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Abstract: Air flooding is a potential enhanced oil recovery (EOR) method to economically and
efficiently develop a tight oil reservoir due to its sufficient gas source and low operational costs,
during which low temperature oxidation (LTO) is the key to ensuring the success of air flooding.
In addition to inefficiency of conventional LTO, air flooding has seen its limited applications due
to the prolonged reaction time and safety constraints. In this paper, a novel air injection technique
based on the catalyst-activated low temperature oxidation (CLTO) is developed to improve the
operational safety together with its oil recovery in tight oil reservoirs. Experimentally, static oxidation
experiments are conducted to examine the influence of the catalyst on the LTO reaction kinetics of
Changqing tight oil and its fractions. The catalytic oxidation characteristics are identified by applying
a thermogravimetric analyzer coupled with Fourier transform infrared spectrometer (TG-FTIR)
with respect to tight oil and its SARA (i.e., saturates, aromatics, resins, and asphaltenes) fractions.
Accordingly, the catalyst can obviously decrease the LTO reaction activation energy of the Changqing
tight oil and its SARA fraction. Cobalt additive can change the LTO reaction pathways of the SARA
fractions, i.e., promoting the formation of hydroxyl-containing oxides and CO2 from the oxidation
of saturates, aromatics and resins, while inhibiting the formation of ethers from the oxidation of
aromatics and resins. The LTO of each SARA fraction contains both oxygen addition reaction and
bond scission reaction that can be effectively promoted with the cobalt additive. The catalytic effect
on the bond scission reaction is continuously enhanced and becomes gradually stronger than that on
the oxygen addition reaction as the reaction proceeds.

Keywords: air flooding; catalyst-activated low temperature oxidation; oxidation reaction pathway;
catalytic oxidation characteristics; Changqing tight oil

1. Introduction

Air flooding is a cost-effective technique for exploiting oil reservoirs, which is remarkably
effective for tight oil reservoirs and conventional reservoirs in the late stage of waterflooding [1–4].
Recently, there have seen numerous researches and field pilots for air flooding in the North Sea [5,6],
Indonesia [7,8], Argentina [9], Buffalo Red River Unit (BRRU) [10], West Hackberry [11,12], Coral
Creek [13], Ekofisk [6,14], Buffalo [15,16], and Horse Creek oilfields [17] with good performance. After
air is injected into a hydrocarbon reservoir, the oxygen of air reacts with hydrocarbons in various ways,
generating a lot of flue gas and heat, and thus enhancing the oil recovery. To enhance the safety of
air flooding, the injected oxygen should be completely consumed before produced. To improve the
safety of air flooding without changing flooding pattern in a depleted reservoir, it is a good method to
increase the oxygen consumption rate of crude oil by adding catalyst to the LTO process.
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Recently, numerous efforts have been made to quantify high-temperature catalytic oxidation
during in-situ combustion (ISC) and the high-temperature catalytic viscosity reduction of heavy oil
with air injection. As shown in Table 1, effects of metallic additives such as iron, tin, copper, cobalt,
and et al. have been examined on the efficiency of ISC, acidity of heavy oil, viscosity reduction rate,
and kinetic parameters through combustion tube tests, viscosity reduction tests, and simultaneous
thermogravimetry and differential scanning calorimetry (TG-DSC) tests [18–31].

So far, few attempts have been made to quantify catalyst-activated low temperature oxidation
(CLTO) and identify the associated catalytic mechanisms. Zhao et al. [32] examined the effect of
reservoir rock and clay minerals on the LTO reaction characteristics of light crude oil. By examining
the influence of clay-mineral type on the oxidation of crude oil at condition of 120 ◦C and 30 MPa,
they found that clay minerals could catalyze the oxidation of light oil, while the catalytic effect varied
for different types of clay minerals due mainly to the different compositions of metal salts in the
clay minerals. Jia et al. [33] examined the catalytic effect of clay and rock minerals on the oxidation
of light crude oil using the thermogravimetry and differential thermal analysis (TG-DTA) during
high-pressure air injection processes. Their results showed that rock cuttings could promote the
deposition of fuel (i.e., coke) and that clay minerals can enhance the oxidation degree of light oil. By
treating the fracturing proppant with a catalyst and subsequently injecting the supported catalyst into
the formation by sand fracturing, Shi et al. [34] found that the effect of the supported catalyst on the
LTO of crude oil greatly improved the oxygen consumption rate, and thereby enhanced the safety of air
flooding. Such research on the CLTO reaction, however, is still at the early stage, while the underlying
mechanisms for the CLTO have not been fully identified.

