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ABSTRACT

Understanding the coking behaviors has been considered to be really essential for developing better
vacuum residue processing technologies. A battery of thermal cracking tests of typical vacuum residue at
410 °C with various reaction time were performed to evaluate the coke formation process. The total
yields of ideal components including naphtha, atmospheric gas oil (AGO) and vacuum gas oil (VGO) of
thermal cracking reactions increased from 10.89% to 40.81%, and the conversion ratios increased from
8.05% to 43.33% with increasing the reaction time from 10 to 70 min. The asphaltene content increased
from 12.14% to a maximum of 22.39% and then decreased, and this maximum of asphaltene content
occurred at the end of the coking induction period. The asphaltenes during the coking induction period,
at the end and after coking induction period of those tested thermal cracking reactions were charac-
terized to disclose the structure changing rules for coke formation process, and the coke formation
pathways were discussed to reveal the coke formation process at molecular level.

© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

Nitrogen

40/).

1. Introduction

Nowadays, with the energy emergency, rising oil prices, the
growth of motor fuel demand, and increasingly rigorous environ-
mental laws and regulations, vacuum residue (VR) deep processing
technologies are attracting more and more attention in global oil
refining industry (Rana et al., 2007; Sahu et al., 2015; Gkillas et al.,
2022). While, coking is always a main problem which can cause
reduction of product yield, plugging or fouling for equipments and
deactivation of catalyst (Gongalves et al., 2007; Wang et al., 2018;
Yang et al., 2022). The operating stability for vacuum residue pro-
cessing technologies such as thermal cracking and hydrotreating
process could be greatly influenced for coke formation (Marques
et al,, 2011; Xu, 2018; Prajapati et al., 2021; Wang F. et al., 2021;
Wang LT. et al,, 2021; Chesnokov et al., 2022), and the coking
problems can greatly influence the economy and feasibility of
vacuum residue processing technology. Thermal racking technol-
ogy is still core technology for inferior raw material processing
(Forero-Franco et al., 2023; Zhong et al., 2023). Coking behaviors of
VR's thermal cracking process provide a good reference for the
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other vacuum residue's processing technologies, and understand-
ing the coking behaviors of vacuum residue has been considered to
be really essential for developing better long-term running VR
processing technologies (Wang et al., 2020).

Wiehe proposed the coke formation mechanism through the
combination of chemical reactions of VR's thermal cracking pro-
cess, and further described that it will occur phase separation when
the concentration of asphaltene exceeds a critical limit after coking
induction period and a new mesophase is produced and coke
(toluene insoluble) formation follows rapidly (Wiehe, 1993; Wiehe
and Liang, 1996). While, three decades have passed, the coke for-
mation process is stilled puzzled for the asphaltene structure
changing rules during this process. It is widely recognized that
asphaltene molecules are the coke precursors and the major con-
tributors to coke formation for thermal cracking and hydrocracking
process (Yasar et al., 2000; Guo et al., 2008; Wang F. et al., 2021;
Wang LT. et al,, 2021; Yang et al., 2022). Asphaltenes that are
defined by solubility are the crude oil/vacuum residue fractions
insoluble in n-heptane but soluble in toluene (Buenrostro-Gonzalez
et al., 2001; Chacon-Patino et al., 2015), tend to combine with
heteroatom-containing heterocycles (Mandal et al., 2012; Zhao
et al, 2013; Wang F. et al,, 2021; Wang LT. et al,, 2021). It is
found that stable aggregates could be formed for asphaltenes, and a
supramolecular assembly behavior of asphaltene molecules
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coupled with cooperative binding, and w-stacking interactions play
an important role in forming stable asphaltene aggregates (Mullins,
2010; Gray et al., 2011; Pomerantz et al., 2015). Asphaltene aggre-
gation behaviors restrict comprehensive structural characterization
of those asphaltene molecules (Cosultchi et al., 2002; Hortal et al.,
2007; Dechaine and Gray, 2010; Chacon-Patino et al., 2015).

