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Abstract
This study evaluated this thermal reaction behavior of oxidized and pyrolyzed oils containing diverse clay minerals by 
means of differential scanning calorimetry (DSC) technology. The catalytic role of various clay minerals for thermal reac-
tion processes involving oxidized oil and pyrolyzed oil during in situ combustion (ISC) was investigated in conjunction 
with kinetic calculation methods as well. The results demonstrated that all four clay minerals could shorten its temperature 
region of oxidized oil low-temperature oxidation (LTO) stage, with the peak temperature during the LTO stage of oxidized 
oil containing montmorillonite being dramatically reduced. The catalytic role of montmorillonite and illite on oxidized oil 
is more powerful in the high-temperature oxidation (HTO) stage with higher peak heat flow. The Lewis acid sites within 
clay minerals affect free radical reactions within the crude oil pyrolysis process, and in situ reforming performance of 400°C 
pyrolyzed oils containing clay minerals is less effective, along with low heat release in the LTO stage. Clay minerals can 
considerably minimize the activation energy during thermal reaction of oxidized oil, contributing to the coke generation 
and conversion in the fuel deposition (FD) stage and boosting the success rate of the ISC procedure. The catalytic role of 
clay minerals in the oxidation and pyrolysis reactions of crude oil contributes to the prediction of fuel deposition and the 
expansion of the combustion front during ISC under diverse types of rock conditions.
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List of symbols
ISC	� In situ combustion
LTO	� Low-temperature oxidation
FD	� Fuel deposition
HTO	� High-temperature oxidation
� 	� Degree of conversion
f(a)	�  Function of the reaction model
Ht	�  Enthalpy released by the reaction at time t
Ho	� Enthalpy released by reaction completion
t	� Time
A	� Arrhenius constant

T	� Temperature
E	� Activation energy
R	� Gas constant

Introduction

In situ combustion (ISC), being highly recoverable, gener-
ated substantial heat by incinerating a portion of heavy oil 
in situ to activate the high-viscosity crude oil, following 
which crude oil mobility would be strengthened, thereby 
recycling the oil stored in the reservoir [1, 2]. Along with 
combustion proceeding in situ, the air continuously pumped 
into the reservoir reacted violently with heavy or ultra-thick 
oil, enabling the combustion front to move forward persis-
tently; hence, the expansion and stabilization of combustion 
front was critical upon its success [3]. The thermal transfor-
mation properties for crude oil, inclusive of low-temperature 
oxidation (LTO), fuel deposition (FD), and high-temperature 
oxidation (HTO) of heavy oil within the oxygen atmosphere, 
as well as evaporation and pyrolysis of heavy oil within the 
inert atmosphere, beyond the field constraints, were affected 
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by both individual properties for crude oil itself and the 
atmosphere for thermal reactions [4–6]. Moreover, the clay 
minerals embedded in the reservoir, through their distinc-
tive physicochemical characteristics, could also contribute 
substantially to heavy oil thermal conversion performance.

Clay minerals were identified as members of the layered 
alumino-silicates group, occurring in nature predominantly 
in the form of nano- to micrometer particles. Clay minerals 
serve as natural catalysts in rock matrices possessing high 
adsorption capacity, ion exchange capacity, and acid sites 
[7]. Vossoughi investigated the role for sand, silica, and kao-
linite mixtures toward the oil combustion employing ther-
mogravimetric (TG) and differential scanning calorimetry 
(DSC) methods. The process of crude oil combustion was 
separated into three different regions: distillation volatiliza-
tion and burning/cracking procedures [8]. It was demon-
strated that kaolinite could catalyze the crude oil combustion 
reaction [9]. Kok concluded that the crude oil oxidation peak 
temperature could be affected by the clay mineral fraction, 
whereby clay minerals catalyze crude oil LTO and HTO as 
well as diminish the reaction activation energy [5, 10–13]. 
Hascakir and Ismail demonstrated that kaolinite and illite 
decreased asphaltene exothermic heat of HTO, meanwhile 
causing an increase in asphaltene surface area and facili-
tating combustion reactions [14–17]. Ranjbar indicated 
that clay minerals of rock matrices performed a significant 
role in the pyrolysis reactions by increasing fuel deposition 
[18]. Bagci considered that the larger specific surface area 
of kaolinite positively influenced crude oil combustion tem-
peratures, thereby accelerating the crude oil thermal con-
version [19]. Zheng [20, 21] experimentally revealed that 
montmorillonite exhibited its catalytic effect on oxidized and 
pyrolyzed coke formation originating from Lewis and Brøn-
sted acid sites present in the montmorillonite in accordance 
with the observations made by Li et al. [22, 23]. The above 
researches demonstrated that clay minerals, represented by 
montmorillonite and illite, etc., contributed to crude oil com-
bustion, notably the oxidation and coke deposition reactions. 
Obviously, it was imperative for the investigation into the 
ISC reactions that clay minerals catalyze crude oil thermal 
transformations. A majority of scholars have focused on one 
or two clay minerals or rocks to explore the effects on crude 
oil thermal reforming, consisting of fuel formation, combus-
tion front extension, and kinetic parameters. Furthermore, 
the studies were relatively lacking in comparing the roles by 
varied clay minerals upon crude oil throughout its thermal 
reforming stage.