In our previous work on the CLTO technique [35,36], numerous efforts have been done on the
optimization and evaluation of LTO catalysts. Cobalt additive is found to be a proper catalyst that
can promote the LTO reaction rate and enhance the safety of air flooding obviously by delaying the
oxygen breakthrough time. A preliminary study on the catalytic mechanism has been conducted in our
previous work [37] by quantifying the influence of catalyst on the oxidation behavior of the crude oil
applying the thermogravimetry coupled with Fourier transform infrared spectroscopy (TG-FTIR) tests.
However, the catalytic effect of cobalt additive on different fractions has not been researched before,
and the relationships between the catalytic oxidation characteristics of different oil fractions are still
not clear. This study tends to investigate the effects of the cobalt additive on the LTO reaction process
of the individual SARA fraction of Changiqng tight oil by applying static oxidation experiments and
TG-FTIR tests. Then, the experimental measurements are analyzed and discussed to identify the CLTO
characteristics of SARA fractions.
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Table 1. Summary of previous studies on crude oil catalytic oxidation technologies.

Source Experimental Type Crude Oil (API Gravity) Experimental Conditions
(Temperature/Pressure) Additives Findings

Bagci et al. [18] Combustion reaction
kinetics experiments

Karakus (29◦ API) and Beykan
(32◦ API) crude oils from

Turkish oilfields

The cell was continuously
heated to 500–600 ◦C with a

1 ◦C/min heating rate at
pressures of 172 or 345 kPa

CuCl2, FeCl3, and MgCl2
The catalyst type and concentration influenced the kinetic
parameters (i.e., reaction order and activation energy) of

high-temperature oxidation.

Shallcross et al. [19] Combustion cell
experiments

Californian (18.5◦ API) and
Venezuelan (10.5◦ API) oils

Temperature was increased to
450 ◦C at a rate of 50 ◦C/h at
pressures of 280 or 550 kPa

FeCl2, SnCl2, CuSO4,
ZnCl2, MgCl2, K2Cr2O7,

Al2Cl3, MnCl2, Ni(NO3)2,
and CdSO4

Iron and tin salts could enhance fuel formation, whereas
copper, nickel, and cadmium salts have minor effects.

Gerritsen et al. [20] Combustion tube
experiments Cymric light oil (34◦ API) Temperature: 400 ◦C; Pressure:

68.9 kPa iron nitrate
Metallic additive improves combustion of light oil.

The Cymric light oil cannot sustain combustion without
additive.

Ramirez et al. [21,22] Combustion tube
experiments

Heavy oil from Gulf of Mexico
(12.5◦ API)

Ignition temperature: 300 ◦C;
Pressures: 2070 kPa

Additives included Mo,
Co, Ni, and Fe, and the
anionic part of the salt
was acetylacetonate or

alkylhexanoate.

The addition of metallic additives could accelerate the
propagation velocity of the combustion front, improve

combustion efficiency, and increase oil production.

Fassihi et al. [23,24] Combustion cell
experiments

San Ardo oil (11.2◦ API),
Venezuela oil (9.5◦ API),

Huntington Beach oil (18.5◦

API), and Lynch Canyon oil
(10◦ API)

Temperature was increased to
450 ◦C at a rate of 55 ◦C/h at

pressures of 690, 550 or 138 kPa

Additives included Cu,
Ni, Va, and Fe, but the
anionic part of the salt

was not reported.

The additives can lower both the activation energy and
the occurrence temperature of the combustion reaction

under the identical reservoir conditions.

Castanier et al. [25] Combustion tube
experiments

Huntington Beach oil (22◦ API),
Hamaca oil (10◦ API), Cymric

heavy oil (12◦ API), and Cymric
light oil (34◦ API)

Ignition temperature: 315 ◦C;
Pressure: 690 kPa

Additives included Fe, Sn,
and Zn, but the anionic
part of the salt was not

reported.

The combustion efficiency and front velocities can be
improved by the metallic additives. The H/C ratio of the
fuel, heat of combustion, air requirements, and density of

the produced crude are changed after the addition of
metallic salts. In addition, the combustion of light oil can

be improved by metallic additives.