In this work, thermal cracking tests of vacuum residue at various
reaction time were performed to evaluate the coke formation
process. Both thermal cracking process and slurry phase hydro-
cracking (SHC) process are considered to follow free radical re-
actions (Du et al., 2015; Kaminski and Husein, 2019; Wang F. et al.,
2021; Wang L.T. et al., 2021), and special SHC tests were conducted
to examine the shift of coking induction period for thermal cracking
reaction. The asphaltenes of thermal cracking reactions were
characterized by fourier transform ion cyclotron resonance mass
spectroscopy (FT-ICR MS) to disclose the coke formation process at
molecular level.

2. Experimental procedure
2.1. Materials

All the toluene and n-heptane (abbreviation for heptane) used
for asphaltene and toluene insoluble separation were claimed more
than 99% purity, supported by Sinopharm Chemical Reagent Co.,
Ltd. The vacuum residue tested in this work, from Middle East, is a
typical inferior VR with C7-asphaltene content of 10.1% (ASTM
D6560 method), the residual carbon content of 24.35% (GB/T17144
method), hydrogen content of 9.86% (SH/T0656 method) and about
96.5% > 524 °C fractions (obtained by ASTMD7169 method listed in
S-1 of supporting information).

2.2. Experimental route and methods
As illustrated in Scheme 1, the VR were heated in an oven at

160 °C for 2 h to make sure the VR were fluid with low viscosity. All
the reactions were carried out in a 1.8 L batch-type autoclave

n-heptane
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reactor. For thermal cracking reactions, 250 g VR were added in the
reactor. The air in the reactor was displaced with nitrogen for 5
times, and then the reactor was filled with 0.2 MPa nitrogen. For
SHC reaction, 250 g VR and 1 g catalyst (molybdenum octoate
catalyst with Mo content of 15.0%) were added in the reactor. The
air in the reactor was displaced with nitrogen and hydrogen for 3
times respectively, and then the reactor was filled with 8 MPa
hydrogen (Li J. et al., 2022; Li ].G. et al., 2022). It would cost about
50 min from room temperature to 410 °C and the residence time
was started at the point of reaching 410 °C. The residence time
ranged from 10 to 70 min, and rotation speed was running at
500 rpm. After reactions, the operator should release the gas
smoothly and collect the liquid products. As shown in Scheme 1, the
asphaltene content, asphaltene samples for analysis and toluene
insoluble (TI) content of the reaction products were obtained by
ASTM D6560 standard. A Bruker SolariX XR-15T fourier transform
ion cyclotron resonance mass spectroscopy (FT-ICR MS) with APPI*
source was utilized to analyze the asphaltene structures.

3. Results and discussion

3.1. Coking induction period determined for thermal cracking
reactions

For getting products with ordered distribution, thermal cracking
reactions of VR at 410 °C with various reaction time were per-
formed according to plenty of exploration tests. The liquid products
of thermal cracking reactions were shown in Fig. 1, and the product
of 70 min reaction appeared small sand-like solid in the liquid
surface.

Thermal cracking reactions with various reaction time were
carried out and the reaction results were indicated in Table 1. The
conversion ratios of those thermal reactions were determined by
Eq. (1), where m 524 oc fractions represented the mass fractions of >
524 °C distillates obtained by simulated distillation of ASTM D7169
method.

Liquid
products

=

Asphaltenes/
Tl filtration

| Autoclave reactor ‘

Asphaltenes/T| | &=

Toluene soluble

g 3

n-heptane soluble

n-heptane extractor ‘ | Toluene extractor

Scheme 1. The main experimental route and methods.
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10 min reaction 20 min reaction

“

50 min reaction

60 min reaction

30 min reaction 40 min reaction

70 min reaction

Fig. 1. The thermal cracking products from the autoclave.