Owing to the above, the effectiveness of four clay min-
erals on the thermal transformation characteristics within 
heavy oil at varied atmospheres was investigated in this 
work. Isothermal oxidation and isothermal pyrolysis tests 
were performed through mixing clay minerals separately 
along with quartz sand as well as heavy oil based on certain 
mass ratios. The catalytic role of clay minerals toward oxi-
dized and pyrolyzed oil of variable temperatures was inves-
tigated by DSC, in comparison with that in the absence of 
clay minerals, revealing the influence of four species of clay 
minerals on the thermal reforming properties of crude oil at 
various atmospheres.

Experimental

Materials and preparation of sample

The laboratory crude oil provided with this research was 
supplied by Xinjiang Oilfield, China, with its fundamental 
characteristics and compositions presented by Table 1. In 
this work, various clay minerals were selected to investigate 
their catalytic roles in the thermal reaction processes for oxi-
dized and pyrolyzed oils. The clay mineral categories tested 
contained montmorillonite (M), kaolinite (K), chlorite (C), 
and illite (I), derived from Shanghai Aladdin Biochemical 
Technology Co., Ltd.

Isothermal oxidized and pyrolyzed oils preparation

The experimental major equipment was the high-tempera-
ture and high-pressure-resistant customized reactor, capable 
of holding 600 mL of crude oil, with temperature resist-
ance of 500 °C and pressure resistance of 40 MPa [24]. 
The flowchart of the experiment is illustrated in Fig. 1. The 
static isothermal oxidizing and isothermal pyrolyzing were 
employed to acquire various oxidized oils and pyrolyzed oils 
at different temperatures. The specific experimental process 
involved: Firstly, a mixture of crude oil separately with four 
kinds of dissimilar clay minerals and quartz sand in a 2:1:1 
mass ratio, stirred uniformly, and then inserted into the reac-
tor. Meanwhile, crude oil was homogeneously blended with 
quartz sand with 1:1 mass ratio which formed contrast with 
the previous mixtures. We set the temperature gradient of the 
heating furnace as 100 °C, 120 °C, and 140 °C and kept the 
gas pressure as 12 MPa [25]. Following the static isother-
mal oxidation lasting for one week, the reactor vessel was 

Table 1   Fundamental 
characteristics and composition 
of crude oil

Viscosity/mPa s, 20 °C) Components/mass% Element/mass%

Saturate Aromatic Resin Asphaltene C H O N S

89,300 32.4 26.8 23.9 16.9 84.2 12.6 1.2 1.2 0.8
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removed for obtaining 15 groups of distinct oxidized oils, 
and then the reactor vessel was cleaned up. Finally, in line 
with the previous operation, change the gas filling vessel to 
the inert gas with temperature gradients of 300 °C, 350 °C, 
and 400 °C. Again, the reactor was pyrolyzed for one week 
before being removed, and 15 distinct groups of pyrolyzed 
oils would be collected.

DSC experiments

The oxidized and pyrolyzed oils with variable temperatures 
were obtained through isothermal oxidizing and isothermal 
pyrolyzing experiments, coupled with DSC (NETZSCH 
DSC 214), and the catalytic function on four kinds of 
clay minerals toward different oxidized and pyrolyzed 
oils was comparatively investigated. The sample contain-
ing 5 mg (± 0.5) was added, setting up the gas flow rate to 
50 mL min−1, while the laboratory process occurred in the 
air atmosphere with 99.999% purity of the air. The heat-
ing rate of the experimental procedure was 10 °C min−1. A 
range of experimental temperatures was provided covering 
30 °C–600 °C. The gas flow rate and the stabilization of the 
airflow were calibrated before each experiment to guarantee 
that the experimental error would be less than 0.1%.

