounds belonging to different families (see supplementary materials (SM)). 

206 This corroborates with the complex composition owing to the presence of heteroatoms [13]. Figure 

207 2 depicts the composition of the liquid fraction obtained from the pyrolysis of HFO at different 

208 temperatures. At 400 °C, the composition of benzene derivatives (35.74%) and saturated 

209 hydrocarbons (44.10%) was the highest in the liquid fraction. Also, naphthalene derivatives (11%) 

210 were present. Toluene (2.4%), styrene (2.08 %), benzene,1-ethyl-3-methyl (3.86%), 1,3,5-

211 trimethylbenzene (3.24 %) and p-cymene (5.30%) were the most abundant benzene derivatives 

212 observed. Decane (5.45%), undecane (6.08%) and tetradecane (5.3%) were the major saturated 

213 hydrocarbons. Naphthalene (2.8%) and 2-methyl naphthalene (3.98%) were the major naphthalene 

214 derivatives. From Figure 1 (a), it can be clearly deduced that these are not the products obtained 

215 from cracking of the fuel molecules but from flashing of the lighter components at an elevated 

216 temperature of 400 °C. The compounds mentioned above were observed in the HFO investigated 

217 by Sun et al. [35] for the development of a multi-component surrogate. Garaniya et al. [36] also 

218 observed that some of the saturates and aromatic fractions simply flash (or volatilize) and cracking 

219 of the molecules can begin at higher temperatures.

220 As the temperature increased to 500 °C, the relative composition of benzene derivatives, 

221 naphthalene derivatives and saturated hydrocarbons was 31.33%, 14.06% and 42.67%, 

222 respectively. The relative content of benzene derivatives decreased to 23.85% and saturated 

223 hydrocarbons increased to 49.44% at 600 °C. It is to be noted that these are relative compositions 

224 and not exact amounts. The amount of liquid formed should be accounted for before comparing 

225 the quantity of a particular functional group. Similar compounds discussed in the previous 

226 paragraph were observed in the liquid fraction obtained from the pyrolysis of HFO at 500 and 600 
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227 °C. The formation of unsaturated hydrocarbons was significantly increased from 1.1 % (500 °C) 

228 to 6.8% (600 °C). At 800 °C, the relative composition of benzene and naphthalene derivatives 

229 increased to 49.84 and 30.40%, respectively. Sulphur compounds were also observed (3.45%) with 

230 a benzothiophene backbone. Polycyclic aromatic hydrocarbons such as anthracene and 

231 phenantharene derivatives along with pyrene were identified in the liquid phase. The high relative 

232 composition of naphthalene derivatives, mono- and polycyclic aromatic hydrocarbons was a result 

233 of promoted aromatization and condensation reactions. Traces of saturated and unsaturated 

234 hydrocarbons were detected in aliphatic hydrocarbons. This can be explained by the cracking of 

235 alkyl chains attached to the polycyclic aromatic hydrocarbons. The evolution of S-containing 

236 compounds from pyrolysis was observed only at temperatures 800 °C and above. Traces of 

237 compounds with a thiophene backbone were observed.  

238

239 Figure 2. Effect of temperature on the composition of liquid from pyrolysis of HFO. 

240 At 1000 °C, the selectivity to naphthalene derivatives was the highest (45%) with 

241 significant selectivity to benzene derivatives (24%) and polycyclic aromatics (21.2%). It can be 

242 clearly seen that the liquid fraction obtained from pyrolysis was rich in aromatics with other 
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243 hydrocarbons undetected. It was interesting to see the difference in the product spectrum with the 

244 liquid and gas yields being similar at 800 and 1000 °C as well. The deconstruction of resins and 

245 asphaltenes present in the HFO was enhanced with the increase in temperature. This resulted in 

246 the formation of large hydrocarbons such as naphthalene, pyrene, fluorene, benzothiophene and 

247 dibenzothiophene.

248 Figure 3. depicts the composition of the liquid fraction obtained from pyrolysis of VRO at 

249 different temperatures. At 500 °C, selectivity to saturated (45%) and unsaturated hydrocarbons 

250 (32%) was the highest followed by benzene derivatives (15%). The liquid from HFO had a higher 

251 selectivity to benzene derivatives than the liquid from VRO. This can be attributed to the lighter 

252 cut present in HFO. Interestingly, selectivity to unsaturated hydrocarbons (30%) was prominently 

253 observed in the liquids from VRO. Selectivity to xylene (10.5%) was found to be the highest in 

254 the benzene derivatives. Significant selectivity to C10 – C16 compounds was observed in the 

255 saturated and unsaturated hydrocarbons. At 600 °C, the selectivity to saturated hydrocarbons 

256 decreased to 21% and unsaturated hydrocarbons increased to 38%. The selectivity to xylene 

257 decreased to 7.24% while benzofuran and indene derivatives were also observed. Benzothiophene 

258 was formed with significant selectivity (9.7%) and it can be noted that S-containing compounds 

259 were in abundance in the liquids from VRO as compared to HFO. This can be attributed to the 

260 high sulfur content in VRO and ascertains the presence of benzothiophene and its backbone in the 

261 vacuum residue matrix.