Table 1
Material balance of 10—70 min reactions.
Reaction time, min 10 20 30 40 50 60 70
Mass distribution, wt%
Gas 1.02 235 2.85 3.51 4.18 4.54 490
Naphtha (IBP—180 °C) 2.47 1.08 3.40 3.68 5.05 5.70 6.18
AGO (180—350 °C) 3.42 4.56 8.07 14.27 14.72 15.04 16.05
VGO (350—524 °C) 5.00 10.06 13.06 14.09 19.60 20.02 18.58
Tailing (>524 °C) 88.09 81.95 72.62 64.45 56.45 54.70 54.29
Total, % 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Conversion ratio, % 8.05 14.45 24.20 32.73 41.08 42.90 43.33

Conversion ratio =

M 5, 524 < fractions of the feed — M 524 °C fractions of the product

M5, 524 < fractions of the feed

As prolonging the reaction time, gas, naphtha and AGO yields
kept a steady increase and the tailing yields kept decrease. The total
yields of ideal components (naphtha, AGO and VGO) of thermal
cracking reactions increased from 10.89% to 40.81%, and the con-
version ratios increased from 8.05% to 43.33% with increasing the
reaction time from 10 to 70 min. It could conclude that 40 min
reaction appeared to be the most vital node for the yields of TI and
asphaltenes in Fig. 2, and the coking induction time could be about
40 min. As seen in Table 1, the AGO yield seemed to change fast
during coking induction time but a bit slowly after coking induction
time.

Fig. 2 showed the yields of TI and asphaltenes vs. reaction time.
It was observed a coking induction period of 40 min for thermal
racking reaction. With prolonging the reaction time, the coke yield
increased slightly during coking induction period, and increased
significantly after coking induction period. The coke formation

2132

(1)

derived of asphaltenes condensation in thermal cracking process
could be regarded to be the first order reaction, and higher
asphaltene content could accelerate coke formation (Yasar et al.,
2001; Kaminski and Husein, 2019). The asphaltene content
increased from 12.14% to a maximum of 22.39% and then decreased,
and this maximum of asphaltene content occurred at the end of the
coking induction period for both thermal cracking reaction and SHC
reaction (Wiehe, 1993; Yang et al., 2022). Both thermal cracking
reaction and slurry phase hydrocracking reaction follow free radical
reaction (Wiehe, 1993; Du et al., 2015; Kaminski and Husein, 2019;
WangF. et al.,, 2021; Wang L.T. et al., 2021; Yang et al., 2022), and for
comparison, a series of SHC reactions were performed with reac-
tion temperature of 410 °C and reaction time from 10 to 70 min. As
seen in Fig. 2, the asphaltene content could be greatly reduced and
TI yields were also radically reduced for SHC process, and SHC
process can greatly prolong the induction period.

Except for asphaltene content, asphaltene structures could also
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Fig. 2. The yields of TI and asphaltenes vs. reaction time.

play important role in coke formation process. For further under-
standing the coke formation process, the asphaltene structures for
thermal cracking process were analyzed by FT-ICR MS.

3.2. Asphaltene changing rules before and after coking induction
period

3.2.1. Sulfur class of asphaltene changing rules

FT-ICR MS has been proved effective to characterize asphaltene
molecules (Rogel and Witt, 2017; Chacén-Patino et al., 2020; Niles
et al., 2020). For learning the structure changing rules of asphal-
tenes during and at the end and after coking induction period, FT-
ICR MS was utilized to characterize the asphaltenes. As shown in
Fig. 3, representative aromatic classes (listed in S-2 of supporting
information) of asphaltenes for 10, 20, 30, 40, 50, 60, and 70 min
reactions (short for Asp-10, Asp-20, Asp-30, Asp-40, Asp-50, Asp-
60, and Asp-70 respectively) were examined, and S1 to S4 classes
were the most abundant aromatic classes. Clearly, a remarkable
decrease for the relative abundance of S2 to S4 classes of Asp-10 to
Asp-30 respectively were observed, and correspondingly S1 class

30

|:| Asp-10
- Asp-20
- Asp-30
- Asp-40
E Asp-50
- Asp-60
|:| Asp-70

25 4

20 1

Relative abundance, %

N
e

L g P e"%\o"

N U P DN M Y
O OO0 e 0t 0 oF o o

SIS ¥

Fig. 3. The components of asphaltenes from Asp-10 to Asp-70 by FT-ICR MS.
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were getting higher. S2 and S3 and S4 species showed much higher
conversion ratios, which was agreed with that of thermal cracking
and fixed-bed hydrocracking reactions (Zhang et al., 2020; Zhao
et al,, 2021; Jung et al.,, 2022; Li ]. et al., 2022; Li ].G. et al., 2022).
S1 class were difficult to convert, and S2 and S3 and S4 classes were
classified into easily-converted aromatic sulfur compounds for
smaller space hindered effect (Jung et al., 2022; Rogel and Witt,
2017; Zhang et al., 2020; Zhao et al., 2021). S1 class could also be
newly generated from the conversion of S2, S3 and S4 class species,
which could be the reason that correspondingly relative abundance
of S1 species were getting higher and higher.