Kinetic theory

Normally, non-isothermal reactions can be approximated 
as isothermal in miniscule time intervals, so the reactive 
rate for crude oil oxidizing procedure could be indicated as 
[26–28]: 

where α denotes the degree of conversion, t denotes the time, 
T denotes the temperature, and f(α) reflects a function of the 
reaction model. Equation (2) is the Arrhenius equation that 
was utilized to describe the relationship between tempera-
ture and reaction constants. The model in Eq. (3) is gener-
ally assumed to be one-level kinetics (n = 1). The degree of 
conversion α in Eq. (4) is accessible by calculating from the 
DSC curve data.

(1)
d�

dt
= k(T)f (�)

where E denotes the activation energy, A denotes the Arrhe-
nius constant, R denotes the gas constant, T denotes the tem-
perature, Ht is the enthalpy released by the reaction at time 
t, and Ho is the enthalpy released by reaction completion. 
Substituting Eqs. (2), (3), and (4) into Eq. (1) yields the 
following equation:

Equation (6) follows from the transformation, and tak-
ing logarithms on both sides gives the final Eq. (7).

Equation (7) can be used to calculate the activation 
energy for crude oil oxidation progress by fitting and com-
bining the DSC data. In particular, we should pay attention 
to the fact that the crude oil oxidation reaction is more 
complex; thus, based on the Arrhenius kinetic theory, we 
classify the oxidation reaction processes into LTO and 
HTO to promote the accuracy and rigor of the calculation.

(2)k = A exp(−E∕RT)

(3)f (�) = (1 − �)n

(4)� =
Ht

H0

(5)
dHt

dt

H0

= A exp(−E∕RT)

(
1 −

Ht

H0

)

(6)
dHt

dt

H
= A exp(−E∕RT)

(7)lg

⎛⎜⎜⎝

dHt

dt

H

⎞⎟⎟⎠
= lgA − E∕2.303RT

Stirring Separation

PurificationMixing

High purity
clay minerals

Mixture of crude oil
-clay minerals-

quartz sand (2:1:1)

Isothermal oxidation
experiment (100 °C,

120 °C, 140 °C)
Oxidized and pyrolyzed oils

at different temperatures

Oxidized and pyrolyzed oils
containing different clay

minerals

Isothermal pyrolysis
experiment (300 °C,

350 °C, 400 °C)

Crude oil

Quartz sand

Fig. 1   Experimental flowchart
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Results and discussion

Catalytic characterization of oxidized oil 
with diverse clay minerals

Reservoir rock matrix components constitute a critical factor 
in successful ISC, impacting stability and continuity along 
combustion leading edge [29]. It is common for the matrix 
containing approximately 20% assorted clay minerals, with a 
large specific surface area, facilitating the crude oil thermal 
conversion [30]. Alternatively, clay minerals possess signifi-
cant catalytic effects on FD and combustion in thermal reac-
tion processes. In the first part of this study, mixtures of 50% 
crude oil–25% clay minerals–25% quartz sand were prepared 
with four various clay minerals including montmorillonite, 
chlorite, kaolinite, and illite. Subsequently, the experimental 
samples were isothermally oxidized at varied temperatures 
(100 °C, 120 °C, and 140 °C) to obtain various oxidized 
oils. The DSC results for the oxidized oils bearing various 
clay minerals with heating rate of 10 °C min−1 and reaction 
temperature reaching 590 °C are shown below in Figs. 2–4.

The DSC curves in Fig. 2 showed two exothermic reaction 
peaks that corresponded to the reaction phases identified as 
LTO and HTO, respectively. A distillation reaction occurred 
before LTO, and partially, the 100°C oxidized oil underwent 
a heat absorption reaction. Table 2 provides the temperature 
region, peak temperature, and peak heat flow for oxidized 
oils containing different clay minerals in the LTO and HTO 
reaction phases. It would be observed for the 100°C oxidized 
oil that the exothermic range in the LTO region narrows 
down and the exothermic peak temperature lowers upon the 
incorporation of clay minerals. The opposite occurred in 
the HTO region, where 100°C oxidized oil was catalyzed 

by clay minerals, the HTO region expanded, and the peak 
heat flow rose from a maximum of 4.19–10.74 mW mg−1, 
with the effects of illite and chlorite being more pronounced. 
There was a reason that the surrounding temperature was 
so low as well as the fact that clay minerals have a stable 
crystal structure that prevents them from decomposing and 
being transformed. Consequently, clay minerals were unable 
to participate in the chemical reaction except to influence the 
reaction rate [31].