262 At 800 °C, the selectivities to benzene derivatives in liquid from VRO (39%) were low 

263 compared to liquid from HFO (54%), whereas selectivity to naphthalene derivatives was 

264 marginally higher in liquid from VRO (28%) as compared to HFO (33%). The selectivity to                  
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265

266 Figure 3. Effect of temperature on the composition of liquid from pyrolysis of VRO.

267 aliphatic hydrocarbons was significantly reduced as compared to 600 °C. This can be attributed to 

268 enhanced cracking at 800 °C. The selectivity to benzo[b]thiophene, 2,7-dimethyl was found to be 

269 10% and which confirmed the presence of benzothiophene ring in the matrix of the fuel. It can be 

270 noted that the solid yields are higher from the pyrolysis of VRO (~15 wt.%) as compared to HFO 

271 (10 wt.%). It is evident from the results and discussion in section 3.2 that the asphaltene amount 

272 is higher in VRO. But, this asphaltene content did not translate in the selectivity to naphthalene 

273 derivatives and polycyclic aromatic hydrocarbons due to their inability to deconstruct at such 

274 temperatures. As the pyrolysis temperature increased to 1000 °C, the selectivity to benzene 

275 derivatives decreased to 13.3%, whereas selectivity to naphthalene derivatives increased to 

276 51.64%. High pyrolysis temperature aided the deconstruction of the resins and asphaltene 

277 components to enhance the polycyclic aromatic hydrocarbons (15.82% from 2.23%) and 

278 naphthalene derivatives. Also, the formation of S-containing compounds such as acyclic aromatic 

279 compound diphenyl sulfone and dibenzothiophene derivatives increased significantly by 50% 

280 compared to 800 °C. It is important to note that sulfur containing compounds such as thiophene 
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281 derivatives including benzothiophene and dibenzothiophene and sulfone based compounds 

282 including diphenyl and dimethyl sulfone are inherently present in petroleum [37]. A full list of 

283 compounds quantified in the pyrolysates (liquid fraction) is provided in the SM.

284 3.3.2. FT-ICR-MS of liquid products from HFO and VRO

285 The GC/MS total ion chromatograms presented in the supplementary materials (Figures 

286 S1 and S2) show two main temperature-dependent regions of pyrolysis. In the above discussion, 

287 it was presented that temperatures below 600 °C facilitated the formation of alkyl saturated 

288 compounds and alkenes in C9-C30 range. This can be attributed to the evaporation of the lighter 

289 components and the formation of alkenes is attributed to the C-H and C-C bond cleavage that are 

290 expected to occur between 350–400 °C [38]. As the pyrolysis temperature increased to 600 °C and 

291 above, alkanes and alkenes reduced significantly and the fractions became rich in benzene and 

292 naphthalene derivatives. The most distinctive compounds indenes, naphthalenes, 

293 benzothiopehenes, dibenzothiophenes, biphenylene, anthracene and fluranthene were observed in 

294 the liquid fraction. It is worthwhile to mention that small PAHs are expected from the cracking of 

295 archipelago-like structures of heavy components and the formation of paraffinic and alkenes by 

296 subsequent abstraction reactions [39]. It was clearly evident from the FT-ICR-MS results that the 

297 concentration of these PAHs increased as the pyrolysis temperature increased.

298 An FT-ICR-MS has access to high molecular weight compounds which are inaccessible by 

299 GC/MS due to the high volatilization temperatures and possible degradation that these molecules 

300 undergo before volatilizing. Furthermore, the excellent mass resolution of FT-ICR-MS allowed to 

301 assign molecular formulae for each peak detected with mass errors below a few ppm which is 

302 enough to differentiate closely spaced peaks in heavy oils [40]. APPI source in FT-ICR can access 

303 a wide range of molecular structures in HFO and is often preferred over other ionization techniques 
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304 such as electro-spray ionization (ESI) or atmospheric pressure chemical ionization (APCI). So, it 

305 is a useful tool for estimating average molecular weights and an important parameter for 

306 characterizing heavy oils. The APPI FT-ICRMS profiles for HFO and VRO and their 

307 corresponding liquid pyrolyzed fractions at 500 and 1000 °C are shown in Figure 4.