Drici et al. [26]

Differential scanning
calorimetry (DSC) and

therrnogravimetric
analysis (TGA)

Crude oil from the Iola field
(19.8◦ API)

Temperature was increased to
600 ◦C at a rate of 10 ◦C/h at

atmospheric pressure

Heavy metal oxides such
as titanium, ferric, nickel,

cupric, vanadium, and
chromium oxides

The effect of titanium oxide is similar to that of silica and
alumina. Vanadium, nickel, and ferric oxides behaves

similarly in enhancing the endothermic reactions.
The effect of small amount of metal oxide is weak in the

presence of a large surface area such as silica.

He et al. [27]

Combustion tube
experiments and ramped

temperature oxidation
(RTO) tests

Heavy (12◦ API) and light (34◦

API) oil from Cymric

Tube experiments: Ignition
temperature 400 ◦C; Pressure

690 kPa;
RTO tests: Temperature was

increased to 470 ◦C at a rate of
60 ◦C/h at pressures of 690, 550

or 310 kPa

Fe(NO3)3

The combustion reaction catalytic mechanism is cation
exchange of metallic salts with clay to create activated

sites that enhance the combustion reactions between oil
and oxygen. The combustion of light oil can be improved

by metallic additives.
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Table 1. Cont.

Source Experimental Type Crude Oil (API Gravity) Experimental Conditions
(Temperature/Pressure) Additives Findings

Wang et al. [28]
Catalytic oxidation

experiment; Viscosity
reduction experiment

SZ36-1 crude oil (30◦ API) Temperature: 100 ◦C; Pressure:
2000 kPa

Iron naphthenate, copper
naphthenate, zinc

naphthenate, manganese
naphthenate, cobalt

naphthenate

The preferred catalyst is copper naphthenate in an amount
of 0.2% by mass of the crude oil. After the catalytic

oxidation, the acid value and viscosity of the heavy oil
increases. After adding the auxiliary solution to the

oxidized oil system, the resulting surfactant can greatly
reduce the viscosity of the aqueous heavy oil system by

the emulsified viscosity reduction mechanism.

Tang et al. [29]
Catalytic oxidation

experiment; Viscosity
reduction experiment

Crude oil from Liaohe oilfield
in China, API gravity is not

given, oil viscosity is 382.6 Pa·s.

Temperature: 200 ◦C; Pressure:
500 kPa

Water soluble catalyst
SP-1, light blue powder,

MeL type compound

The catalyst promotes oxidation and cracking of heavy oil
and increases the acid value of heavy oil.

The surface-active materials formed in the reaction can
greatly reduce the viscosity of the aqueous heavy oil

system by the emulsified viscosity reduction mechanism.

Pu et al. [30] Thermogravimetric
testing Tahe heavy crude oil (18.9◦ API)

Temperature was increased to
800 ◦C at a rate of 10 ◦C/min at

atmospheric pressure

ZnSO4, CuCl2, FeCl2, and
AlCl3·6H2O

Metallic additives exhibit varied catalytic effects on heavy
oil oxidation. CuCl2 is found to be an excellent catalyst for
improving oil production through positively influencing

the oxidation reactions of Tahe heavy crude oil.

Amanam et al. [31]

Ramped temperature
oxidation experiments;

Isoconversional analysis;
Thermogravimetric

analysis

Zuata crude oil (9.8◦ API)
Temperature was increased to

600 ◦C at a rate of 1–3 ◦C/min at
atmospheric pressure

Copper nanoparticles

The apparent activation energy of the high-temperature
oxidation region is decreased. The presence of Cu-NP

helps maintain a greater front temperature. Cu-NP
changes the type of oil produced and decreases the

amount of water generated during the reactions.
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2. Experimental

2.1. Materials

In this study, crude oil produced from Dongzhi tight oil reservoir in the Changqing Oilfield in
China is collected and used to conduct the experiments. The tight oil physical properties are shown in
Table 2. It is worthwhile noting that the oxidation of asphaltenes is not included in this research due to
the fact that the state of asphaltenes in a crude oil is completely different from that of the asphaltenes
separated from the crude oil [38]. The air used is supplied by the Qingdao Tianyuan Gas Company
which is composed of 21.0 mol % oxygen and 79.0 mol % nitrogen. The neutral alumina, reagent-grade
n-pentane, HPLC-grade toluene, HPLC-grade methanol, and HPLC-grade tetrahydrofuran used in the
SARA fraction separation are all provided by the Sinopharm Chemical Reagent (Co., Ltd., Shanghai,
China). The cobalt additives (cobalt naphthenate and cobalt chloride) used as the catalyst are also
provided by the Sinopharm Chemical Reagent (Co., Ltd.).

