
lable at ScienceDirect

Petroleum Science 18 (2021) 1483e1491
Contents lists avai
Petroleum Science

journal homepage: www.keaipubl ishing.com/en/ journals /petroleum-science
Original Paper
Properties, combustion behavior, and kinetic triplets of coke produced
by low-temperature oxidation and pyrolysis: Implications for heavy
oil in-situ combustion

Shuai Zhao a, b, *, Wan-Fen Pu a, Lei Su c, Ce Shang c, Yang Song c, Wei Li c, Hui-Zhuo He c,
Yi-Gang Liu d, Zhe-Zhi Liu d

a State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Southwest Petroleum University, Chengdu, Sichuan, 610500, China
b Post-Doctorate R&D Base, Southwest Petroleum University, Chengdu, Sichuan, 610500, China
c E&D Research Institute of Liaohe Oilfield CNPC, Panjin, Liaoning, 124000, China
d School of Oil and Gas Engineering, Chongqing University of Science and Technology, Chongqing, 401331, China
a r t i c l e i n f o

Article history:
Received 24 June 2020
Accepted 29 March 2021
Available online 17 August 2021

Edited by Yan-Hua Sun

Keywords:
Oxidized coke
Pyrolyzed coke
Heavy oil
In-situ combustion
Kinetic triplets
* Corresponding author. State Key Laboratory of Oi
E-mail address: zs77816@163.com (S. Zhao).

https://doi.org/10.1016/j.petsci.2021.08.005
1995-8226/© 2021 The Authors. Publishing services b
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
a b s t r a c t

This work aimed at investigating the crucial factor in building and maintaining the combustion front
during in-situ combustion (ISC), oxidized coke and pyrolyzed coke. The surface morphologies, elemental
contents, and non-isothermal mass losses of the oxidized and pyrolyzed cokes were thoroughly exam-
ined. The results indicated that the oxidized coke could be combusted at a lower temperature compared
to the pyrolyzed coke due primarily to their differences in the molecular polarity and microstructure.
Kinetic triplets of coke combustion were determined using iso-conversional models and one advanced
integral master plots method. The activation energy values of the oxidized and pyrolyzed cokes varied in
the range of 130e153 kJ/mol and 95e120 kJ/mol, respectively. The most appropriate reaction model of
combustion of the oxidized and pyrolyzed cokes followed three-dimensional diffusion model (D3) and
random nucleation and subsequent growth model (F1), respectively. These observations assisted in
building the numerical model of these two types of cokes to simulate the ISC process.
© 2021 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/

4.0/).
1. Introduction

With the decline of conventional oil production together with
the ever-increasing energy consumption, global attention has been
placed on unconventional oil resources, such as heavy oil (Kok and
Gundogar, 2013; Kok et al., 2017; Zhao et al., 2015). Thermal
enhanced oil recovery (EOR) strategies are the most important
methods in terms of exploiting heavy oil, among which in-situ
combustion (ISC) has proven to be very promising. In a successful
ISC operation, after air injection and ignition, a formed combustion
zone can propagate from the injection well to the production well,
during which a large amount of heat yielded by combustion results
in improved oil production and in-situ upgrading of heavy oil (Zhao
et al., 2019b). As agreed, the main fuel provided for combustion is
the coke produced by heavy oil from in-situ thermal conversion
l and Gas Reservoir Geology and E

y Elsevier B.V. on behalf of KeAi Co
(Hascakir et al., 2013; Liu, 2018; Zhao et al. 2018b, 2019d). There-
fore, the quantity and reactivity of coke directly affect the move-
ment and sustainability of the combustion front, accordingly
playing a vital influence on ISC performance.