308    

309 Figure 4. APPI-FT-ICR-MS profiles for HFO and VRO and their respective liquids from 

310 pyrolysis at 500 and 1000 °C.

311 A reduction in the average molecular weight can be seen with an increase in pyrolysis 

312 temperature. It should be noted that the average molecular weights are estimated as weight average 

313 molecular weight. A change from 684.5058 to 450.0114 at 1000 °C for VRO and from 689.6632 

314 to 368.9373 at 1000 °C for HFO in the average molecular weight of fuel compared to respective 

315 liquids was observed. This reduction in weight can be attributed to the evaporation of lighter 

316 molecules, cracking and repolymerization reactions resulting in the formation of gases and solids, 

317 respectively. Plotting double bond equivalent (DBE) as a function of carbon number aided in 

318 further investigation into the molecular changes in the fuels under pyrolysis conditions (Figure 5). 

319 DBE values are an indirect measurement of the unsaturation in the molecules counting the number 

320 of double bonds and rings present in a compound from its molecular formula.

(f) HFO

(e) HFO liquid 500 °C 

(d) HFO liquid 1000 °C 

(c) VRO

(b) VRO liquid 500 °C 

(a) VRO liquid 1000 °C 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4385837

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



17

321

322 Figure 5. Plots of DBE vs Carbon number of HFO, VRO and their respective liquids 

323 from pyrolysis at 500 and 1000 °C. A straight line formed by the species with less carbons at 

324 each DBE value is represented by a black dashed line and APL for pure hydrocarbons is shown 

325 in red dashed line.

326 It can be seen from Figure 5 that the species detected in the liquid fraction from the 

327 pyrolysis of HFO and VRO are composed of high molecular weight molecules with high carbon 

328 content and DBE values. The color density in the plots reveals that high intensity peaks are located 

329 at DBE values of around 20 (~7 rings). The aromatic planar limit (APL) of the hydrocarbons in 

330 the liquid products is also shown in Figure 5 [41]. The DBE vs carbon number plots appear to be 

331 significantly different for the liquid fractions from HFO and VRO at 500 and 1000 °C. The APL 

332 of the liquids from pyrolysis of HFO and VRO approach APL of pure hydrocarbons at higher 

(f) HFO (e) HFO liquid 500 
°C

(d) HFO liquid 1000 °C

(c) VRO (b) VRO liquid 500 °C (a) VRO liquid 1000 °C
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333 pyrolysis temperatures. This is an indication of the presence of pericondensed molecules and loss 

334 of alkyl substituents. These plots clearly reveal that the liquid from the pyrolysis of HFO and VRO 

335 had compounds with higher DBE compared to original fuels. This phenomenon suggested 

336 polycondensation reactions between PAH molecules. Low ion suppression in the APPI source also 

337 can not be ruled out [42]. The liquid fraction obtained from pyrolysis of VRO at 1000 °C appeared 

338 to be more complex compared to HFO. This is because of efficient cracking of high molecular 

339 compounds occurs in HFO during pyrolysis compared to VRO. The molecular formulae assigned 

340 in FT-ICR by a class compound analysis and derived elemental analysis from FT-ICR-MS were 

341 used as a further investigation of the heteroatoms present in each sample. This information is 

342 provided in SM. These results demonstrated that molecular motifs lost during pyrolysis at different 

343 temperatures do not belong to a specific classes of compound.

344 3.4. Composition of gases

345 Figure 6 shows the composition of the major gases detected in the pyrolysis vapors from 

346 HFO and VRO. Methane, ethane, ethylene, propylene, butane and 1,3-butadiene were the major 

347 gases identified. It can be noted that 20 different gases were identified using a light hydrocarbon 

348 standard and a detailed list of gases with their composition is provided in the SM. It is imperative 

349 to mention that the starting pyrolysis temperature for gas analysis was 500 °C and above for VRO. 