Double bond equivalent (DBE) versus carbon number (CN) dis-
tribution of S1 and S2 and S3 and S4 classes were shown in
Figs. 4—7 respectively, and typical aromatic structure and the rec-
ommended formula for calculating DBE were listed in S-2 of sup-
porting information. As seen in Figs. 4—7, the distributions of CN
and DBE varied approximately from 23 to 68 and 15 to 41 respec-
tively for S1 to S4 class compounds. As seen in Fig. 8, from Asp-10 to
Asp-70, the values of Ave. CN of S1 to S4 classes decreased slightly.
From Asp-30 to Asp-70, (Ave. DBE)/(Ave. CN) values representing
the aromaticity of S1 and S2 and S3 and S4 class species got slightly
higher with a little bit of fluctuations from Asp-10 to Asp-30, and
the growth of (Ave. DBE)/(Ave. CN) values should be attributed to
combined reactions of polycondensation and lateral chain break
reactions (Li J. et al., 2022; Li ].G. et al., 2022; Smyshlyaeva et al.,
2022).

As seen in Figs. 8 and 9, Ave. CN and sulfur content both got
lower from Asp-10 to Asp-30, which could be the reason that
relative abundance of S2 and S3 and S4 classes showed a remark-
able decrease from Asp-10 to Asp-30 as illustrated in Fig. 2. As listed
in Table 1, from 40 min reaction, the conversion ratio was more than
30%, and the dealkylation reaction began to accelerate. The
remaining S2 and S3 and S4 classes were hard to convert from Asp-
40 to Asp-70, which could be further proved by sulfur content
changing rules shown in Fig. 9. The faster dealkylation speed could
be a key reason for the increase of relative abundance of S-con-
taining structures from 40 min reaction, and N-containing (N1,
N1S1, N101 and N1S101) classes' significant decrease shown in
Fig. 2 could be another reason for the increase of S-containing
classes.

3.2.2. Nitrogen class of asphaltene changing rules

Asphaltene with higher polarity has a larger tendency to pre-
cipitate and form deposits (Wattana et al., 2005). N-containing
classes (N1, N1S1, N101 and N1S101) are the most abundant polar
compounds in asphaltenes. For further analyzing the relative
abundance and structure changing rules of asphaltenes during, at
the end and after coking induction period, CN and DBE distributions
and their calculated parameters of N1 class were shown in
Figs. 10—12 respectively.

As shown in Figs. 10 and 11, the distributions of CN and DBE
varied approximately from 30 to 64 and from 18 to 40 respectively
for N1 class species. As seen in Fig. 11, with increasing the reaction
time, the quantity of structures with DBE >36 got higher and higher
from Asp-10 to Asp-50, but got disappeared for A-60 and A-70. As
seen in Fig. 12, (Ave. DBE)/(Ave. CN) of N1 species got slightly in-
crease with increasing reaction time from Asp-30 and Asp-70.

Clearly, the relative abundance of N1 class had an increase from
Asp-10 to Asp-30 but a decrease from Asp-40 to Asp-70 as shown in
Fig. 2, which agreed with the changing rules for Ave. CN and ni-
trogen content as shown in Figs. 12 and 13 respectively. From Asp-
40 to Asp-70, the asphaltenes formed more coke (TI), which would
involve the decrease of N1 class and the reduction of nitrogen
content for condensation reaction or phase separation as illustrated
in Figs. 12 and 13.
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Fig. 9. Sulfur content with error bars (The method was listed in S-3 of supporting
information) of asphaltenes from Asp-10 to Asp-70.
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Fig. 10. CN distributions of N1 compounds.