Table 2. Physical properties of the crude oil sample.

Properties Value Appearance

Density (g/cm3) 0.850 N/A
Viscosity at 70 ◦C (mPa·s) 2.14 N/A

SARA composition (wt %)

Saturates 70.91 Colourless liquid
Aromatics 16.07 Yellow or red sticky liquid

Resins 9.78 Brown viscous liquid
Asphaltenes 3.24 Black fragile powder solid

2.2. Experimental Setup

In this study, a vacuum oven (YZF-6032, Shanghai Yaoshi Instrument Equipment Factory, Shanghai,
China), an analytical balance (AB105, Shanghai Precision Instrument Company, Shanghai, China), and
an ultrasonic disperser (Scientz-2400F, SCIENTZ, China) are used to separate the tight oil into SARA
fractions. The operating temperatures of the vacuum oven is from the room temperature to 250 ◦C
with its temperature accuracy of 0.1 ◦C and the ultimate vacuum less than 133 Pa. The maximum
scale of the balance is 105 g with its weighting accuracy of 0.01 mg, while the frequency of ultrasonic
disperser is 19.5–20.5 kHz.

The static oxidation experimental setup (Hai’an Petroleum Research Instrument Co., Ltd., Hai’an,
China) used in this research is the same as that of the previous study [35,39]. The schematic of the
static oxidation experiment setup is shown in Figure 1.
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Figure 1. Schematic of the static oxidation experiment setup.

The experimental setup used in thermal analysis consists of a TG-DTG test system (STA6000,
PerkinElmer, Waltham, MA, USA) and a FTIR spectrometer (Fourier Infrared Spectrometer, PerkinElmer,
Waltham, MA, USA), which is the same as that used in the previous study [37].
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2.3. Experimental Procedures

2.3.1. Separation of SARA Fractions

The Changqing tight oil was separated into SARA fractions according to a modified analytical
procedure used by Freitag et al. [40]. The separation of Asphaltenes was based on the properties of
asphaltenes insoluble in n-pentane. The other three fractions were subsequently separated applying a
modified liquid chromatography procedure. Saturates fraction was eluted from the alumina column
using n-pentane, aromatics fraction was separated using toluene, and resins fraction was eluted out
with methanol and tetrahydrofuran. The vacuum oven was used to remove the remaining solvents from
the separated fractions, during which nitrogen was used to protect the SARA fractions from oxidation.

2.3.2. Static Oxidation Experiments

The static oxidation experiment method applied in this study was similar as that used in our
previous research [41]. The experimental samples were oil or the SARA fraction with or without
catalyst added. The experimental pressure was 16 MPa. The catalyst used in this research is cobalt
naphthenate which had good oil solubility, and the catalyst dosage was 0.08 mol/L. The LTO reaction
rate is determined applying the material balance method [39,42].

2.3.3. TG-FTIR Tests

The TG-FTIR tests were conducted to quantify the catalytic effect of cobalt additive on the oxidation
characteristics of the SARA fractions separated from a tight oil. 12 mg sample (oil or its fraction with
or without catalyst added) was placed in the alumina crucible of the thermogravimetric analyzer to
conduct the tests. The sample was first heated to 180 ◦C at a heating rate of 50 ◦C/min, and then kept
at 180 ◦C for 120 min. By using air as a carrier gas (30 mL/min), the oxidized volatiles were directly
introduced to the IR gas cell of the FTIR spectrometer for on-line analysis. The transfer line used in the
setup was kept at 180 ◦C to prevent any condensation of the released gaseous products.

To exclude the influence of the organic groups of catalyst, the anhydrous cobalt chloride (CoCl2)
was used as the catalyst in TG-FTIR test. The catalyst dispersion method used is the same as that of
previous research [37]. The catalyst dosage was 0.08 mol/L in the tests. The catalytic effect of additive
is controlled by the metallic portion of the catalyst and is minimally affected by the anions [39], and the
change of cobalt additive has a little effect on the reaction [37].