In the reservoir conditions, coke has been found to be the pri-
mary product of two types of reactions, known as low-temperature
oxidation (LTO) and pyrolysis (Alexander et al., 1962). During ISC,
part of oxygen breaks through the combustion front and further
reacts with the oil ahead of the combustion front, eventually
generating the coke with different oxygen-containing functional
groups through multistage chain reactions initiated by the free
radicals (Jia et al., 2016; Li et al., 2020; Varfolomeev et al., 2016).
Some scholars found that after being oxidized for 7 days at 40 MPa
and 120 �C, one extra-heavy crude oil collected from the Tahe
Oilfield was partially transformed into coke that was easily ignited
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at ambient temperature and pressure (Pu et al., 2015). The
chemical-structural properties of the coke induced by LTO were
analyzed (Xu et al., 2017). The results indicated the oxidized coke
included various oxygen-containing functionalities and highly-
substituted aromatic rings. Besides, the oxidized coke had highly
disorder amorphous structures associated with poorly order ‘on-
ion-like’ structures. The second type of coke is termed as pyrolyzed
coke (Khansari et al., 2014; Murugan et al., 2010). Usually, a portion
of the crude oil located in front of the combustion front without
oxygen is susceptible to thermal pyrolysis as the temperature at-
tains approximately 400 �C, during which the pyrolyzed coke is
yielded due to the breakup of colloidal structure of the oil as well as
subsequent aggregation and deposition of heavy fractions (Buckley,
2012; Xu et al., 2016).

In recent years, some researchers investigated the influence of
coking atmosphere on the quantity and reactivity of formed coke
(Cinar et al., 2011; Torregrosa-Rodrı

́

guez et al., 2000; Xu et al.,
2017). Cinar et al. (2011) reported that the coke yield in an inert
atmosphere merely accounted for a quarter to a half of that in an
oxidized atmosphere. The coke properties, such as color, odor,
hydrogen content, and so forth, were apparently changed by LTO
reactions of heavy oil if compared to those by thermal pyrolysis as
claimed by Dabbous et al. (1974). In addition, the coke combustion
kinetics is of great importance to the ISC numerical modeling,
which is an indispensable part of the reservoir simulation. It was
found by Zhang (2015) that the oxidation rate at 350 �C of the
oxidized coke was at least two orders of magnitude higher than
that of the pyrolyzed coke. More recently, the relation of activation
energy versus conversion degree during combustion of the
oxidized and pyrolyzed cokes was determined using the ther-
mogravimetry (TG) data with multiple different heating rates and
one iso-conversional model named Ozawa-Flynn-Wall (OFW). The
results suggested that these two types of cokes had different values
of activation energy, thus affecting the difficulty level of coke
combustion. Also, it was observed that the pyrolyzed coke was
more suitable as fuel serving as ISC because its activation energy
reduced consecutively after combustion proceeded (Li et al., 2020).
Meanwhile, a few researchers proposed some simplified reaction
schemes for ISC, including combustion of the oxidized and pyro-
lyzed cokes (Cinar et al., 2011; Zhu et al., 2019). However, the
combustion mechanisms of these two types of cokes were seldom
studied, leading to the difficulties in accurately determining the
reaction models of coke combustion when considering modeling
the ISC process.

In this work, one heavy oil from the Xinjiang Oilfield in China
was experimentally subjected to static oxidation and pyrolysis
under different temperatures, followed by the coke separation. The
surface morphologies, elemental contents, and non-isothermal
mass losses of the oxidized and pyrolyzed cokes were then exam-
ined with the intention of disclosing the primary reason behind
their differences in reactivity. Subsequently, the kinetic triplets of
coke combustion were determined using two iso-conversional
models and one advanced integral master plots method, by
which the underlying combustion mechanisms could be well un-
derstood. This work can bring some new insights into the coke
combustion mechanisms and facilitate evaluating the thermody-
namic feature of combustion reactions.

2. Experimental

2.1. Materials

The heavy oil was collected from the Xinjiang Oilfield, China and
its basic properties is listed in Table 1. The chemicals used herein,
including toluene, heptane, ethanol, and so forth, were provided by
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Kelong Chemical Co., Ltd. (Chengdu, China) and used as received.

2.2. Static oxidation and pyrolysis experiments

The simplified schematic diagram of the static experiments is
illustrated in Fig. 1. The operating procedures were described as
follows. (1) A given volume of crude oil (~60 mL) was loaded into
the reactor. (2) The sealed reactor was pressurized to 15 MPa using
air in the oxidation runs at a given temperature, while nitrogenwas
injected in the pyrolysis runs. (3) The reaction products were taken
out after six days. The targeted reservoir was exploited by steam
injection, during which the temperatures of different reservoir
zones ranged from 40 to 200 �C. At present the ISC technique is
being applied to this reservoir after steam injection. For this reason,
we chose 40, 80, 120, 160, and 200 �C as the environment tem-
perature in the oxidation runs. Three temperature levels (350, 400,
and 450 �C) were selected as the experimental temperature in the
pyrolysis runs according to the previous investigations (Li et al.,
2020; Xu et al., 2016).