3.3. Coke formation pathways during thermal cracking reaction

In Fig. 11, unlike S1 to S4 structures, there were no DBE>36
structures in N1 species for Asp-10 and Asp-60 and Asp-70, and the
quantity of N1 structures with DBE>36 got higher and higher from
Asp-20 to Asp-50. The disappearance of N1 structures with DBE>36
of Asp-60 and Asp-70 should be attributed to those structures’
condensation for coke formation or deposit from the liquids, and
N1 structures with 36<DBE<40 could be taken as coke in-
termediates which could be changed to more condensed aromatic
structures of coke or taken as true coke.

Combined with the analysis of Figs. 10 to 12, the coke formation
process is a continuous process with 40 min reaction as the turning
point for coke formation. The N1 structures with DBE = 36 were the
most abundant among those DBE>36 structures of N1 class for
Asp-40 of 40 min reaction as illustrated in Fig. 11. CN distribution of
N1 structures with DBE = 36 for Asp-40 were illustrated in Fig. 14,
and the most abundance species were located at CN = 50. The
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species of N1 class of Asp-40 with the molecular formula of
Cs50H31N1 (DBE = 36) could be taken as the representative structure
of coke. The nitrogen content of TI of 40, 50, 60 and 70 min re-
actions (short for TI-40, TI-50, TI-60, and TI-70 respectively) were
all more than 1% as shown in Fig. 15, and for example, the nitrogen
content of typical N1 structures with the molecular formula of
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CsoH31Ny is only about 2%. The coke could contain much N-con-
taining structures with high DBE values like N1 strucuture with the
molecular formula of C5oH31N; derived from asphaltenes.

The results obtained clearly indicated that the N-containing
asphaltenes with high DBE were sensitive to formation of coke, and
at the end of coking induction period N1 class species with the
molecular formula of C5oH31N; could be taken as the representative
structure of coke. During coking induction period, 1 and 2 ring free
radicals without lateral chains would be formed (Dyker et al., 2000;
Speybroeck et al., 2003; Ogbuneke et al., 2009), and could be the
contributor of formation of N1 structures with the molecular for-
mula of C5gH31Nj in termination reaction. As Scheme 2 illustrated, a
combination of arylation and cyclization mechanisms of radical
reaction pathway was offered as a possible process for the forma-
tion of C5oH31N; molecule (Dyker et al., 2000; Speybroeck et al.,
2003; Ogbuneke et al., 2009).

The deduced mechanism involving the formation of N1 class
species with the molecular formula of C50H31N; could help give a
specific understanding and awareness for coke formation in ther-
mal cracking reaction.

4. Conclusions

For those tested thermal cracking tests, it was observed a coking
induction period of 40 min, and the induction period could be
greatly prolonged in SHC process. During coking induction period,
compared to S1 class species, S2 and S3 and S4 class species of
asphaltenes were easily-removed sulfur compounds. While, after
coking induction period, the relative abundance of S2 and S3 and S4
classes showed a bit of fluctuations. The faster dealkylation speed
could be a key reason, and N-containing (N1, N1S1, N101 and
N1S101) classes' significant decrease could be another reason for
the increase of relative abundance of S-containing structures from
the end of coking induction period. The remarkable increase in
abundance of N1 class before coking induction period could be the
reason for the increase of nitrogen content. While at the end and
after coking induction period, the asphaltenes formed more coke
(TI), which would involve the decrease of N1 class and the reduc-
tion of nitrogen content for condensation reaction. Higher polarity
N-containing asphaltenes structures have a larger tendency to coke
formation. In terms of radical mechanisms reaction pathways,
deduced coke formation process was schemed, and N1 structures
with 36<DBE<40 could be taken as the coke intermediates which
could be changed to more condensed aromatic structures of coke or
could directly deposit from the liquids as true coke for the phase-
separation.

Coke formation process has a unique S and N-containing
structures' transfer process. Studying this process not only can help
learn more about the coke formation process at molecular level, but
also can give a guidance for the heteroatoms removal.

Scheme 2. Coke formation pathway based on condensation of asphaltenes.
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