3. Results and Discussion

3.1. Catalytic Oxidation Kinetics

The LTO reaction rates of Changqing tight oil and SARA fractions with and without catalyst at
16 MPa are tabulated in Table 3. To identify the catalytic mechanisms, the changes in kinetic parameters
of LTO before and after adding cobalt additive are studied applying the simplified Arrhenius model [3].

dc(O2)

dt
= f ·e−E/RT (1)

ln
dc(O2)

dt
= ln f −

E
RT

(2)

The relationship between oxygen consumption rate and absolute temperature at 16 MPa is shown
in Figure 2. The LTO activation energies of crude oil and its fractions with or without catalyst added
are summarized in Table 4. The cobalt additive can decrease the LTO reaction activation energy of
oil and SARA fraction obviously. The activation energy of crude oil is reduced to 21,864 J/mol from
39,571 J/mol due to the catalyst. The activation energy of aromatics is decreased by 44.3% from 35,606 J/mol
to 19,849 J/mol, while the activation energy of saturates and resins is decreased to 32,088 and 27,700 J/mol
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from 37,469 and 30,970 J/mol, respectively. As such, the reduction in activation energy is found to be the
main mechanism for the cobalt additive catalyzing the LTO of Changqing tight oil. The reduction in LTO
reaction activation energy of SARA fractions is the intrinsic reason for the catalysis of crude oil oxidation.

Table 3. Oxidation rate of oil and its fractions at 16 MPa.

Test Sample Temperature,
◦C

Oxidation Rate,
(mol O2/d·m3 [Sample]) Test Sample Temperature,

◦C
Oxidation Rate,

(mol O2/d·m3 [Sample])

Crude oil

50 26.14
Crude oil +

catalyst

50 241.16
70 53.37 70 271.69
90 86.62 90 390.46

110 295.37 110 907.23

Saturates

50 16.97
Saturates +

catalyst

50 101.78
70 35.02 70 185.08
90 54.64 90 297.07

110 168.81 110 704.01

Aromatics

50 26.43
Aromatics +

catalyst

50 202.17
70 47.25 70 311.08
90 65.11 90 377.06

110 245.96 110 691.65

Resins

50 75.34
Resins +
catalyst

50 139.75
70 137.75 70 313.27
90 210.43 90 405.37

110 492.36 110 768.33
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Table 4. The LTO activation energy of crude oil and its fractions with or without catalyst added.

Crude oil and Fractions Activation Energy, (J/mol) Activation Energy with Catalyst Added, (J/mol)

Crude oil 39,571 21,864

SARA fraction
Saturates 37,469 32,088
Aromatics 35,606 19,849

Resins 30,970 27,700

3.2. CLTO Reaction Process of Changqing Tight Oil Fractions

The catalytic effect of the cobalt additive on the LTO reaction pathway of SARA fractions is
examined by analyzing the composition changes of evolved gas during the LTO and CLTO process by
performing TG-FTIR tests. The catalytic oxidation characteristics of Changqing tight oil was researched
before, as described in the reference [37].

3.2.1. Saturates Fraction

The mass losses of the saturates with and without catalyst are shown in Figure 3a. At the initial stage
of the test, the saturates mass loss is fast. For t < 20.0 min, the mass loss during the CLTO of the saturates
is lower than that during the LTO test. Afterwards, the mass loss rate during the LTO of the saturates is
reduced, becoming lower than that during the CLTO of the saturates. When the tests end at t = 120.0 min,
the residual mass after the CLTO of the saturates is 37.89%, which is 2.32% lower than that of the LTO
test. The rapid mass loss of saturates at the initial stage of the test is mainly due to the distillation of
low-boiling-point hydrocarbons and some LTO products. At the middle and late stages of the test, the
continuous mass loss of the saturates is resulted from the volatilization of the oxidation products.
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Figure 4 plots the 3D infrared spectra of the gaseous products during the test. The characteristic peak
intensities of the functional groups of the gas products all change significantly with the catalyst, especially
in the case of CO2 (characteristic peaks for the asymmetric stretching (2360 cm−1) and bending vibrations
(670 cm−1)) [43,44]. Figure 3b is the GS curves of saturates fraction. When t < 20.0 min, the gas release
rate during the CLTO of the saturates is lower than that during the LTO of the saturates, whereas, when
t > 20.0 min, the gas release rate during the CLTO of the saturates is higher. The trend of the GS curves is
consistent with that of the TG curves.
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Figure 5 displays the infrared spectra of the released gas by the LTO of the saturates with and
without the catalyst. With the catalyst added, no new peaks appear in the spectra, but the intensities
of the original absorption peaks change dramatically. The most remarkable increases are observed
for the characteristic peaks of hydroxyl groups between 3400 cm−1 and 4000 cm−1 [45] and for the
characteristic peaks of CO2 at 2360 cm−1 and 670 cm−1, indicating that the catalyst greatly promotes the
oxygen addition reaction and bond scission reaction during the saturates LTO process. Additionally, the
promotion effect on the bond scission reaction becomes more pronounced as the reaction proceeds. On
one hand, the catalytic effect on the oxygen addition reaction causes the oxidation of more hydrocarbons
to oxygenated hydrocarbons with higher boiling points, which reduces the mass loss of the saturates
during the initial stage of the test. On the other hand, the catalytic effect on the bond scission reaction
facilitates the formation of volatile products such as CO2 and H2O, which increase the mass loss during
the middle and late stages of the test.
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Figure 5. Infrared spectra of gas produced by the LTO of (a) saturates, (b) saturates with catalyst at
180 ◦C at different times.
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3.2.2. Aromatics Fraction

