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Petrochemical refineries worldwide experience a common problem: the accumulation of
fuel oil blended stock (FOBS). FOBS are any leftover oil blended with other similar unfin-
ished oils, to make a final refined product. FOBS are not only of no value, but also it triggers
storage and environmental concern. One way to overcome this is to upgrade FOBS into
higher value-added product through oxidative cracking process. In this study, FOBS poten-
tial as a feed was investigated to produce hydrogen by utilizing n-eicosane as the model
compound. A thermodynamic equilibrium analysis based on the total Gibbs energy min-
imization method was performed for n-eicosane cracking to hydrogen in the presence of
oxygen. The effects of different reactants ratio, temperature and pressure, were studied.
Equilibrium product compositions of n-eicosane at temperatures of 573 K-1273 K, pressure
of 0—20 bar, n-eicosane/oxygen ratios (EO) (0.5:0.5, 0.7:0.3, 0.8:0.2, 0.9:0.1, 0.95:0.05) were
analysed. It was discovered that the main product of oxidative cracking is hydrogen and
methane. Furthermore, the results showed that the optimum reactant ratio for hydrogen
and methane production is EO ratio 0.95:0.05. A network of reaction mechanisms has been

postulated to explain the overall complex reactions happening in the process.

© 2021 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Crude oil is still responsible for 32% of the world energy supply and
is expected to hold its position for the next decade (Hart et al., 2014;
Wang et al., 2017). According to the International Energy Outlook 2016,
the demand for fossil fuels in generating energy will still be promi-
nent compared to other renewable energy in 2040 (Conti et al., 2016).
The crude oil condensate and naphtha can be used after undergoing
rigorous processing in a refinery to produce numerous types of deriva-
tives, which involve several complicated processes. However, there will
be situation where undesired by-products are formed, could not be
blended with other feedstock, because the amount is too much or it has
extreme unfavourable properties, and eventually stored in a designated
storage tank as fuel oil blended stock (FOBS). Although the operation
department of the refineries will do their very best to utilize all avail-
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able precious feed stock and side-products, some still end up as FOBS.
FOBS is defined as any leftover oil or product that is blended with other
similar unfinished oils, to make a final refined product, but often it is
regarded as undesired products due to its difficulty to be further pro-
cessed. After certain amount of time, FOBS can partially or into certain
extend with time transformed to sludge which will then be tougher
to handle. Upon its transformation to sludge, refinery operation will
regard it as scheduled waste and the disposal will require tedious care
and humongous cost. The refinery is capable of paying for the dis-
posal cost, but this will be only a fast and temporary but unsustainable
solution for the refinery. In addition, the scheduled waste will end up
somewhere at a scheduled waste treatment facility and involve either
further processing, landfilling or incinerated depending on the severity
of the hazardous compound it contains. That is why it is imperative to
urgently seek a way to reverse this scenario and investigate alterna-
tives to convert FOBS into value-added products, which can increase
profitability of the business and minimize environmental concerns.
FOBS contained fuel oils that consist of a diverse range of hydro-
carbons obtained through crude oil refining (Laffon, 2014). It has larger
carbon content than gasoline and naphtha, ranging between 20 and 70

0263-8762/© 2021 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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Diesel Fuel Bunker Fuel

Fig. 1 - Colour difference of Fuel Oil No.6 (Bunker Fuel) with
Diesel Fuel (Agency, 2021).

carbon atoms. The two main types of FOBS are distillate fuel oils and
residual fuel oils. Heavy Fuel Oil (HFO), also known as Fuel Oil No. 6 or
Bunker Fuel, is one of the most abundant FOBS from petroleum refin-
ery. It is a residual fuel oil from petroleum refineries that is generally
blended with additional components to improve the oil quality. Nor-
mally, cutter stock or blend components are blended with this residual
from oil refineries to bring down the high viscosity of the HFO, bring-
ing it to certain specifications. It is hoped that through this process, the
economic value of the FOBS produced increases. Unfortunately, most of
the time, this is not the case. For instance, not only refineries through-
out the world is having problem dealing with HFO, but the HFO at power
generation plants also led to the environmental and financial crisis that
the government has to endure (Al-Malack et al., 2016).

Since FOBS (that contained HFO) has become more abundant with
time, it is necessary to pursue a solution to overcome all the problem-
atic issues arising from it. This attracted some research where HFO
were upgraded to form lighter fuel that produces cleaner energy on
burning (Ghashghaee, 2017; Kar et al., 2018). Such upgrading process
of fuel oil offered modern approach to re-purpose the HFO in a more
sustainable method and reduces environmental problems caused by
HFO. The effort is spot on with time as it was introduced amidst the
scarcity of natural oil and gas era as well as the strengthening control
of environmental laws and regulations.

In the American Society for Testing and Materials (ASTM) D396 stan-
dard, fuel oils from FOBS are divided into six groups based on boiling
point, composition and purpose (Perry et al., 1998). A noticeable differ-
ence that could be observed between HFO (Fuel Oil No. 6) with other fuel
oil is their colour. Fuel oil No. 1 to No. 4 could be colourless to brown.
In contrast, the colour of HFO with a tar-like appearance is black. The
darker colour of HFO reveals that it is thicker, with a higher viscosity
than other fuel oil. Apart from that, HFO also has a high specific gravity
compared to other lighter fuels (Schmidt, 1985). A comparison of the
colour difference of HFO (Bunker Fuel) with diesel fuel is shown in Fig. 1
(Agency, 2021). The main components of HFO are saturates, aromatics,
resins, and asphaltenes (Stratiev et al., 2016; Zhao et al., 2019). The
molecular weight of HFO is generally affected by the composition of
asphaltenes and aromatics which are the high molecular weight com-
pounds. The presence of asphaltenes contributes to the dark colour of
HFO and makes HFO a dense material (Demirbas et al., 2016). The pres-
ence of aromatics as a stable compound has increased the difficulty in
directly burning HFO as a fuel (Garaniya et al., 2011). The sources of fuel
oil affect the compositions of each component in HFO.

Generally, the preferred transformation process of FOBS is through
thermochemical conversion processes that can be categorised into
thermal cracking, hydrocracking and catalytic cracking (Taghili et al.,
2020). The four main factors that impact the process are catalyst devel-
opment, the origin of FOBS, engineering decisions in process planning,
and economic considerations (Akhavan et al., 2014). Since the 1900s,
numerous studies had been conducted to investigate the cracking of
various hydrocarbons. The thermolysis of higher molecular weight of
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Fig. 2 - Selection of hydrocracking technologies based on
the contents of the feedstock (Angeles et al., 2014).

n-paraffins, including n-eicosane in the vapour-phase, proved that 1-
alkenes could be formed as the main product (Zhou et al., 1987).

Thermal cracking, also known as pyrolysis, is a simple process
involving burning fuel to supply heat to a temperature higher than
350 °C in the cracking reactor to produce a wide range of liquid and
gases products. The burning of fuel outside the reactor releases a large
amount of carbon dioxide into the atmosphere. Visbreaking and coking
processes are examples of thermal cracking (Sviridenko et al., 2020).
Visbreaking, also known as mild cracking, is used to reduce the vis-
cosity of FOBS, while coking is a cracking process that involves longer
residence time. In most researches, cracking is only valid for a low
conversion of feedstocks (Jiang et al., 2019; Zhu et al., 2014). The crack-
ing temperature was controlled at a suitable range to ensure only
primary and secondary cracking occurred. Thermal cracking at lower
temperature encourages the production of liquid fuels, while a higher
temperature promotes olefins production (Ghashghaee and Shirvani,
2018).