Figure 3 shows the DSC profiles of oxidized oils at 
120 °C containing different clay minerals, and the DSC 
images for 120°C oxidized oils without clay minerals 
demonstrated a three-peak distribution, which was cor-
related with the isothermal oxidation reaction. The major 
reaction processes include: evaporation of hydrocarbons, 
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oxygenation reaction, isomerization, and decomposition 
reaction [32–34]. The FD stage tended to be accompanied 
by coke generation and conversion, suggesting that FD and 
HTO stages were integrated upon incorporation of clay 
minerals, and coke formation and combustion occurred 
concurrently [35]. The illite enlarged the peak heat flow 
(9.55 mW mg−1) of 120°C oxidized oil at the HTO stage 
in comparison with other clay minerals, and the oxidized 
oil reacted intensely at the HTO stage (397–590 °C) to 
release a great deal of heat, whereas the peak temperature 
of 120°C oxidized oil containing clay minerals decreased 
in the LTO stage.

Upon raising of the isothermal oxidation temperature up 
to 140 °C, illustrated by Fig. 4 and Table 2, the 140°C oxi-
dized oil became 50–421 °C within the LTO region by the 
catalytic role of montmorillonite, which was ascribed by the 
catalytic role of montmorillonite on the oxygenation reaction 
while catalyzing the decarbonylation and decarboxylation 
[36, 37]. Meanwhile, the LTO peak temperature was reduced 
to 367 °C, although the peak heat flow varied little; 140°C 
oxidized oil containing montmorillonite exhibited a greater 
range in the HTO region, reaching a peak temperature of 
589 °C as well as peak heat flow up to 9.03 mW mg−1. Incor-
poration of montmorillonite facilitated fuel deposition of the 
140°C oxidized oil, with an earlier trigger temperature for 
the FD process. As the LTO process proceeded, montmoril-
lonite selectively adsorbed on the compounds undergoing 
the condensation reaction, resulting in an increase in the 
reaction binding sites of the compounds [38, 39]. More reac-
tive hydrogen was substituted with oxygen atoms, creating 
the higher-molecular-weight coke products. Moreover, an 

intense HTO process occurred with the increasing tempera-
ture [15, 17, 40].

Catalytic characterization of pyrolyzed oil 
with diverse clay minerals

In this part, isothermal pyrolysis experiments at various tem-
peratures were conducted to obtain pyrolyzed oil at varied 
temperatures as well as to analyze the mechanism under-
lying varied clay minerals in the thermal reactions toward 
pyrolyzed oils. It was possible for clay minerals to convert 
kerogen to branched-chain hydrocarbons via the carbon ion 
mechanisms, as well as for the Lewis acid sites with clay 
minerals to drive the pyrolysis reaction through a free radi-
cal reaction. The adsorption sites with Brønsted and Lewis 
acids on clay minerals are schematically depicted in Fig. 5. 
The presence of clay minerals was considered as the cause 
for the decarboxylation reaction, rather than relative con-
stitution for Lewis acidic sites, Basic sites, and Bronsted 
acidic sites affecting the surface active site distribution [41, 
42]. The DSC profiles of pyrolyzed oil at 300 °C containing 
diverse clay minerals are illustrated by Fig. 6. Exothermic 
phenomenon began to appear as soon as the DSC test tem-
perature reached 300 °C. There was variability in the peak 
heat flow and reaction interval temperature among various 
pyrolyzed oils upon incorporation of clay minerals. As a 
matter of fact, it could serve as an indication for a catalytic 
role of clay minerals present in the pyrolyzed oil mixtures. 
Table 3 demonstrates the temperature range, peak tempera-
ture, and peak heat flow of pyrolyzed oils containing diverse 
clay minerals during the LTO and HTO reaction phases. 