350 The overall gas yields were low for both HFO and VRO at 400 °C. This can be attributed to 

351 minimal cracking at these temperatures. The overall yield of light hydrocarbons identified in the 

352 pyrolysis vapors of HFO was 0.26 wt.%. Suzuki et al.[43] also reported very low C1-C4 yield (3–6 

353 wt.%) from the pyrolysis of heavy oils between 450 and 500 °C as 80% of the sample cracked into 

354 light gases and liquid fractions. 
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355 The pyrolysis of these heavy fuels is initiated by dissociation reactions of alkyl chains 

356 present in the polycyclic aromatic hydrocarbon framework. These reactions are followed by 

357 hydrogen abstraction and addition reactions by hydrogen and methyl radicals. From Figures 6 (a) 

358 and (b), it can be clearly observed that the composition of methane increased from 500 to 1000 °C 

359 in the pyrolysis vapors from HFO (0.41 to 8.25 wt.%) and VRO (0.44 to 6.63 wt.%) due to an 

360 increase in cracking with temperature. The main characteristic reactions of the alkyl chains present 

361 in heavy fuels is cracking which results in the formation of smaller alkanes and alkenes via a free 

362 radical mechanism. The initiation, propagation and termination of the reaction, occurs through 

363 C-C homolysis, C-C β-scission along with hydrogen abstraction, and radical combination and 

364 disproportionation, respectively. Hydrogen radical generation takes place during this 

365 decomposition and their combination with methyl radicals leads to the formation of methane via 

366 hydrogenolysis.

367
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368

369 Figure 6. Composition of major hydrocarbons detected in the vapors from pyrolysis of (a) HFO 

370 and (b) VRO. 

371 Ethane and propylene amounts in the pyrolysis vapors from HFO and VRO increased as 

372 the temperature increased from 500 to 800 °C. Further, they decreased as the pyrolysis temperature 

373 was raised to 1000 °C. For both fuels, ethane composition was higher as compared to methane 

374 between 500–800 °C and then it reduced at 1000 °C and a similar trend was observed for 

375 propylene. For HFO, ethane composition increased from 0.93 to 8.48 wt.% and then decreased to 

376 4.48 wt.%, whereas propylene composition increased from 0.23 to 7.22 wt.% and then decreased 

377 to 3.95 wt.%. The composition of gases from HFO and VRO was found to be similar and this can 

378 be attributed to the similarity in the matrix due to the presence of resins and asphaltenes. After the 

379 evolution of the lighter fraction from HFO, both VRO and HFO would be comparable in 

380 composition. 

381 The ethylene and acetylene in the vapors are the result of stepwise dehydrogenation of 

382 ethane. Ethylene was observed to be the most dominant product in the vapors from the pyrolysis 

383 of HFO and VRO at 800 °C and above. The amount of ethylene increased from less than 1 wt.% 
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384 (500–600 °C) to 8.83 wt.% (800 °C) and 10.98 wt.% (1000 °C) in the vapors from the pyrolysis 

385 of HFO. As higher temperatures lead to enhanced dehydrogenation. Only the concentration of 

386 methane and ethylene increased beyond 800 °C, whereas ethane, propane and propylene decreased 

387 due to their enhanced reactions at high temperatures. t-2 butene, 1,3-butadiene and acetylene were 

388 noticeably present in the vapors. The information obtained from the pyrolysis products in the 

389 gaseous and liquid phases can be used to better model combustion and gasification processes.

390 4. Conclusions

391 The pyrolysis of HFO and VRO was studied to understand the products in liquid and 

392 gaseous phases in a wide temperature range of 400–1000 °C. The maximum liquid yield from HFO 

393 and VRO was observed at 600 °C and minimal change in conversion with respect to solid residue 

394 was observed beyond 500 °C. This suggested that maximum cracking (into oil and gas) for HFO 

395 and VRO occurred at 500 °C. The amount of naphthalene derivatives, polycyclic aromatic 

396 hydrocarbons and sulfur-containing compounds, was more in the pyrolysis products from VRO as 

397 compared to HFO across all temperatures. Saturated hydrocarbons were found in abundance from 

398 the pyrolysis of HFO, whereas unsaturated hydrocarbons were more prevalent in pyrolysis 

399 products from VRO between 400–800 °C. FT-ICR-MS revealed a significant reduction in the 

400 average molecular weight of the liquid product from HFO and VRO as the pyrolysis temperature 

401 increased from 500 to 1000 °C. HFO was found to exhibit efficient cracking compared to VRO 

402 owing to the presence of complex molecules in the liquid fraction obtained from VRO at high 

403 temperatures. C1-C5 hydrocarbons were identified in the gas fraction collected from both fuels. 

404 Methane, ethane, ethylene and propylene were the major gases observed. Ethylene production was 

405 highest at 1000 °C due to significant dehydrogenation reactions. Overall, the gas yields from HFO 

406 were more than VRO.
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