Catalytic cracking has been the centre of attention in recent years.
A more significant amount of olefins with higher market demand and
lesser paraffins could be formed as the products. Common catalysts
employed include zeolite ZSM-5 (Elordi et al., 2011; Safari et al., 2020,
2019), Molybdenum oxide (Taghili et al., 2020), Li/MgO (Boyadjian et al.,
2010), etc. Hydrocracking could be further classified as thermal hydro-
cracking and catalytic hydrocracking. The co-feeding of hydrogen with
feedstocks in hydrocracking could promote the production of products
that have higher hydrogen to carbon ratio. Hydrogen provides better
control of the cracking process and reduces the amount of coke formed
in the reactor (Hasanova et al., 2019). For hydrocracking reaction, the
available type of reactors includes fixed-bed, slurry-phase, ebullated-
bed, and others. The criteria for selecting hydrocracking technologies
are summarised in Fig. 2 (Angeles et al., 2014).

Recently, the addition of atmospheric oxygen to assist the upgrad-
ing process of FOBS has been introduced as it helps reduce the emission
of harmful pollutants such as carbon dioxide. The use of oxygen would
increase carbon monoxide production instead of carbon dioxide in the
selectivity of COx formation. The advantages of using oxygen in the
upgrading process also include increasing the production of light frac-
tions and reducing coke formation in the reactor (McDermott et al.,
2020). Nevertheless, the amount of oxygen fed into the cracking pro-
cess is kept low, that is less than 8 wt% in the reactants for process
safety purpose (Shvets et al., 2017). Production of oxygen-containing
compounds such as oxides could be detected while oxygenated prod-
ucts such as alcohol could be neglected as the small amount of oxygen
supplied is insufficient for the complete oxidation of feedstocks.

Table 1 summarises previous researches on FOBS and hydrocarbon
upgrading. The final products produced at the end of the upgrading
process depend on the reactants, reaction parameters and technol-
ogy used. Heavy fuel oil with a lower commercial value undergoes
the cracking process to produce smaller hydrocarbon molecules with
a higher retail value that meet the market demand. Due to the differ-
ences in compositions of FOBS from different resources, the upgrading
process of the FOBS may produce various products depending on the
reactant used. Based on SARA analysis (saturates, asphaltenes, resins,
aromatics in heavy crude oil), HFO contains a high percentage of sat-



Table 1 - Summary on upgrading technology.

Process Reaction Parameters Feed stocks Products Refs.
Thermal Cracking Temperature range at 800 K-2200 K, pressure at 5, n-Decane with Paraffins, olefins, benzene, hydrogen gas, diene, (Zeng et al., 2014)
30, 150 and 760 Torr Argon alkynes
Thermal Cracking Temperature range at 150 °C-450 °C, reactor Heavy oils Naphtha, distillates, gas oil, vacuum residue, coke (Rueda-Veladsquez and Gray, 2017)

Thermal Cracking

Thermal Cracking

Thermal Cracking

Thermal and catalytic cracking
with low-cost catalyst

Catalytic cracking with alumina
nanoparticles

Visbreaking with MoO3/y-Al203
nanocatalyst

Thermal and catalytic cracking
with NiCr/WC catalyst

Catalytic cracking with
equilibrium catalyst or
hydrothermally deactivated
catalysts

Hydrocracking with dispersed
catalyst

Hydrocracking with halloysite
modified

Thermal cracking with addition of
oxygen

Thermal cracking with addition of
oxygen

Oxidative catalytic cracking with
ZSM-5 zeolite

Oxidative catalytic cracking with
hexagonal boron nitride

Oxidative Dehydrogenation

pressurized at 0.69 MPa

Temperature range at 750-1430 K, pressure at
0.0066, 0.039, 0.197 and 1 atm

Temperature range at 450 °C-730 °C, pressure at
3MPa

Temperature range at 580 K-940 K, pressure at 4—6
MPa
Temperature range at 240 °C-290 °C

Temperature range at 400 °C-420 °C

Temperature range at 250 °C-350 °C, atmospheric
pressure

Temperature range at 350 °C-450 °C, pressure at 6
MPa

Temperature range at 450 °C-500 °C, atmospheric
pressure

Different range of condition (depend on the catalyst
used)

Temperature at 430 °C, pressure at 0.5-6 MPa
Temperature range at 430-450 °C, pressure at 3 atm
Temperature range 430-460 °C, pressure at 2-8 atm
Temperature at 550 °C, atmospheric pressure
Temperature range 1023 K—1173 K, atmospheric

pressure
Temperature range 475-575 °C

n-Dodecane with
Argon
n-Dodecane

n-Decane
Heavy crude oil

Athabasca vacuum
residue
Extra heavy oil

Heavy crude oil

Bio-oil and
n-eicosane

Heavy oil with
hydrogen

Heavy fuel oil
hydrogen

Black oil fuel and
oxygen

Heavy oil residues
and oxygen
Heavy oil residues
and oxygen
n-butane and
oxygen

Ethane and oxygen

Paraffins, olefins, benzene, hydrogen gas, diene,
alkynes

450 °C-530 °C: Paraffins, olefins, 0.3% cycloalkane;
530 °C-600 °C: cycloalkene, MAHs; > 600 °C: PAHs,
coke

Paraffins, olefins, hydrogen gas(Result only valid for
conversion up to 13%)

Paraffins, Olefins, aromatic, cycloalkane

Asphaltene, maltene, toluene insoluble
Gaseous products, liquid products

Gaseous products, liquid products, coke
Gaseous hydrocarbon, coke, CO, CO,, oxygenates,
water

Gaseous products, liquid (oil fractions), coke
Gasoline (paraffins, iso-paraffins, unsaturated,
naphthenes, aromatics), Diesel, Coke

Paraffins, olefins, aromatic, Low coke (almost no
coke).

Paraffins, olefins, aromatic hydrocarbon
Naphtha, kerosene, Diesel

CHg, CO, CO,, CoHs, CyHg, C3Hg, C4Hg

HQ, CH4, Hzo, CO, COQ, CoHy and CoH,

(Zeng et al., 2018)

(Zhang et al., 2018)

(iang et al., 2019)

(Kar et al., 2018)

(Eshraghian and Husein, 2018)
(Taghili et al., 2020)
(Sviridenko et al., 2020)

(Shimada et al., 2018)

(Angeles et al., 2014)
(Hasanova et al., 2019)
(Shvets et al., 2016)
(Shvets et al., 2017)
(Safari et al., 2020)
(McDermott et al., 2020)

(Dar et al., 2021)
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Fig. 3 - Equilibrium constant of R1a-R1g in the oxidative
cracking of n-eicosane with oxygen at 1 bar and different
temperature.

urates and aromatics, including different kinds of paraffin (Garaniya
etal., 2011; Stratiev et al., 2016). The sample of HFO collected from Mex-
ican reported 11.5 wt.% of saturates, 18.2 wt.% of aromatics, 47.0 wt.%
of resins and 23.3 wt.% of asphaltenes (Alonso-Ramirez et al., 2018). On
the other hand, the HFO in Pei’s study shows the highest percentage in
asphaltene (Pei et al., 2020). At present, it is impossible to find out the
exact composition of each component in FOBS as it is a mixture of var-
ious compounds. All of these resulted in a complicated transformation
process to upgrade FOBS.