Table 2   Region, peak 
temperature, and peak heat 
flow derived from DSC curves 
during combustion of oxidized 
oils containing diverse clay 
minerals

Sample LTO HTO

Region/°C Peak 
temperature/°C

Peak heat 
flow/
Mw mg−1

Region/°C Peak 
temperature/°C

Peak heat 
flow/
mW mg−1

100 °C Oil 30–467 452 1.48 463–590 559 4.19
Oil + M 30–423 386 0.67 423–590 515 6.34
Oil + I 60–417 403 2.96 417–590 487 10.74
Oil + K 30–427 375 0.66 427–590 524 3.62
Oil + C 20–428 413 5.02 428–590 486 9.41

120 °C Oil 30–417 392 2.96 417–590 453 3.23
Oil + M 50–397 368 0.10 397–590 558 5.01
Oil + I 60–402 362 1.83 402–590 502 9.55
Oil + K 50–424 379 1.61 424–590 532 4.49
Oil + C 40–418 372 1.28 418–590 523 5.01

140 °C Oil 30–472 439 1.46 472–590 567 6.45
Oil + M 50–421 367 1.02 421–590 589 9.03
Oil + I 50–486 446 0.44 486–590 589 5.62
Oil + K 50–449 429 1.97 449–590 497 5.38
Oil + C 50–496 448 0.91 496–590 575 6.45
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The peak heat flow of 300°C pyrolyzed oil containing mont-
morillonite reached 13.12 mW mg−1, and montmorillonite 
showed higher catalytic activity in the HTO stage in com-
parison with other pyrolyzed oils. The 300°C pyrolyzed oil 
containing illite appeared to possess an exothermic lag with 
a peak temperature of 569 °C, and it might be related to the 
ion exchange of illite at high-temperature conditions [7, 39].

The DSC profiles of various pyrolyzed oils at 350 °C and 
400 °C are illustrated by Figs. 7 and 8. Clay minerals had 
not modified the reaction process of 350°C pyrolyzed oil 
(LTO and HTO), and the catalytic effect of clay minerals 
was mainly manifested in the HTO stage, with montmoril-
lonite possessing the strongest catalytic effect in the active 
site. Montmorillonite prolonged the reaction temperature 

interval of pyrolyzed oil in the LTO stage, contributing more 
to the generation of coke products in the FD stage. The coke 
products violently combusted and reacted as the reaction 
temperature rose, generating a large amount of heat. The 
peak heat flow of 350°C pyrolyzed oil containing montmo-
rillonite was 10.01 mW mg−1 and 18.13 mW mg−1 at LTO 
and HTO phases, respectively. Moreover, 350°C pyrolyzed 
oils containing chlorite, kaolinite, and illite all exhibited a 
higher peak heat flow at HTO phase as compared to 350°C 
pyrolyzed oils without clay minerals.

Hydrocarbon cracking reaction of heavy oil was more 
complete with the pyrolysis temperature elevated from 
350–400 °C; 400°C pyrolyzed oil had a better in situ reform-
ing performance, and the exothermic reaction was essen-
tially the volatilization of light hydrocarbons, resulting 
in a gradual decline in the amount of exothermic heat. In 
contrast, 400°C pyrolysis oil containing various clay min-
erals and exothermic reaction behaved as a gradually ris-
ing process, with the highest peak heat flow in HTO phase 
of the pyrolysis oil containing chlorite. Upon the pyrolysis 
temperature reaching 400 °C, the presence of clay miner-
als had an obvious retarding effect for the thermal cracking 
reaction of the oil, consistent here with the findings of Xiao 
et al. [43]. This phenomenon was associated with the water 
content within the crude oil, and there is variability among 
the clay minerals in their role within the hydrothermal crack-
ing environments.

Kinetic analysis for oxidized and pyrolyzed oils 
with diverse clay minerals

In the last part of this study, we investigated further into 
the role of clay minerals toward the thermal transformation 