2.3. Coke separation

The oxidation and pyrolysis products werewashed by toluene to
separate the coke samples, followed by drying in a nitrogen at-
mosphere at 100 �C. The obtained coke samples were used for the
subsequent analyses.

2.4. Scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS)

A scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDS) (ZEISS EVO MA15, Carl Zeiss
Ltd.) was employed to examine the microscopic structures and
elemental contents of the coke samples.

2.5. Thermogravimetry (TG)

The combustion characteristics of the coke samples were
investigated using NETZSCH STA 449F3 PC/PG equipped with a TG
module. Before the tests, the thermo-analysis system should be
calibrated, referring to the method illustrated in the previous
publications (Li et al., 2017b; Zhao et al., 2019a). The operational
procedures included placing a certain amount of the sample
(~5 mg), setting the air flow rate (50 mL/min), and heating rates (5,
10, and 15 �C/min), then initiating the test.

3. Results and discussion

3.1. Coke content

The influences of the coking atmosphere and temperature on
the coke depositionwere analyzed in this section. The experiments
conducted in the air and nitrogen atmospheres were named as the
LTO and pyrolysis runs, respectively. Fig. 2 shows the amount of
coke yielded in the LTO and pyrolysis runs. In the case of the LTO
runs, there was some oxidized coke being separated only as the
temperature was increased to 200 �C. With regard to the pyrolysis
runs, the pyrolysis products at 350 and 400 �C remained the liquid
phase, whereas those at 450 �C became the liquid oil and black solid
matter as shown in Fig. 3. The viscosity of this liquid oil at 50 �Cwas
only 6.8 mPa s, far less than that of the crude oil. This fact indicated
that with the advancement of combustion front, the high temper-
ature not only activated the oil through decreasing its viscosity but
also achieved in-situ upgrading of the oil. Besides, the obtained
black solid matter was subjected to the coke separation according



Table 1
SARA fractions and basic properties of heavy crude oil.

Viscosity, mPa$s @50 �C SARA fractions, wt% Element analysis, wt%

Saturates Aromatics Resins Asphaltenes C H O N S

610 50.69 30.58 14.81 3.92 80.70 13.20 2.76 0.72 0.91

Fig. 1. Workflow of this work.

Fig. 2. Amount of coke formed in the LTO and pyrolysis runs.
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to the method described in Section 2.3. Eventually, this matter was
found to be almost insoluble in toluene, which meant it was the
pyrolyzed coke. In addition, the above results also revealed that the
coke was formed more readily in an air atmosphere relative to a
nitrogen atmosphere, where was predominantly related to
different coking mechanisms (Cinar et al., 2011; Xu et al., 2016). In
the LTO process, oxygen atoms attack active hydrogen present in
polar molecules to produce a series of oxygenated groups, such as
carboxyl group and ester group. Part of these groups are inclined to
condense and thus form heavier compositions, accordingly
destroying the stability of colloidal system of crude oil and causing
1485
the coke deposition. Regarding the pyrolysis runs, the colloidal
structure of crude oil is broken due to the pyrolysis of the oil
components. This consequently makes the asphaltene cores dis-
solved in maltenes exceed the solubility limit and precipitate to
yield coke (Wiehe, 1993). In summary, the LTO reactions intensified
the instability of colloidal structure of crude oil, so the coke for-
mation was advanced.
3.2. Morphology observations