With only a tiny amount of non-hydrocarbon in HFO, it is reason-
able to neglect them in the simulation of the upgrading process as it
brings a negligible effect on the characteristics of HFO (Jiang et al., 2013).
With adequate calibration, it was revealed that suitable combinations
of n-paraffins could be used to present the viscous behaviour of HFO
(Dante et al., 2006). Pure hydrocarbons were chosen to represent heavy
fuel oil in previous studies due to the high percentages of hydrocar-
bon in the fuel oil (Dante et al., 2006; Jiang et al., 2013). In view of this,
the present thermodynamic modelling study focuses on oxygenated
cracking of n-eicosane, which is part of HFO, as a model compound for
FOBS. n-Eicosane has 20 carbon atoms and is within the range of HFO
(n-C20 to n-C70). It is a suitable model compound to initiate deeper
investigation of this study. Nevertheless, limited researches were con-
ducted to investigate the cracking of heavy fuel oil with oxygen to
initiate the upgrading process. Most of it focused on cracking hydrocar-
bon with less than 10 carbons or heavy oils with various compositions.
No similar research had been conducted on oxygenated cracking with
n-eicosane as the surrogate fuel. This thermodynamics modelling will
provide simulation process that helps deal with the complexity of a
design process by providing a better understanding of the process of
n-eicosane oxidative cracking to hydrogen and light hydrocarbons.

Possible products formed under oxidative cracking of n-eicosane
were identified under various reaction parameters such as tempera-
ture and reactant ratio by applying the total Gibbs energy minimization
method. Number of moles of products formed were analysed under
equilibrium conversion. The reactions that may take place in this pro-
cess were identified based on the feasibility of the process. The effect
of both pressure and temperature on products formed were analysed.
The usage of ambient oxygen aims to open the chances of low-cost
reactant in enhancing the cracking process. Thus, the problem of
increasing FOBS production in the petrochemical refineries could be
further reduced by converting FOBS into more valuable products.

320

280 °

—@—R1g

240

—a— R4
—8—R5
200 O R6
—a&—R7

—o—R8
160

120 \'\-\'\.\'\R

--E--R9
® RI10

Log K

--A--R11
-=-®=-=R12
==B-=R13

O R14
==A==R15
--A--R16

3 873 973 1073 1173 1773

-40

Temperature (K)

Fig. 4 - Equilibrium constant of R1g, R2-R20 in the oxidative
cracking of n-eicosane with oxygen at 1 bar and different
temperature.

2. Method
2.1. Model compound of FOBS

The simulation investigation was carried out using a model
compound of FOBS due to the complexity of FOBS com-
position. Hydrocarbon is generally chosen and the selected
hydrocarbon should reflect the major hydrocarbon types
present in commercial fuel, including n-alkanes, iso-alkanes,
cycloalkanes, and aromatics (Wu et al., 2019a, 2019b). For sim-
plification, most researchers only used one or two compounds
to represent FOBS in studies. Difference characteristics of the
compound such as molecular weight and structure, density
and availability should be considered wisely to ensure the
selected compound can really represent the FOBS. The n-
eicosane, as known as icosane, was selected as the model
compound of HFO, consequently representing FOBS in this
study. This is because n-eicosane is proven that it could be
used as one of the multi-component model compounds of HFO
(Sun et al., 2019). n-Eicosane, n-20 was also used to represent
the HFO in the catalytic cracking of HFO with bio-oil (Shimada
et al., 2018). In addition n-eicosane, CyoHy; is a straight-chain
alkane that consists of 20 carbon atoms. It falls under the
acceptable carbon range of HFO. It is a stable hydrocarbon with
van der Waals forces. In addition, it is insoluble in water, with
a solubility of 1.2114 x 10~* ppm in water (Yaws and Gabbula,
2003). The n-eicosane appears as a colourless or white solid,
with a melting point range between 35.1 °C-38 °C (Nabil and
Khodadadi, 2013). With a low phase change-point between 36
°C-38 °C, it has been used as a phase change material (PCM)
in storing heat energy (Zhang et al., 2020). Due to its high flash
point at 212 °F (Program, n.d.), n-eicosane is less flammable
and inefficient to be used as a fuel. The other properties of
n-eicosane are summarised in Table 2.
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Table 2 - Properties of n-eicosane [43].

Properties Value

CAS Registry no. 112-95-8
Molecular weight 282.553 g/gmol
Boiling point 616.93 K
Critical temperature 767.04 K
Critical pressure 10.40 bar
Refractive index, np at 20 °C 1.4425

Gibbs energy of formation at 298 K 115.66 kJ/mol

Thermal conductivity of gas 0.005 W/(mK) at 298 K

0.0036 W/(mK) at Tmin = 250 K
0.0363 W/(mK) at Tpax = 1000 K
34.641 pP at 298 K

29.138 P at Tyin = 250 K
115.29 pP at Tmax = 1000 K
Surface tension 10.54 dyne/cm at 538.32 K
Solubility parameter at 36 °C 15.77 (J/cm?3)¥2

Dipole moment (D) 0

Van der Waals’ area at 36 °C 2.854 x 10'° cm?/mol

Viscosity of gas

2.2. Thermodynamic analysis

The thermodynamic analysis of oxidative cracking of n-
eicosane with oxygen was performed using HSC Chemistry

version 11.0 software based on the minimization method
of the total Gibbs energy (Roine, 1999). All chemical species
involved were considered when the system reached equilib-
rium at constant temperature and pressure. The equilibrium
rate constants for all possible reactions were determined and
the equilibrium compositions of each species were calculated
when the Gibbs energy of the system reached its minimum.
The total Gibbs Free energy of a system with more than
one phase and components is shown in the equation below
(Henderson et al., 2020).

S Mp

nG = ZZ (nijGij) (1)

i=1 j=1

where M and S are the number of phases in the system and
the number of species in the system, respectively. The mini-
mization of total Gibbs Free energy in the gas phase is shownin
Eq.2 when considering solid carbon formation in this process
(Zeng et al., 2010).

N-1

Gt = Zni(AG% +RT lnjﬁ%) +ncAGY, @)

i=1 1
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where AG% is the standard Gibbs function of each speciesiand
AG})C is the standard Gibbs function of carbon, f; is the fugacity
of species i.

The species considered in this study were n-eicosane and
oxygen as the reactants. Ambient air is supplied to the reactor
to supply the oxygen stream. Since air mainly consists of nitro-
gen and oxygen, the nitrogen supply could act as an unreactive
medium, providing stabilization on the reaction temperature
and enhancing the energy efficiency of the process (Shrestha
et al,, 2017; Zhong et al., 2021). Therefore, nitrogen sup-
ply is omitted as a reactant in the simulation study as it
remains unreacted in the reactor. Meanwhile, the reaction
products were hydrogen, carbon (coke), methane, water, car-
bon monoxide, carbon dioxide, ethane, ethene, acetylene,
propyne, allene, propane, propene, 1,3-butadiene and butene.
The possible products formed were identified through litera-
ture reviews from prior studies as listed in Table 1. Heavier
compounds are not detected as it is subjected to secondary
reactions in the reactor until equilibrium is reached. The Gibbs
software is used to find the most stable species combination
at the equilibrium phase. Therefore, only small compounds as
listed had been detected at minimum total Gibbs energy. Other
compounds such as aromatic compounds are not detected
because the reaction conditions used are inadequate for their
production. It only happens when there is severe cracking in
a high-temperature setting (Zhang et al., 2018).