Fig. 5   Schematic representa-
tion with adsorption sites of 
Brønsted and Lewis acids on 
clay minerals [7]
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characteristics for oxidized and pyrolyzed oils through 
calculating the activation energy at distinct reaction 
stages via the kinetic theory depicted in Sect. "Experi-
mental." Table 4 depicts the activation energy for oxi-
dized oils containing diverse clay minerals at LTO and 
HTO phases. The activation energy of LTO increased up 
to 32.08 kJ mol−1 for pure heavy oil oxidation tempera-
ture raised to 140 °C from 100 °C. The activation energy 
of oxidized oil with clay minerals started to reduce gen-
tly along with rising oxidation temperature. The activa-
tion energy reduction rate of 140°C oxidized oil during 
LTO phase was approximately 60% (the lowest activation 
energy was 29.09 kJ mol−1) due to the catalytic role of 

montmorillonite and chlorite. In the HTO stage, a weaker 
contribution from clay minerals to activation energy of 
oxidized oil was observed. The activation energy reduction 
percentage for oxidized oil with clay minerals rose from 
22 to 34% following oxidation temperature increase. It 
could be recognized that the catalytic activities with clay 
minerals were relevant to reaction temperature, and clay 
minerals had the remarkable role on the activation energy 
of oxidized oil at the LTO stage. Overall, if the combustion 
front could tend to propagate steadily during ISC imple-
mentation, presentation of clay minerals could promote the 
LTO reaction, transition to the FD stage faster, generate 
more oxidized coke to support the combustion front to 

Table 3   Region, peak 
temperature, and peak heat 
flow derived from DSC curves 
during combustion of pyrolyzed 
oils containing diverse clay 
minerals

Sample LTO HTO

Region/°C Peak 
temperature/°C

Peak heat 
flow/
mW mg−1

Region/°C Peak 
temperature/°C

Peak heat 
flow/
mW mg−1

300 °C Oil 50–410 360 3.06 410–590 513 8.82
Oil + M 30–445 422 3.10 445–590 516 13.12
Oil + I 50–462 369 4.15 462–590 569 10.68
Oil + K 50–458 363 3.80 458–590 520 10.41
Oil + C 30–431 380 1.84 431–570 503 10.45

350 °C Oil 50–417 356 3.67 417–590 527 8.58
Oil + M 30–516 425 4.07 516–590 590 17.82
Oil + I 30–442 358 2.62 442–590 513 10.93
Oil + K 30–417 372 3.44 417–590 492 15.92
Oil + C 30–437 382 3.66 437–590 503 17.02

400 °C Oil + M 30–442 421 1.14 442–590 524 3.28
Oil + I 30–447 433 1.06 447–590 532 4.31
Oil + K 30–445 437 1.11 445–590 528 3.74
Oil + C 30–417 359 1.22 417–590 569 4.59
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continue to move forward, and boost the success rate of 
the ISC procedure [36, 44, 45].

The participation by clay minerals within the pyrolysis 
reaction of the oil carried with itself the possibility of dia-
genetic reactions at high-temperature conditions, involving 
the transformation of kaolinite into chlorite and/or chlo-
rite. Table 5 describes the pyrolyzed oil activation energy 
with diverse clay minerals at the LTO and HTO stages. The 
preceding Sect. "Catalytic characterization of pyrolyzed 
oil with diverse clay minerals" described that the chemi-
cal bonds of macromolecular hydrocarbons were broken 
once the pyrolysis temperature reached 400 °C, and they 

were completely cracked and reformed into hydrocarbons 
with smaller molecular weights; hence, 400°C pyrolyzed 
oil had the least activation energy during the LTO stage. 
Then, Fig. 9 reflects the activation energy corresponding 
to pyrolyzed oils containing diverse clay minerals during 
the LTO stage. Presentation of clay minerals retarded ther-
mal cracking reaction for crude oil significantly; thus, the 
pyrolyzed oil without clay minerals exhibited the lowest 
activation energy (31.26 kJ mol−1) during the LTO stage. 
Moreover, the strong adsorption of montmorillonite in com-
parison with other clay minerals manifested in adsorption of 
polar and heavy components in crude oil, promoting LTO 

Table 4   Activation energy for oxidized oils with diverse clay miner-
als at LTO and HTO stages

Sample Activation energy/
kJ mol−1

LTO HTO

100 °C Oil 43.77 128.64
Oil and M 39.41 103.43
Oil and I 39.48 106.81
Oil and K 41.04 115.02
Oil and C 37.73 99.56

120 °C Oil 53.32 141.79
Oil and M 38.54 109.58
Oil and I 37.27 121.62
Oil and K 40.21 119.95
Oil and C 33.15 108.43

140 °C Oil 75.85 218.23
Oil and M 30.12 150.91
Oil and I 37.04 165.72
Oil and K 35.54 143.27
Oil and C 29.09 152.05
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Fig. 9   Activation energy of diverse pyrolyzed oils at the LTO stage
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Fig. 10   Activation energy of diverse pyrolyzed oils at the HTO stage