As shown in Figures 6 and 7, the catalyst imposes no apparent influence on the mass loss trend
during the LTO of the aromatics, but it does increase the mass loss rate. At the end of the test, the
mass loss during the CLTO of the aromatics is 22.81%, which is 2.97% higher than that during the
LTO of the aromatics. Physically, the aromatics has a high molecular weight and a low content of
low-boiling-point components, and thus the mass loss due to direct distillation during the test is
limited. With the catalyst added, the production of carbon oxides during the LTO is increased, resulting
in the rapid increment in gas production, and thereby, the larger mass loss.
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Figure 6. (a) TG, (b) Gram-Schmidt curves of the aromatics with and without the catalyst.
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Figure 7. 3D infrared spectra of (a) aromatics, (b) aromatics with catalyst.

Figure 8 depicts the infrared spectra of gas produced by the LTO of the aromatics as a function of
time at 180 ◦C. The absorption peaks change dramatically with the catalyst. Signals corresponding
to ethers (absorption peaks between 1000 cm−1 and 1300 cm−1) are greatly weakened or even absent,
whereas the peaks corresponding to hydroxyl groups and CO2 were greatly enhanced. The result
suggests that the catalyst substantially promotes the oxygen addition reaction and bond scission
reaction during the LTO of aromatics. However, it is worthwhile noting that the catalyst behaves
selectively, significantly favoring the formation of hydroxyl-containing oxides while inhibiting the
formation of ethers. As the reaction proceeds, the catalytic effect on the bond scission reaction becomes
more pronounced, leading to a linear increase in the gas production in the GS curve. This phenomenon
is the main reason for the growing difference in mass loss between catalytic and noncatalytic oxidations
of aromatics at the middle and late stages of the test.
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Figure 8. Infrared spectra of gas produced by the LTO of (a) aromatics, (b) aromatics with catalyst at
180 ◦C at different times.
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3.2.3. Resins Fraction

Resins is a heavy fraction of crude oil, which exhibits complex molecular structures and a high
boiling point [44]. The mass loss caused by direct distillation during the test is therefore limited.
Similar to the observations on aromatics, the catalyst does not affect the trend of mass loss during the
LTO of resins but increases the mass loss rate (see Figure 9a). At the end of the test, the mass loss of the
CLTO of the resins is 9.0%, which is 2.07% higher than that of the noncatalytic LTO. With the catalyst
added, the intensities of the CO2 absorption peaks in the 3D infrared spectra of the resins increase
significantly as the reaction proceeds (see Figure 10); on the GS curves, the gas production increases
linearly (see Figure 9b). These changes are consistent with the changes of the TG curve.
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Figure 9. (a) TG, (b) Gram-Schmidt curves of the resin fraction with and without the catalyst.
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Figure 10. 3D infrared spectra of (a) resins, (b) resins with catalyst.

With the catalyst, the change in the infrared spectra of the resins is similar to that of the aromatics.
The absorption peaks corresponding to ethers are basically absent, whereas the absorption peaks
for hydroxyl groups and CO2 are enhanced significantly (see Figure 11). The result suggests that
the catalyst significantly promotes the oxygen addition reaction and bond scission reaction. As the
reaction proceeds, the promotion effect on the bond scission reaction becomes more pronounced, and
the production of CO2 increases sharply.
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Figure 11. Infrared spectra of gas produced by the LTO of (a) resins, (b) resins with catalyst at 180 ◦C at
different times.
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3.3. Catalytic Oxidation Characteristics of Changqing Tight Oil and SARA Fraction

As can be seen from the above TG-FTIR tests, the cobalt salt imposes an obvious catalytic effect on
the LTO of SARA fractions. The catalyst significantly changes the reaction pathways of the LTO of
SARA fractions, which is the intrinsic reason for its catalytic effect on Changqing tight oil oxidation.