The outlet composition of the products was assumed to be
in equilibrium at the exit of the reactor. For gas-phase reaction
equilibrium, a mixture of ideal gases was assumed. Solid car-
bon is the only species that exist in the solid phase. The total
number of mol of reactant input was kept at 1 kmol. The three
main thermodynamic parameters: temperature, feed ratio and
pressure, are considered in this study. The operating temper-
ature was kept in the range of 573 K-1273 K while the ratios of
n-eicosane to oxygen (EO) were 0.5:0.5, 0.7:0.3, 0.8:0.2, 0.9:0.1
and 0.95:0.05. In all conditions, the pressure was kept at 1 bar.
Complete conversion of n-eicosane was recorded in all con-
sidered reaction parameters, indicating the feasibility of the
oxidative cracking of n-eicosane with oxygen. After getting the
optimum ratio for product conversion, the pressure and tem-
perature effect on the oxidative cracking process was assessed
using contour graphs, where the pressure ranges from 0 to
20 bars. The overall oxidative cracking of FOBS with oxygen
is a complex reaction that involves multiple side reactions
such as partial oxidation, dehydrogenation, oxidative dehy-
drogenation, methanation and water gas-shift reaction. The
simulation performed in this study represents the oxidative
cracking process in the cracking reactor in a plant. n-Eicosane
is fed into the reactor, followed by the ambient air that pro-
vides oxygen. The reactor should be equipped with a suitable
temperature controller and thermocouple for the experimen-
tal study to ensure the oxidative cracking process occurs at
the required temperature. Control valves are employed to con-
trol the pressure of the reactor. The reactor should contain a
safety valve for emergency shutdown. The reaction network
of the whole process was proposed based on former postula-
tions (Dar et al., 2021; Hosseinpour et al., 2019; Li and Zhao,
2015; Zeng et al., 2018).

2.3.  Equilirium constant, K

The Gibbs free energy change of reactions (AG?) and enthalpy
change of reactions (AH?) at 298.15 K are obtained from HSC

Chemistry Software Database. The equilibrium constant, K of
all possible reactions is calculated using Egs. 3 and 4.

, ac?
K =e = 3)
Ik = _ AH? (1 1) +Ink’ o
"R\t T

where Ris 8.314Jmol~! K1, K’ is the equilibrium rate constant
ofreaction at298.15 K and T’ is reference temperature at 2981.5
K. The effect of temperature on the equilibrium constant of all
possible reactions is analysed.

3. Results and discussion
3.1. Ln K vs T and possible reactions

All possible reactions that may occur in the oxidative cracking
of n-eicosane for the formation of main products were identi-
fied. There is a total of 20 reactions proposed in this process
(Table 4). The first initial reaction that occurs in this process
is R1 and 7 possible reactions that might occur from R1 oxida-
tive cracking of n-eicosane are listed as R1la to R1g in Table 3.
The equilibrium constant, K calculated could use to deter-
mine the extent of each reaction. From Fig. 3, Ln K values of
all R1 reactions are bigger than zero within the temperature
range in this study (573 K-1273 K). Rla to R1d is endother-
mic and spontaneous, while Rle to Rlg is exothermic and
spontaneous at all temperature. All R1 are product-favoured
reaction at the studied temperature. The thermal cracking of
pure hydrocarbon without oxygen is an endothermic process
as heat energy is required to break down the chemical bond
to form smaller components (Jin et al., 2017; Safari et al., 2020;
Shrestha et al., 2017). The fuel is burned outside the reactor
to supply heat energy to the reactor. A high reaction temper-
ature is needed in the traditional thermal cracking, causing
an increased emission of greenhouse gases such as carbon
dioxide into the atmosphere.

On the other hand, oxidative cracking with the addition
of oxygen could overcome these problems. The cracking with
induced oxygen could occur in an autothermic mode due to
the exothermic route provided in the presence of oxygen. A
primary exothermic reaction is beneficial to the overall pro-
cess as the heat release enables energy conservation inside
the reactor, the reaction mixture in the reactor could be raised
to a higher temperature in a shorter time (Magomedov et al.,
2014), reducing the energy input required to the reactor at the
same time (McDermott et al., 2020). Thus, a smaller amount
of fuel is burned outside the reactor in the oxidative cracking
than the thermal cracking. This helps reduce the cost of fuel
consumption and the release of CO, from the burning of fuel.
Moreover, the use of oxygen as a free radical initiator signifi-
cantly reduced the activation energy needed in bond cleavage
of the free radical mechanism in the cracking of n-eicosane.
The addition of oxygen also promotes other exothermic side
reactions such as oxidative dehydrogenation that increase
the yield of olefins than the conventional thermal cracking.
In addition, the formation of coke as a side product could
be reduced as oxygen works as a decoking agent. Oxygen-
induced cracking also reduces the reactor’s size and enhances
the conversion of reactants compared to thermal cracking.
Thus, the oxidative cracking of n-eicosane is employed to
replace the conventional thermal cracking in this study.
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Table 3 - Reactions in the oxidative cracking of n-eicosane with oxygen.

Reaction Type of Reaction Equation AHjeg (kJ/mol) AGaog (kJ/mol)

Rla Oxidative Cracking of CaoHaa(g) + O2(g) — Ha(g) + 2 CO(g) + 468.493 37.308
n-eicosane with O, CHa(g) + CoHe(g) + 7.5 CoHa(g)

R1b Oxidative Cracking of CooHaa(g) + 1.5 O2(g) — 2 Ha(g) + 3 331.751 —134.051
n-eicosane with O, CO(g) + CH4(g) + CoHe(g) + 7 CoHa(g)

Rlc Oxidative Cracking of CaoHaa(g) + 1.5 O2(g) — Ha(g) + 3 CO(g) 194.667 —235.240
n-eicosane with O, + CH4(g) + 2 CoHe(g) + 6 CoHa(g)

R1d Oxidative Cracking of CaoHaz(g) + 2 O2(g) — 2 Ha(g) + 4 CO(g) 94.210 —390.119
n-eicosane with O, + 2 CHa4(g) + CoHe(g) + 6 CoHa(g)

Rle Oxidative Cracking of CooHaa(g) + 2 O2(g) — Ha(g) + 4 CO(g) + —42.874 —491.308
n-eicosane with O, 2 CHa(g) + 2 CoHe(g) + 5 CoHa(g)

R1f Oxidative Cracking of CaoHaa(g) + 3 02(g) — 3 Ha(g) + 6 CO(g) —316.357 —834.025
n-eicosane with O, + 2 CHq(g) + 2 CoHe(g) + 4 CoHa(g)

Rlg Oxidative Cracking of CaoHaa(g) + 3 02(g) — 2 Hy(g) + 6 CO(g) —453.441 —935.213

n-eicosane with O,

+ 2 CHa(g) + 3 CoHe(g) + 3 CoHa(g)

Table 4 - Side Reactions in the oxidative cracking of n-eicosane with oxygen.