Table 5   Activation energy for pyrolyzed oil with diverse clay miner-
als at LTO and HTO stages

Sample Activation energy/
kJ mol−1

LTO HTO

300 °C Oil 74.69 134.15
Oil and M 58.62 118.23
Oil and I 61.07 125.86
Oil and K 63.55 120.82
Oil and C 63.12 117.39

350 °C Oil 65.92 106.98
Oil and M 49.23 76.43
Oil and I 58.97 81.59
Oil and K 57.19 79.92
Oil and C 58.06 85.27

400 °C Oil 31.26 52.91
Oil and M 44.26 71.28
Oil and I 46.74 77.95
Oil and K 46.52 75.33
Oil and C 47.98 80.16
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reaction process [46]. The acidic fraction generated during 
the cracking and reforming process of crude oil also inten-
sified the Lewis acidic and Brønsted acidic sites of mont-
morillonite themselves, catalyzing the LTO process, while 
illite, kaolinite, and chlorite have similar catalytic activity. 
Activation energy of diverse pyrolyzed oils at the HTO stage 
is illustrated in Fig. 10. The activation energy declined when 
the reaction spread to HTO stage, and the range of activation 
energy for 400°C pyrolyzed oil was 52.91–80.16 kJ mol−1. 
The activation energy of pyrolysis oils containing clay 
minerals was much higher than pure pyrolyzed oil. This 
effect of clay minerals in HTO on the activation energy was 
observed predominantly in 300°C pyrolyzed oil and 350°C 
pyrolyzed oil. Since the strong adsorption of clay minerals, 
they could adsorb and participate in the reaction with polar-
ity fractions and heavy fractions within the oil. However, the 
Lewis and Brønsted acid sites existing inside clay minerals 
were capable of catalyzing the fracture and reorganization 
of long-chain hydrocarbons within the oil, whereby the oil 
underwent the cracking, isomerization, and transformation 
procedures, allowing the conversion of carbon ions into 
hydrocarbons [47, 48]. The conversion between clay miner-
als was completed after the pyrolysis temperature was suf-
ficiently high. At the same time, the fractions within clay 
minerals adsorbed strongly on their hydrocarbon surfaces, 
causing the products to become more heat-resistant and sta-
ble; thus, the thermal conversion reaction was more difficult 
to take place. It could be inferred that catalytic role with clay 
minerals during this ISC procedure would be varied with the 
reaction conditions. In particular, it might lead to even lower 
combustion efficiency for crude oil during pyrolysis condi-
tions, affecting the propulsive effectiveness of the combus-
tion front and the persistence of this ISC procedure.

Conclusions

This study investigated the catalytic role of diverse clay min-
erals through DSC experiments for the oxidized and pyroly-
sis oil thermal reaction process, drawing below conclusions 
with the results of DSC analysis and kinetic calculations:

•	 The catalytic role of clay minerals for the thermal trans-
formation with oxidized oil was mainly manifested in 
that it would shorten LTO reaction temperature region 
and lower LTO stage peak temperature, facilitating the 
coke generation and conversion in the FD stage. Moreo-
ver, especially in the HTO stage, montmorillonite-con-
taining and illite-containing oxidized oils showed higher 
peak heat flow, and more heat was generated by combus-
tion.

•	 The catalytic role of the active sites in montmorillonite 
enlarged the peak heat flow of pyrolyzed oil at 300 °C 

and 350 °C during the HTO stage. Nevertheless, the clay 
minerals had a pronounced retarding role on the crude oil 
pyrolysis reaction as pyrolysis temperature approached 
400 °C. It was hypothesized that the Lewis acid sites 
within clay minerals affected free radical reactions during 
crude oil pyrolysis process.

•	 Clay minerals considerably diminished oxidized oil acti-
vation energy during LTO stage, and oxidized oil tran-
sition to FD stage from LTO stage was more likely to 
occur. Furthermore, the FD stage generated more oxi-
dized coke to support the combustion front to continue 
to move forward and boost the success rate of the ISC 
procedure. The strong adsorption mechanism and carbon 
ion mechanism with clay minerals could minimize this 
activation energy for 300°C and 350°C pyrolyzed oils 
during LTO and HTO stages. However, the occurrence 
of thermal transformation reaction was unfavorable by 
the existence with clay minerals for 400°C pyrolysis oil.
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