As shown in Figure 12, during the initial stage of the CLTO of crude oil, the gas is mainly produced
from the saturates, and the contributions of aromatics and resins are small. The findings are similar
to those observed for the noncatalytic LTO of crude oil; however, the gas production from resin and
aromatic fractions increases rapidly at the middle and late stages of the CLTO and exceeds that from
the saturate fraction after t = 20.0 min. As evidenced by the TG-FTIR studies, the main component of
the gas after 20 min is CO2 generated by the bond scission reaction. Thus, the intensities of the bond
scission reaction of SARA fractions during the middle and late stages of the CLTO reaction follow the
order of resins > aromatics > saturates. Considering that the reaction intensities of the three fractions
are close without the catalyst, it can be inferred that the promotion effect on the bond scission reaction
is the most pronounced for the resins, followed by the aromatics, and the weakest for the saturates.
The difference in the catalytic activities can be attributed to the difference in the molecular structures of
the SARA fractions. Resins is a heavy fraction in crude oil, and its molecules contain a large number of
aromatic rings, alicyclic rings, various long and short branches, and heteroatoms [44]. Resins possesses
a very strong polarity and is easier to react with metal ions to achieve a better catalytic effect than with
the aromatic and saturate fractions.
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Figure 12. Gram-Schmidt curves of crude oil and its SARA fractions (a) without catalyst, (b) with catalyst.
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Figure 13 illustrates the effect of the catalyst on CO2 production (i.e., the absorbance of peak
corresponding to the asymmetric stretching (2360 cm−1) of CO2) during the LTO of Changqing tight
oil and its SARA fractions. At initial stage of the CLTO, a large amount of CO2 is produced from the
saturate fraction, but the growth rate in CO2 production from saturates is lower than those from the
aromatics and resins. As a result, the amount of CO2 produced from the saturate fraction is the lowest
at the middle and late stages of the CLTO. This result indicates that the saturates in the SARA fractions
is most susceptible to the promotion effect on the bond scission reaction, but the catalytic effect is not
the strongest. Under the same conditions, the strongest promotion effect on the bond scission reaction
occurs with that of the resin fraction.
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Figure 13. Changes in the CO2 absorbance of crude oil and its SARA fractions in the TG-FTIR test
(a) without catalyst, (b) with catalyst.

The catalytic oxidation mechanisms of Changqing tight oil were identified by the free radical
chain reaction theory and the coordination catalysis theory, as described in our previous research [37].
The catalyst can increase the formation rate of organic peroxides. As a result, the degenerate-branching
chain reaction is promoted, and the formation of CO2 and oxygenated hydrocarbons, such as alcohol
and carboxylic acid, is increased. The dispersed cobalt metal ions interact with the aromatic rings or
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heteroatoms in the crude oil to form coordination complexes between the metal ions and crude oil
fractions. Aromatics and resins are heavy fractions of crude oil, which contain more aromatic rings or
heteroatoms than saturates [44], so the catalytic effect on the oxidation reaction is more pronounced for
aromatics and resins fractions.

4. Conclusions

The cobalt additive can significantly enhance the oxygen consumption capacity of Changqing
tight oil and promote the formation of carbon oxides, which are beneficial to the successful application
of the air injection technology for tight oil reservoir development.

• The cobalt-salt catalyst can reduce the LTO reaction activation energies of Changqing tight oil and
its SARA fractions. The catalytic effect on LTO of SARA fractions is the intrinsic reason for the
significant catalysis of Changqing tight oil oxidation.

• The catalyst greatly promotes the oxygen addition reaction and bond scission reaction of
saturates, aromatics and resins, and the promotion effect on the bond scission reaction is stronger.
The promotion effect on the bond scission reaction is the most pronounced for the resins, followed
by the aromatics, and the weakest for the saturates.

• The catalyst significantly changes the reaction pathways of the LTO of SARA fractions.
The formation of hydroxyl-containing oxides and CO2 from the oxidation of saturates, aromatics
and resins is promoted, while the formation of ethers from the oxidation of aromatics and resins
is inhibited.
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