Reaction Type of Reaction Equation AHjeg (kJ/mol) AGyos (kJ/mol)
R2 Partial oxidation of n-eicosane with O, CooHao(g) + 10 O,(g) — 21 Ha(g) + 20 CO(g) —1754.966 —2861.248
R3 Partial oxidation of n-eicosane with O, CaoHaz(g) + 20 Oz(g) — 21 Ha(g) + 20 CO,(g) —7414.245 —8004.930
R4 Partial oxidation of methane with O, 2 CHy(g) + O2(g) — 4 Ha(g) + 2 CO(g) —71.883 —173.299
R5 Partial oxidation of methane with O, CHa(g) + O2(g) — 2 Ha(g) + COa(g) —318.905 —343.833
R6 Partial oxidation of ethane with O, CyHe(g) + O2(g) — 3 Ha(g) + 2 CO(g) —136.398 —241.528
R7 Partial oxidation of ethane with O, CyHs(g) + 2 O2(g) — 3 Ha(g) + 2 COx(g) —702.326 —755.896
R8 Partial oxidation of ethene with O, CyHa(g) + O2(g) — 2 Ha(g) + 2 CO(g) —273.483 —342.717
R9 Partial oxidation of ethene with O, CoHa(g) + 2 O2(g) — 2 Ha(g) + 2 COx(g) —839.410 —857.085
R10 Methane decomposition CHa(g) <> 2H,(g) + C(s) 74.600 50.530
R11 Dehydrogenation of ethane CyHe(g) < CoHa(g) + Ha(g) 137.084 101.189
R12 Dehydrogenation of ethane CyHa(g) < CoHa(g) + Ha(g) 175.000 141.521
R13 Oxidative dehydrogenation of ethane 2 CoHe(g) + O2(g) — 2 CoHa(g) + 2 Ho0(g) —209.484 —254.786
R14 Oxidative dehydrogenation of ethene 2 CoHa(g) + O2(g) — 2 CyHa(g) + 2 Ho0(g) —133.652 —174.121
R15 Water gas shift reaction CO(g) + H20(g) <> Ha(g) + CO,(g) —41.138 —28.602
R16 Boudouard Reaction 2C0(g) < CO,(g) + C(s) —172.423 —120.004
R17 Methanation CO(g) + 3 Ha(g) < CHa(g) + H,O(g) —205.885 —141.932
R18 Methanation CO5(g) + 4 Ha(g) < CHa(g) + 2 H,0(g) —164.747 —113.330
R19 Reduction of CO Ha(g) + CO(g) <> H,0(g) + C(s) —131.285 —91.402
R20 Reduction of CO, CO,(g) + 2H,(g) < 2H,0(g) + C(s) —90.147 —62.800

It can be observed that from Rla to Rlg, the enthalpy of
reaction become more negative as the reaction become more
exothermic with the increase in stoichiometry coefficients of
oxygen in the reaction. Since the reaction from Rle to R1lg is
exothermic with negative AG? value, the higher log K value
in Fig. 3 shows that the reaction is more feasible as a spon-
taneous reaction. Therefore, R1g is selected to represent the
cracking of n-eicosane with O, as the exothermic nature of
this reaction could compensate the endothermic nature of the
cracking process, reducing external energy needed to supply
to the reactor.

Based on Fig. 4, partial oxidation of hydrocarbon (R2 to R9)
is exothermic and spontaneous, with the feasibility of reac-
tion decrease with increasing temperature. Only R3 shows
constant Ln K value among the partial oxidation processes.
The extremely high Ln K value in R2 and R3 shows that both
reactions go to completion in the selected temperature range.
For R10, it is an endothermic reaction with increasing Ln K
value. Equilibrium is limited at lower temperature, the forma-
tion of carbon is feasible at temperature higher than 873.15 K.
Dehydrogenation (R11 and R12) is endothermic reaction, the
equilibrium is limited for R12 while for R11, reaction only occur
at temperature higher than 1073.15 K. Oxidative dehydrogena-
tion (R13 and R14) is exothermic reaction and equilibrium
unlimited. The water gas shift reaction (R15) and Bourdouard
reaction (R16) are exothermic where reactions are feasible at

temperature lower than 1073.15 K and 873.15 K, respectively.
Both methanation (R17 and R18) are exothermic, more likely
to occur in lower temperature and equilibrium limitation at
higher temperature. Also, both R19 and R20 are exothermic
that favour the production of carbon at lower temperature.

3.2. Reaction network

The reaction network based on the products formed is shown
in Fig. 5. Both exothermic and endothermic reactions that
occurred are illustrated together to provide a better overview
of the process. The oxidative cracking process begins with the
main reaction (R1) that required high energy to crack the large
hydrocarbon, n-eicosane into smaller hydrocarbon. With the
use of oxygen, it can be observed that products that contain
oxygen atoms are formed in this oxidative cracking process.
As shown in the first step of Fig. 5(a), other than the produc-
tion of smaller alkanes and alkenes, the reactions between
n-eicosane and oxygen (R1-R3) also produce CO, CO, and
hydrogen as the first products from both oxidative cracking
(R1) and partial oxidation processes (R2, R3).

During the oxidative cracking process, a free radical mech-
anism that initials by the C—C bond homolytic scission occurs:
—R — 2R-. The presence of oxygen would increase the rate of
the cracking by enhancing the cleavage in C-H bond to pro-
duce hydroperoxyl radical and alkyl radical simultaneously:
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n-eicosane with oxygen at 1 bar.

CooHsa1 —H + 0y — CyoH4y1 - + HOO-. The free radicals then
undergo B-scission to form alkene and smaller radicals:R- —
R +R-.Meanwhile, H-abstraction (hydrogen transfer reaction)
via unimolecular reaction leads to the formation of alkene
while H-abstraction via bimolecular reaction leads to the for-
mation of alkane: R+R- — R+ R-. H-abstraction in HOO-
and hydrocarbon would form radicals and hydrogen peroxide,
which would eventually form radical and water: 0.5H,0, —
OH- Hy0 + R-. Other than oxygen-containing radicals that
had been mentioned, other radicals that might be formed
in this series of reactions are -H, -CHs, -CyHs, -CoHs, -C3Hy,
-C4Hy, -C4Hy, -CsHqq, -C3H3 and -aCsHs. The radicals’ reaction
is terminated by the combination of radicals, forming alkane
and alkene that include C4Hg(g), C3Hg(g), CsHs(g), C2He(g) and
CyHy(g). After that, each of the first products undergoes sec-

ondary reactions (R4-R20), respectively until an equilibrium
condition is achieved. Pyrolysis of smaller components (R10)
and side reactions (R4-R9, R11-R20) occur subsequently. The
hydrocarbons would undergo further decomposition in the
nextchain reaction—for example, the formation of ethane and
ethene from butane.

Methanation occurs when CO (R17) and CO, (R18) react
with hydrogen, respectively. The conversion of CO to CO,
and solid carbon (R16) happens through the Boudouard Reac-
tion. Besides, the hydrogen would also react with CO, (R15)
in the water gas shift reaction. All smaller hydrocarbons
react with oxygen (R4-R9), respectively, in partial oxidation
to produce hydrogen, CO and CO,. The exothermic oxidative
dehydrogenation (R13-R14) and endothermic dehydrogena-
tion (R11-R12) that involves the hydrogen abstraction from
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cracking of n-eicosane with oxygen at 1 bar.

hydrocarbon occurs in both alkane and alkene. Water could
be produced via the oxidative dehydrogenation process (R13-
R14). The formation of diene and alkyne occurred via the
secondary cracking of alkene through H-abstraction. For
instance, C4Hg — - C4Hy — C4Hp. On the other hand, alkyne
could be formed through the successive decay of alkenyl (Zeng
et al., 2018). That is CoHs — - C;H3z — CyHj in endothermic
dehydrogenation. Reduction of both CO (R19) and CO, (R20)
lead to the formation of water and carbon. In this study, there
are no aromatic or branched olefins recorded in the product
equilibrium composition. Only linear alpha-olefin is found in
the outlet composition. In short, a series of chain reactions
occur during the oxidative cracking process.

In the oxidative cracking process, the main products
formed are Hj(g), C(s), CHa(g), H2O(g), CO(g), CO»(g), C2Hs(g),
CoHy(g) and CyH;y(g) while the minor products formed are
CsHa(g), C3Hs(g), C3He(g), CaHe(g), CaHs(g), CaHio(g). Among

the main products, hydrogen recorded the highest value of
production compared to others. In addition, the result of ther-
modynamics analysis showed that there is the production of
oxygenated products such as formaldehyde (CH,0), methanol
(CH30H) and acetaldehyde (CH3CHO). The formation of oxy-
genates is due to the complete oxidation of hydrocarbons or
radicals. For instance, the oxidation of C; radicals to produce
formaldehyde. The oxygenates would undergo H-abstraction
to produce smaller radicals and atoms. However, due to the
small amount of oxygen supplied in the reactants at all EO
ratios, the yield of oxygenated products is insignificant and
could be neglected. Therefore, the production of oxygenated
products was omitted in the current research. The production
trends of each product are discussed in next section. Besides,
itis found that the percentage of oxygen conversion is almost
100% for all EO ratios.
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different temperature (573 K-1273 K) and pressure (0-20 bar).