In this section, SEM was used to visually determine the surface
morphologies of the oxidized and pyrolyzed cokes. Fig. 4 shows the
SEM images of the oxidized coke at two magnifications. It was seen
from Fig. 4(a) that numerous particles with different sizes existed
on the surface of oxidized coke, predominantly caused by the
condensation reactions of oxygen-containing derivatives. The sur-
face of coke was found to have a lot of pores at a higher magnifi-
cation as exhibited in Fig. 4(b). The interpretation of this finding
might be that some hydrocarbons were evaporated from the liquid
phase during LTO as reported by Khansari et al. (2012) and Yuan
et al. (2018). The porous formation notably increased the contact
area between coke and oxygen and thus promoted coke combus-
tion. The pyrolyzed cokewas larger in size than the oxidized coke as
observed from Figs. 4(a) and 5(a), suggesting stronger aggregation
and deposition of heavy fractions in the pyrolysis run. The apparent
textural differences of the oxidized and pyrolyzed cokes could be
clearly observed from Figs. 4(b) and 5(b). The surface of pyrolyzed
coke was covered by plenty of ball-like structures, which might be
carbon aggregation resulting from the polycondensation effect.
3.3. Elemental analysis

The EDS spectra of the oxidized and pyrolyzed cokes are
exhibited in Fig. 6, by which the relative elemental contents could



Fig. 3. Pyrolyzed products of heavy crude oil at 450 �C and the dependence of viscosity of the liquid oil on temperature.

Fig. 4. SEM images of oxidized coke.

Fig. 5. SEM images of pyrolyzed coke.
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Fig. 6. EDS spectra of (a) oxidized coke and (b) pyrolyzed coke.

Table 2
Elemental contents of the coke samples.

Sample Elemental content, % C/O atomic ratio

C N O S

Oxidized coke 83.20 0.08 8.99 7.72 12.34
Pyrolyzed coke 96.11 0.97 2.37 0.55 54.07
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be obtained (given in Table 2). As anticipated, the oxidized coke had
a higher relative content of O relative to the pyrolyzed coke because
of the oxygen addition reactions during LTO. This was also revealed
by the O/C atomic ratio as presented in the last column of Table 2.
Interestingly, it was observed that the relative content of S of the
oxidized coke accounted for 7.72%, much higher than that of the
pyrolyzed coke (0.55%). It is widely acknowledged that S is mainly
contained in heavy components, especially asphaltenes. Oxygen
atoms are more likely to react with macromolecules rich in polar
groups, such as asphaltenes, to yield oxygenated derivatives ac-
cording to the free radicals theories (Freitag, 2016; Zhao et al.,
2019c). As described in Section 3.1, these oxygenated derivatives
readily condensed and became the precursors for coke generation.
Thus, the formed coke had most of S present in the oil sample. The
CeS bond could be ruptured at temperatures above approximately
380 �C (Wei et al., 2018), so part of CeS bonds contained in heavy
components were ruptured during the pyrolysis process. This
accordingly resulted in the formation of some light components
containing S, whichwere easily evaporated into the gas phase.With
these points in mind, it could be well understood why the pyro-
lyzed coke possessed obviously lower relative content of S
compared to the oxidized coke.
3.4. TG analysis

The TG technique was employed to examine the combustion
characteristics of the two cokes. Fig. 7 shows the non-isothermal TG
curves of the coke samples at 5, 10, and 15 �C/min. Usually, three
distinct mass loss regions, named LTO, fuel deposition, and high-
temperature oxidation, could be identified from the non-
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isothermal TG/DTG profiles of heavy oils (Pu et al., 2015; Yuan
et al., 2018; Zhao et al., 2018b). However, only one distinct mass
loss region appeared during the whole heating process of the two
cokes, which was supposed to be the combustion region. Table 3
summarizes the TG/DTG characteristic parameters in the combus-
tion region. It was apparent that the temperature interval of com-
bustionwas shifted to higher temperature ranges with the elevated
heating rate, as a result of the more drastic thermal effect as
claimed by Moth�e and Miranda (2013).