3.3.  Effect of temperature on oxidative cracking of
n-eicosane with oxygen at 1 bar

Fig. 6(a) illustrates the hydrogen production in the oxidative
cracking of n-eicosane with oxygen at 1 bar. Currently, steam
reforming is the most dominant process for hydrogen produc-
tion in the industry as it brings more advantages than other
hydrogen production processes. However, the oxidative crack-
ing in this study also has its advantages. A large amount of
heat release with the addition of oxygen in upgrading could
also reduce the viscosity of HFO (Pei et al., 2020). Since lesser
energy is required during the upgrading process, it promotes
hydrogen production with lower energy consumption. More-
over, the partial oxidation occurred is a considerably faster
process than steam reforming and is able to compact the reac-
tor (He et al., 2013). Therefore, it requires a smaller reactor
vessel to operate.

The number of moles of hydrogen produced increases with
the increase of the reaction temperature. The highest number
of moles of hydrogen produced can be observed in the highest
EO ratio, which is 0.95:0.05 whereas the lowest EO ratio 0.5:0.5
produced the lowest amount of hydrogen. At all EO ratios, the
production of hydrogen showed a rapid increase from 573 K
to 853 K. After 853 K, the increment in hydrogen production
almost remains stable, showing that higher-temperature con-

ditions above 1273 K will no longer promote higher production
of hydrogen. The rapid increase in the production of hydrogen
in the early stage is mainly caused by R1, R2 and R3. The high
yield of hydrogen in this process is beneficial as it has a variety
of usage (Abdalla et al., 2018).

Fig. 6(b) illustrates the carbon production for oxidative
cracking of n-eicosane with oxygen at 1 bar. The high EO
ratio and high temperature favour the production of carbon.
More carbon is produced in the highest EO ratio 0.95:0.05,
due to the availability of more carbon in the reactant, while
the lowest carbon is produced in the lowest EO ratio 0.5:0.5.
The production of carbon can be explained via R10, R16, R19
and R20. R10 favours carbon formation at higher tempera-
ture. Inversely, R16, R19 and R20 favours carbon formation at
lower temperature. Carbon production is undesired in a cat-
alytic reaction as it will deactivate the catalyst (Eshraghian
and Husein, 2018). However, in this study, no catalyst is used;
therefore the oxidative cracking process is less affected by the
production of carbon (petcoke). The petcoke formation is not
totally unpleasant as it has a high calorific value, around 37
MJ/kg (Lee and Choi, 2000), making it suitable as an alternative
for fuel supply (Pei et al., 2020). Moreover, due to its high carbon
content, it could be sell for the production of various prod-
ucts, especially in aluminium, power, storage, cement, steel
and other industry (Manasrah, 2018). On the flip side, the high
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formation of carbon might cause the accumulation of carbon
and clog the processes after some time (Angeles et al., 2014).
This should be taken into consideration in the engineering
design process of the reactor. Proper handling is needed to
avoid unpleasant circumstance.

Fig. 6(c) shows the methane production for the oxidative
cracking of n-eicosane with oxygen at 1 bar. Methane has
the highest yield among the light hydrocarbon formation in
the cracking process (Shvets et al., 2017). Compared to hydro-
gen production, methane formation could be an undesirable
product since it competes with hydrogen for the hydrogen
atom. Methane production should be significantly minimised
to optimise the fuel efficiency for hydrogen generation. How-
ever, methane formation is critical asit acts as the predecessor
to the production of hydrogen. The formation of methane
is higher at lower temperatures and it decreases gradually
with the increase of reaction temperature. This is due to the
exothermicity of methanation via R17 and R18. Similar to car-
bon formation, more methane is produced in a higher EO ratio
due to the presence of more carbon in the reactant.

Fig. 6(d) shows the water production for the oxidative crack-
ing of n-eicosane with oxygen at 1 bar. When temperature
increase, the formation of water decrease. A low EO ratio pro-
motes higher water formation due to the presence of more
oxygen in the feed, especially at low temperatures. The for-
mation of water in high EO ratio is smaller and steadier. Even
though water is an unwanted product in this process, the
methanation of COyx in R17 and R18 has contributed to similar
production trend for methane and water.

Fig. 6(e) illustrates the carbon monoxide production for
oxidative cracking of n-eicosane with oxygen at 1 bar. When
the temperature of reaction increases, the moles of CO pro-
duced increase. The rising trend of CO production at higher
temperature is due to the presence of oxygen that promotes
partial oxidation of n-eicosane. This situation is similar to the
oxidative cracking of naphthenic and aromatic hydrocarbons
(Zhu etal., 2006). Therefore, itis observed that at the lowest EO
ratio 0.5:0.5, the presence of more oxygen promotes towards
highest production of CO. The use of oxygen induces the
cracking of n-eicosane by enhancing the selectivity of COy in
products formed compare to traditional pyrolysis. The produc-
tion of CO is desired as it is valuable petrochemical feedstock
that can generate other compounds, for instance to produce
synthetic fuels via Fischer-Tropsch synthesis (Mehariya et al.,
2020).

Fig. 6(f) illustrates the carbon dioxide production for the
oxidative cracking of n-eicosane with oxygen at 1 bar. The for-
mation of CO, is sturdier at a high EO ratio. A lower EO ratio
promotes the formation of CO, compared to a high EO. The
amount of CO, produced at low EO ratio increase slowly until
it achieves the maximum amount at temperatures 800 K-900
K. Although the small amount of CO; created may appear to be
an environmental disadvantage, the amount of CO; produced
in oxidative cracking is lower than the direct usage of FOBS
during combustion. The proposed upgrading process also pro-
vides an alternative to disposing of the growing amount of
residual fuel oil produced worldwide. Generally, the yield of
CO, produced in oxidative cracking is lower than CO compared
to conventional cracking (Liu et al., 2004). A lower amount
of CO, production is advantageous as it helps to reduce the
release of greenhouse gases into the atmosphere. Therefore,
the use of limited oxygen in this cracking is believed to create
a more environmentally friendly process than the traditional
cracking process. Nevertheless, further studies are required

to reduce the CO, production in fossil-based reactants during
hydrogen production.

Fig. 6(g) shows the ethane production in the oxidative
cracking of n-eicosane with oxygen at 1 bar. The production
of ethane is mainly triggered by reaction R1. The number of
moles of ethane increases from 573 K to a maximum point
around 753 K. At higher temperatures, the amount of ethane
decreases due to reaction R11. A higher EO ratio promotes
higher ethane production due to the availability of carbon in
the reactants.

Fig. 6(h) illustrates the ethylene production in the oxidative
cracking of n-eicosane with oxygen at 1 bar. It is detected that
ethylene conversion increase with the increase in tempera-
ture in all EO ratio. Higher EO ratio recorded higher ethylene
yield due to the higher number of carbons in reactant at R1.
The oxidative cracking in R1 is mainly responsible for ethylene
production before side reactions occur.

By comparing Figs. 6(b) and 6(c), it can be observed that
the formation of methane is preferred as the primary carbon
product at a lower temperature compared to carbon. There-
fore, it can deduced that methane formation is most prevailing
before reaching certain oxidative cracking point at a higher
temperature (Henderson et al., 2020).

When the yield of ethane starts to drop from its maximum
point around 750 K, it is recorded that there is an increasing
trend in the production of ethylene as shown in Fig. 6(h). This
situation is mainly attributed to the R11 that converts ethane
to ethylene. In other words, with the increase in temperature,
the production of 1-olefin is higher than n-paraffins with more
than one carbon. The B-scission of radicals occur to promote
the production of ethylene when the temperature increases
(Li and Zhao, 2015; Liu et al., 2019, 2016).

Other than the main products, side products formed in this
process include lower number hydrocarbons such as acety-
lene, propyne, allene, propane, propene, 1,3-butadiene and
butene. The production of triple bond hydrocarbon: acetylene,
propyne and allene are in trace amount as it highly depends
on the secondary cracking of olefins. The acetylene production
in the oxidative cracking of n-eicosane with oxygen at 1 bar is
shown in Fig. 7(a). At all EO ratios, it can be observed that the
production of acetylene at low temperature is in trace amount,
and the yield increases gradually after 1073 K. The produc-
tion of acetylene recorded its highest value at higher EO, EO
ratio 0.95:0.05 while at the lowest EQ, the yield of acetylene is
considerably low. The production of acetylene is triggered by
R12 and R14. It could be shown that the production of acety-
lene is mainly dependent on the availability of ethene. Hence,
the production trend of acetylene is similar to the production
trend of ethene. The yields of both products increase when
the temperature increase.

There are two C3Hs products that could be formed in
this process, namely propyne and allene. Figs. 7(b) and 7(c)
illustrate the propyne and allene production in the oxidative
cracking of n-eicosane with oxygen at 1 bar, respectively. The
production trends of both substances are similar to that in
acetylene. The yield of C3Hs shows a significant increment
after 1073 K in all EO ratios. The highest number of moles
of C3Hy are recorded in the highest temperature. Higher EO
ratio, 0.95:0.05 promote the production of C3Hs. As shown
in Fig. 5(a), the dehydrogenation and oxidative dehydrogena-
tion of propene lead to the production of C3Hy. The formation
of propene increases when the temperature increases, which
would lead to the formation of C3Hy in a series of chain reac-
tions.
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Fig. 7(d) shows the propene production in the oxidative
cracking of n-eicosane with oxygen at 1 bar. The number
of moles of propene produced rise with the temperature.
The highest propene production could be detected in a high
EO ratio, whereas a low EO ratio 0.5:0.5 showed the low-
est production with the smallest increment in the overall
trend. According to Fig. 5(a), propene is produced from the
secondary cracking of propane. Therefore, the increase in
propene yield after 773 K can be attributed to the dehydro-
genation of propane into propene.

Fig. 7(e) illustrates the propane production in the oxidative
cracking of n-eicosane with oxygen at 1 bar. Both alka-
nes, ethane and propane, show similar production trends as
observed in Fig. 6(g) and Fig. 7(e). The number of moles of
propane increases gradually until it reached a maximum point
at a range of 700 K-800 K. Then, the yield of propane contin-
ues to decrease with the increase in temperature. A higher EO
ratio, EO ratio 0.95:0.05 tends to promote propane production
due to the higher number of carbons available in the reac-
tant, while lower EO ratio only shows a minor fluctuation on
the mole of propane produced under studied parameters. The
decomposition of larger hydrocarbons such as butane in the
chain reaction leads to the formation of propane.

The 1,3-butadiene production in the oxidative cracking of
n-eicosane with oxygen at 1 bar is shown in Fig. 7(f). Gener-
ally, the trend of alkadiene production is similar to that in
alkyne. A higher EO ratio recorded a higher mole of alkadiene.
However, the increment of C4Hg at equilibrium composition
could be found at a lower temperature which is 973 K (Zeng
et al., 2018). Production of C4Hg before 973 K is almost negligi-
ble. As shown in Fig. 8(a), the conversion of butene into C4Hg
via dehydrogenation and oxidative dehydrogenation occurs.
Hence, the number of moles of butene decreases while the
number of moles of C4Hg increases after 1073 K.

Fig. 7(g) shows the butene production in the oxidative
cracking of n-eicosane with oxygen at 1 bar. The production
of butene at temperature lower than 713 K is almost negligi-
ble. The yield of butene increases after 713 K and reaches a
maximum yield around 973 K-1073 K. Then, the yield begins
to decrease at a higher temperature. Higher EO ratio showed
a higher butene production as there is a higher number of
carbons in the reactants. The overall production of butene
is unappealing at the studied temperature. As illustrated in
Fig. 5(a), butene’s formation depends on the primary reaction:
the oxidative cracking of n-eicosane with oxygen.

3.4.  Pressure and temperature effect on oxidative
cracking of n-eicosane with oxygen

The pressure and temperature effect on oxidative cracking
of n-eicosane with oxygen for EO ratio 0.95:0.05 was further
investigated on the production of hydrogen, methane, carbon,
CO, ethane and ethene. This section aims to provide a better
view of the reaction parameters thatlead to higher production
of some major products, particularly hydrogen. It can be found
that the total alkane production at equilibrium is higher than
the total alkene production at all temperature and pressure.
The major products that are formed under different pres-
sure would remain the same. However, pressure could show
a significant effect on the selectivity of each product. Higher
pressure would restrict the unimolecular reaction but promote
bimolecular reaction to occur (Chakraborty and Kunzru, 2009;
Liu et al.,, 2020; Wu et al., 2018). Based on Fig. 8(a), the highest
yield of hydrogen is recorded at higher temperature and lower

pressure. This is similar to the hydrogen production in a pre-
vious study on the cracking of n-hexane (Li and Zhao, 2015).
Inversely, the production of methane as shown in Fig. 8(b),
is more favoured at lower temperature with higher pressure.
This is due to the alkane formation via H-abstraction and rad-
ical recombination process that favour low temperature and
high pressure conditions (Wu et al., 2018; 2019a, 2019b). How-
ever, the production of ethane in Fig. 8(f) shows a higher yield
in a high pressure but not limited to low temperature. At high
pressure, a higher yield of ethane is detected in the range of
873 K-1073 K.

Fig. 8(c) shows the carbon production in the oxidative crack-
ing of n-eicosane with oxygen at different temperature and
pressure. Higher pressure and lower temperature hinder the
production of carbon as a by-product in the oxidative cracking
process. Proper control on the formation of carbon is beneficial
as carbon could be utilized in various field.

Fig. 8(d) illustrates the CO production in the oxidative crack-
ing of n-eicosane with oxygen at different temperature and
pressure. The mole of CO produced is higher at lower pres-
sure with higher temperature. Since the production trend of
both hydrogen and CO is similar, the reaction parameter could
be controlled at a suitable range for the higher formation of
syngas (hydrogen and CO) that has high economic value in
petrochemical industries.

The ethylene production in the oxidative cracking of n-
eicosane with oxygen at different temperature and pressure
in shown in Fig. 8(e). Higher temperature and higher pres-
sure promote the production of ethene. This might contrast
with the alkene formation theory proposed in pyrolysis pro-
cess from a previous study, where alkene formation is higher
when the temperature increase and pressure decrease (Li and
Zhao, 2015). This situation might be explained by the addi-
tion of oxygen in the cracking process, leading to other side
reactions compared to traditional cracking.

3.5.  Hydrogen to carbon ratio

The upgrading of a low H/C ratio fuel oil is aimed to produce
lighter fuel with a higher H/C ratio. This is because the H/C
ratio on fuel will directly impact the amount of carbon dioxide
released during combustion. Therefore, it can be said that the
higher the H/C ratio, the higher the efficiency of fuel which
brings lesser impact to the environment during its burning
process. The production of hydrogen in this study could be the
opportunity to produce carbon-free energy with zero green-
house gasses emission to replace the usage of fossil fuels in
industries (Abdalla et al., 2018).