The TG/DTG curves of the coke samples at 10
�
C/min are pre-

sented in Fig. 8. To give a clear statement, the data at 10 �C/min
would be used as a reference when it came to the analysis associ-
ated with the TG data including temperature and mass loss. The
combustion regions of the oxidized and pyrolyzed cokes fell into
the temperature ranges of 295e526 �C and 336e629 �C, respec-
tively. The mass losses at the combustion stage for the oxidized and
pyrolyzed cokes accounted for 90.7% and 95.9%, respectively. This
result indicated that the majority of the two cokes were consumed
by combustion during the heating process. Also, it was found that
the combustion process of the oxidized cokewas more complicated
than that of the pyrolyzed coke, suggested by the fluctuating DTG
curves shown in Fig. 8. Simultaneously, it was worth noting that the
onset temperature of oxidized coke combustion was 41 �C lower
than that of pyrolyzed coke combustion (see Table 3). This fact gave
a hint that the oxidized coke was more conducive to establishing
the combustion front, which was believed to be largely related to
the following two aspects. First, the oxidized coke had more
oxygen-containing functionalities compared to the pyrolyzed coke
as we previously stated, making the oxidized coke exhibit stronger
polarity and thus increase the oxidation rate. Second, the porous
structure of the oxidized coke could provide larger surface area in
comparison with the ball-like structure of the pyrolyzed coke as
viewed from Figs. 4(b) and 5(b), which accordingly promoted the
combustion reactions.

3.5. Combustion kinetic triplets

3.5.1. Estimation of the activation energy
Thermal analysis is widely implemented to determine the ki-

netic parameters in varying temperature regions. In this section,
two classical iso-conversional models, i.e., Friedman and Ozawa-
Flynn-Wall (OFW), were used to obtain the dependence of activa-
tion energy upon conversion degree during coke combustion. The
final forms of the Friedman and OFW models are described by Eqs.
(1) and (2), respectively (Montoya et al., 2016;Müsellim et al., 2018;
Vyazovkin et al., 2011; Yao et al., 2017; Zhao et al., 2018a).

ln
�
biðda=dTÞa;i

�
¼ ln Aþ ln f ðaÞ � Ea

RTa;i
(1)

lnðbÞ¼ ln
�

AE
RgðaÞ

�
� 5:331� 1:052

E
RT

(2)

where a can be expressed as:

a¼ m0 �mt

m0 �m∞
(3)

where a is the conversion degree, E is the activation energy, A is the
frequency factor, b is the heating rate, T is the absolute temperature,
R is the universal gas constant, mt is the mass percentage of the
sample at reaction time t, andm0 andm∞ are the initial and ending
mass percentage of the sample, respectively. The value of E can be
determined when plotting the regression lines of ln(b/(da/dT))
against 1/T for Friedman and ln(b) against 1/T for OFW.



Fig. 7. TG/DTG curves of (a) oxidized coke and (b) pyrolyzed coke at different heating rates.

Table 3
TG/DTG reaction regions, peak temperatures and mass losses of the coke samples.

Sample Heating rate, oC/min Combustion stage

Onset temperature, oC/min Ending temperature, oC/min Peak temperature, oC Mass loss, %

Oxidized coke 5 286 497 360//399/436 90.4
10 295 526 373/419/450 90.7
15 314 554 378/462 90.6

Pyrolyzed coke 5 325 594 543 95.8
10 336 629 577 95.9
15 348 670 592 95.7
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Fig. S1 shows a as a function of T during combustion of the coke
samples. Fig. 9 presents the relation of E with error bar versus a,
and Table S1 in the Electrical Supplementary Material lists the
values of E at a ¼ 0.2e0.8. Even though Friedman and OFW had
different theoretical basis (Vyazovkin et al., 2011), these two iso-
conversional models gave close kinetic parameters with small er-
ror bars, validating the high quality of the TG data obtained. The
values of E of the oxidized coke changed in the range of 130e153 kJ/
mol, while those of the pyrolyzed coke varied in the range of
95e120 kJ/mol. This result meant that the oxidized coke possessed
higher activation energy than the pyrolyzed coke during the entire
combustion process. As shown in Fig. S1(a), the corresponding
temperatures at a of 0.2 and 0.8 were 364 and 453 �C, respectively.
Fig. 8. Comparison of TG/DTG curves of oxidized coke and pyrolyzed coke at the
heating rate of 10