The H/C ratio of HFO depends on the compositions
of the main components: saturates, aromatics, resins, and
asphaltenes. Each component might have different H/C ratios
that would affect the cracking performance of the feedstock.
When a FOBS with a higher H/C ratio is chosen as the reactant,
the liquid products yields could be increased and the forma-
tion of coke at equilibrium could be reduced at the same time
(Wang et al., 2015). This is because a feedstock with a higher
H/C ratio showed a better secondary cracking performance.
When the heavy oil is used as the feedstock, the H/C ratio in
both resins and asphaltenes of the product formed decrease
when a small amount of catalystis employed (Sviridenko et al.,
2020). When SARA analysis is performed, it could be found that
the atomic H/C ratio of asphaltenes is lowest while in saturates
is highest (Wanget al., 2020). The asphaltenes with higher aro-
maticity contribute to higher coke in the reactor. Therefore, it



352 CHEMICAL ENGINEERING RESEARCH AND DESIGN 178 (2022) 340-355

could be observed that coking is more significant in feedstock
with a lower H/C ratio.

On the other hand, except for n-alkane model compounds,
it was proven that feedstock with a higher H/C ratio produces
more gas products than feedstock with a lower H/C ratio (Yue
etal., 2016). This is because the H/C ratio of n-alkane decrease
when the molecular weight increases. Larger alkane feedstock
cracks more easily due to the structural impact. As a result, it
could be predicted that the oxidative cracking of n-eicosane in
this study produces a higher yield of gas products than other
alkanes with lower molecular weight (higher H/C ratio).

In the oxidative cracking of n-eicosane, the production of
carbon is mainly affected by the hydrogen availability at equi-
librium. It could be observed that the yield of hydrogen and
carbon show a similar production trend, which is increasing
under high temperature. The three main types of hydrocar-
bons that had been formed are alkane, alkene and alkyne.
The alkane has the highest H/C, followed by alkene, while the
alkyne has the lowest H/C.

Among the products formed, the lighter gas, such as
methane, has the highest hydrogen to carbon ratio (H/C) com-
pared to other larger hydrocarbons. The formation of high H/C
lighter gas in the oxidative cracking process would promote
the production of carbon through R10 that later promotes
hydrogen disproportionation reaction (Zachariah et al., 2013).
Understanding the H/C ratio could help provide better control
on the production of carbon and hydrogen during the oxida-
tive cracking process. The equilibrium favours the production
of olefins at high temperatures. When more olefins with lower
H/C are produced, the H/C in the remaining products increase.
Thus, increasing the possibility of decomposition of a higher
H/C product to produce more hydrogen and carbon.

Other than oxidative cracking of FOBS, the addition of
hydrogen in the cracking process could also increase the H/C
ratio of products formed (Bellussi et al., 2013). As a result,
more attractive product distribution is obtained because the
feedstock is saturated with the additional hydrogen supplied.
Furthermore, as found in previous research, the H/C ratio of
liquid products obtained is also affected by the availability of
active sites of the catalyst used (Nguyen-Huy and Shin, 2017).

3.6.  Feasibility and future perspective

The outcomes of this study could accelerate industrial
advancement in the upgrading of FOBS. The increasing
number of petrochemical refineries worldwide has, with no
intention, also increased the production of FOBS. Since the
chemical and physical properties of FOBS are unattractive
and at the same time the value is low, it could potentially be
a good and cheap feedstock to produce higher value-added
product. With the right technology and know-how, FOBS can
be transformed into hydrogen and precious derivatives. From
a different perspective, direct usage of FOBS provide better
impact to the environment, such as the release of harmful
and toxic particles could be reduced by providing alternative
usage of FOBS.

It is well-known that thermal cracking has the lowest costs
among the upgrading technologies of FOBS. However, the
oxidative cracking could offer better solution. This research
provides a simple technology improvisation towards the tra-
ditional thermal cracking with low capital investments. Only
minor changes are required to deliver ambient air which
contains ambient oxygen into the reactor. Therefore, it is eco-
nomically feasible and able to bring long-term benefits to

industries. The amount of oxygen feed to the reactor is con-
trolled wisely to prevent explosion under high oxygen content
(Shvets et al., 2017).

Nevertheless, a more significant amount of olefins with
higher market demand and lesser paraffins could be formed
in an equilibrium composition with the addition of catalyst
(Kar et al., 2018). However, it is undeniable that expensive cap-
ital investment is needed when a catalyst is employed in the
oxidative catalytic cracking of FOBS. This is because the use of
catalysts is highly affected by coke formation. The coke depo-
sition on the surface of catalysts restricts access to the pores
of the catalyst. The deactivation of catalysts would reduce the
efficiency of the working cycle of a fixed-bed reactor. The situ-
ation has deteriorated when the feedstock employed contains
a high metal concentration, increasing the risk of irreversible
deactivation in the catalyst (Gao et al., 2012). As a result, the
expenditure on catalytic oxidative cracking increases due to
the rise in catalyst consumption to ensure the reactor operates
at its optimum condition. Additional investigation is needed
to suppress the formation of coke when a catalyst is applied
in the cracking process. From a commercial point of view, the
use of catalyst in oxidative cracking of FOBS is not favourable
as most of the catalyst in the market is expensive. More-
over, the addition of catalyst causes the oxidative cracking
process to become more complicated as catalyst character-
ization is needed to ensure the quality of the catalyst used
(Sviridenko et al., 2020). At the same time, more cost is spent
and other technologies are required for the preparation of
the catalyst. In contrast, oxidative cracking without a cata-
lyst is a more simple, convenient and cost-saving process.
Furthermore, the irreversible poisoning solid catalyst left as
a scheduled waste in the reactor. Therefore, extra expendi-
tures on the handling and treatment of scheduled waste are
needed before disposal. The waste generators also need to
provide proper training to the workers in handling the waste.
Even though catalysts would produce better product distribu-
tion and reduce the operating condition, the long-term effect
of oxidative catalytic cracking brings adverse effects to the
environment and the investor. Consequently, it is suggested
to apply oxidative cracking without the catalyst for long-term
benefits.

Experiment work on oxygenated cracking of FOBS is
needed to verify the validity of this result. Other simulation
software such as Aspen Plus, MATLAB and Chemkin code
could be used to better agree on the production trends of the
products. Since HFO is a complex compound that is imprac-
tical to identify the exact components, other hydrocarbons
under the class of saturate and aromatic could also be selected
as a surrogate fuel for HFO in future studies.

4, Conclusion

The thermodynamics analysis of oxygenated cracking of FOBS
is performed using HSC Chemistry. The precise finding based
on simulation could serve as a starting point for controlling
this process in industries. Based on the minimization of Gibbs
free energy, it was observed that the conversion of FOBS into
hydrogen, carbon, methane and carbon monoxide is higher
than other light hydrocarbons. A reaction network consist-
ing of all major and minor products is proposed based on the
chain mechanism during the process. The numerical results
indicated that the optimum condition for hydrogen produc-
tion is achieved at EO ratio 0.95:0.05, temperature 1273 K at 1
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bar, while for hydrocarbon production, methane production
is optimum at EO ratio 0.95:0.05, temperature 573 K and 1
bar pressure. In addition, the yield of both hydrogen and car-
bon monoxide is optimum at higher temperature and lower
pressure while methane production shows inverse conditions
when both temperature and pressure are considered. The
atmospheric pressure operating condition suggested in this
research is cost-saving compared to a high-pressure condi-
tion that needs extra safety concerns. A more comprehensive
experiment to investigate the detailed mechanism can be per-
formed in future to provide a better understanding of the
process.
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