�
C/min.
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Multiple DTG peaks of the oxidized coke appeared within the
temperature range of 364e453 �C as seen from Fig. 8. It was
believed that the primary reactions of the oxidized coke taking
place between 364 and 453 �C included both coke combustion
(exothermic effect) and coke thermo-oxidative cracking (endo-
thermic effect). These two effects influenced the mass loss rate
simultaneously, which thus caused the obvious fluctuations of DTG
curves as mentioned in Section 3.4. In the case of the pyrolyzed
coke, as indicated in Fig. S1(b), a of 0.2e0.8 corresponded to the
temperature range of 472e579 �C. Quite a few investigations
confirmed that the only one main reaction for formed coke in this
temperature range was combustion (Hascakir et al., 2013; Li et al.,
2017a; Zhao et al., 2021; Zheng et al., 2018). Therefore, for the
oxidized coke, E was mainly used to initiate combustion and
thermo-oxidative cracking simultaneously; regarding the pyro-
lyzed coke, Ewasmainly used to commence combustion. This could
be partially explained why the pyrolyzed coke had lower activation
energy than the oxidized coke. From the above investigations, it
was believed that the pyrolyzed coke contributed more to the
stable movement of combustion front relative to the oxidized coke.
3.5.2. Estimation of the reaction mechanism
The reaction mechanism involved during coke combustion was

determined using the integral master plots method (Sharma et al.
2018, 2019). The integral form of the reaction can be described as
Eq. (4) according to this method.

gðaÞ≡
ða

0

da
f ðaÞ ¼

ðT

T0

A
b
exp

�
� E
RT

�
dTz

ðT

0

A
b
exp

�
� E
RT

�
dT

¼ AE
bR

PðuÞ (4)

where f(a) is the reactionmodel, g(a) is the integral form of reaction



Fig. 9. Activation energy as a function of conversion degree for combustion of (a) oxidized coke and (b) pyrolyzed coke.

Table 4
Mathematical expressions of functions, f(a) and g(a), for different classical reaction models.

No.1 Reaction model Code f(a) g(a)

1 Power law (Acceleratory rate equations) P2 2a1/2 a1/2

2 P3 3a2/3 a1/3

3 P4 4a3/4 a1/4

4 AvramieErofeev (Sigmoidal rate equations) A2 2(1�a)[�ln(1�a)]1/2 [�ln(1�a)]1/2

5 A3 3(1�a)[�ln(1�a)]2/3 [�ln(1�a)]1/3

6 A4 4(1�a)[�ln(1�a)]3/4 [�ln(1�a)]1/4

7 One-dimensional diffusion D1 (1/2)a�1 a2

8 Two-dimensional diffusion D2 [�ln(1�a)] �1 aþ(1�a)ln(1�a)
9 Three-dimensional diffusion D3 [(3/2)(1�a)2/3][1�(1�a)1/3] �1 (1�(1�a)1/3)2

10 Four-dimensional diffusion D4 (3/2)[(1�a)�1/3�1] �1 1�2a/3�(1�a)2/3

11 Phase boundary controlled reaction (Deceleratory rate equations) R1 Constant a

12 R2 2(1�a)1/2 1�(1�a)1/2

13 R3 3(1�a)2/3 1�(1�a)1/3

14 First order F1 1�a �ln(1�a)
15 Second order F2 (1�a)2 (1�a)�1�1
16 Third order F3 (1�a)3 [(1�a) �2�1]/2
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model, P(u) is the temperature integral, and u ¼ E/RT.
Furthermore, to estimate the reaction model, Eq. (5) can be

described as:

gðaÞ
gð0:5Þ¼

PðuÞ
Pð0:5Þ (5)

P(u) can be expressed as (Sharma et al., 2018)：

PðuÞyexpð � 1:0008u� 0:312Þ
u0:92

(6)

The theoretical master profiles corresponded to varying reaction
mechanisms summarized in Table 4 (Karimian et al., 2017;
Shahcheraghi et al., 2016; Vyazovkin et al., 2011), and were deter-
mined by plotting g(a)/g(0.5) versus a. The experimental profiles
were obtained by plotting P(u)/P(0.5) versus a. Comparison be-
tween the theoretical master profiles and experimental profiles
assisted in selecting the proper reaction model.

Fig. 10 presents the theoretical master profiles and the experi-
mental profiles for combustion of the coke samples. As known from
Fig. 10(a), the most appropriate reaction model of the oxidized coke
was the D3 model featured with three-dimensional diffusion and
spherical symmetry. This finding unraveled that the three-
dimensional diffusion between the oxidized coke and oxygen was
the rate-determining mechanism to dominate combustion. With
regard to the pyrolyzed coke, it was found that the F1model was the
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most suitable function, disclosing that the random nucleation and
subsequent growth was the most probable mechanism. In terms of
a versus reaction time, D3 and F1 belonged to the decelerating and
sigmoidal reaction models, respectively. This indicated that the
reaction rate reached the maximum value at the initial stage and
decreased continuously with the increase in a during oxidized coke
combustion, whereas the reaction rate firstly increased and then
decreased as pyrolyzed coke combustion progressed. The above
findings further reflected that the oxidized coke contributed more
to the establishment of the combustion front at the initial stage of
ignition, while the pyrolyzed coke contributed more to the subse-
quent movement of the combustion front, as stated in Sections 3.4
and 3.5.1.

3.5.3. Estimation of the frequency factor
The value of A was estimated by substituting E and reaction

model in Eq. (4). In the case of oxidized coke combustion, Eq. (4)
can be described as:

g
�
a

�
¼AE
bR

P
�
u
�
¼1�a

��
1� a

�
ð1� aÞ1=3

�2
(7)

Regarding pyrolyzed coke combustion, Eq. (4) can be written as:

gðaÞ¼AE
bR

PðuÞ ¼ �lnð1�aÞ (8)



Fig. 10. Comparison of the theoretical master curves with the experimental curves determined from the integral master-plots method for combustion of (a) oxidized coke and (b)
pyrolyzed cok.

Table 5
Kinetic triplets for combustion of the coke samples.

Sample Heating rate, oC/min Average E, kJ/mol A, s�1 f(a) R2

Friedman OFW

Oxidized coke 5 136.3 139.3 2.436E7 [(3/2)(1�a)2/3][1�(1�a)1/3]�1 0.999
10 2.474E7 0.999
15 2.483E7 0.999

Pyrolyzed coke 5 104.7 108.0 8.384E4 1�a 0.998
10 8.142E4 0.998
15 8.283E4 0.998

S. Zhao, W.-F. Pu, L. Su et al. Petroleum Science 18 (2021) 1483e1491
The value of A was determined for the oxidized coke at 10 �C/
min when plotting the regression line of (1�(1�a)1/3)2 against
EP(u)/(bR), as shown in Fig. S2(a). Similarly, the value of A for the
pyrolyzed coke at 10 �C/minwas determined (see Fig. S2(b)). In this
way, the values of A at 5 and 15 �C were obtained (given in Figs. S3
and S4). Table 5 is presented to show the kinetic triplets for com-
bustion of the coke samples. The oxidized coke had higher mo-
lecular collision frequency during combustion, demonstrated by
the considerably higher frequency factor relative to the pyrolyzed
coke at any heating rate. The basic kinetic equation was easily
deconvolved after the kinetic triplets were obtained, which assisted
in determining the reaction schemes of these two types of cokes for
the modeling of the ISC process.
4. Conclusions

Due to the significance of coke in the combustion front during
ISC, this work thoroughly studied the properties, combustion
behavior, and kinetic triplets of the oxidized and pyrolyzed cokes.
The primary conclusions could be summarized as follows.

(1) In the LTO runs, the heavy oil could be partially transformed
into coke as the temperature increased to 200 �C. In the
pyrolysis runs, the heavy oil was directly pyrolyzed into light
oil and coke at 450 �C.

(2) The oxidized coke was more conducive to establishing the
combustion front at the initial stage of ignition, suggested by
the obviously lower onset temperature of combustion
compared to the pyrolyzed coke.

(3) The pyrolyzed coke contributed more to the stable move-
ment of combustion front than the oxidized coke, as revealed
by the values of activation energy.
1490
(4) The three-dimensional diffusion (D3) between the coke and
oxygen was the rate-determining mechanism to dominate
oxidized coke combustion. The random nucleation and
subsequent growth mechanism (F1) was the most probable
mechanism for pyrolyzed coke combustion.
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