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ABSTRACT: Oil oxidation reactions have attracted considerable
interest in terms of mechanism comprehension for thermally
enhanced oil recovery applications. Many hypotheses regarding oil
oxidation mechanisms appear to be disputable even now. The aim
of our work was to broaden current knowledge on the crude oil
oxidation chain reaction mechanism including the formation
behavior of free radicals and hydroperoxides. In this context, we
attempted to shed light on the main differences in the oxidation
reactions between heavy and light oils. We have found a way to
solve both analytically and numerically a set of differential
equations for concentrations corresponding to the reaction scheme.
Taken together, our findings allowed us to obtain hydroperoxide
concentration dependence on time for the initial stages of oxidation. Two main time dependencies were observed, one for low-
temperature oxidation (LTO) and the other for high-temperature oxidation (HTO). Both dependencies were revealed in the
oxidation experiments of different types of oils and were taken for the matching procedure, which is also presented in this work. The
φ-factor of branched-chain reactions, obtained as a combination of reaction rates, determines the efficiency of LTO and transition
from LTO to HTO. By matching the experimental data, we were able to find that the success of self-ignition may be achieved only if
the concentration ratio of saturated hydrocarbons to inhibitors in crude oil is equal to 2 or more and the temperature is more than
415 K. Under these conditions, the ignition time for heavy oil was 5−7 days, and that for light oil was 15−30 min in oxidation
experiments, which were well matched by the presented chain reaction model.

1. INTRODUCTION
For many years, there has been a rapid increase in the
successful implementation of air injection into reservoirs for
enhancing oil recovery around the world.1−3 For the past 40
years, in situ combustion (ISC) has been implemented for
enhancing heavy oil recovery; meanwhile, high-pressure air
injection (HPAI) has been implemented for light oil
extraction. In fact, the main reason for injecting air into an
oil reservoir is to form a combustion front, which results in
heat generation and, therefore, effective oil displacement.4−8

However, the formation and stabilization of the combustion
front are widely based on the oxidation reaction rate, which
mainly depends on reservoir conditions and its oil properties.
In other words, the more stable the combustion front is, the
safer and more efficient the implementation of air injection
turns out to be.9 It is common knowledge that the air injection
effect differs from one oilfield to another, and it significantly
depends on the tendency of oil to oxidation. In the classical
approach, crude oil oxidation can be divided into two main
types of reactions: low-temperature oxidation and high-
temperature oxidation reactions (LTO and HTO, respec-

tively).6,8,9 Moreover, the intensity of oxidation and the
transition from LTO to HTO is a significant question for each
air injection pilot, which is also related to in situ oil self-
ignition or artificial ignition.8,10,11

Various approaches have been proposed to obtain reliable
models for the ignition process of oxidation, which resulted in
a wide range of literature and experimental studies on the
initial stages of crude oil oxidation, mutual influence of oil
components on the process, and also theoretical approaches to
this item.12−27

The experimental studies on the initial stages of crude oil
oxidation were oriented toward exploring the possibility of self-
ignition. There are two main oxidation experiments, namely,
adiabatic and isothermal experiments, performed to explore
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initial oxidation stages. Actually, isothermal conditions allow us
to obtain kinetic parameters in accordance with the parameters
of outgoing gases and variation in oil properties with
time.22−25,28 This means that temperatures are usually low
for combustion, and oxygen addition reactions are observed. In
the adiabatic experiments (adiabatic tube or accelerating rate
calorimeter (ARC)), the temperature increases gradually until
the exothermal effect of the reaction and self-heating effect
starts; after that, the equipment follows the initial reaction heat
release to explore the reaction without an external
influence.23,29 These experiments can be performed at the
reservoir temperature and higher temperatures as well. In fact,
adiabatic experiments may ease exploring the quick process of
oxidation, which leads to HTO reactions. It is worthwhile
noting that both isothermal and adiabatic oxidation experi-
ments describe the initial stages of oxidation. However,
isothermal oxidation usually performs LTO reactions, and
adiabatic oxidation performs HTO reactions. In addition,
HTO reactions are also performed with a pressurized
differential scanning calorimeter (PDSC), which is also widely
used for crude oil oxidation studies.27,30−34

The recent articles in the area of in situ combustion show a
tendency to a less-complicated description of in situ
combustion reactions but a more comprehensive approach,
including all of the stages of experimental data, their
interpretation, adaptation, and representation into modeling
parameters, and computer simulation of the combustion
process in addition to oil recovery prediction.8,34 Even the
group of investigators who previously developed very
complicated in situ combustion models and successfully
described processes such as evaporation, cracking, and changes
in fuel deposits8,11,21 also considered the three components to
be more convenient for further modeling procedures.35 We
also follow this tendency to adapt the experimental results for
further simulation processes.
Some preliminary work was carried out on both types of

experiments, high-rate adiabatic experiments and low-rate
isothermal experiments, in terms of the chain reaction
mechanism of the initial stages of oxidation.16 The chain
reaction approach suggested for the crude oil oxidation in ref
17 and then developed in ref 19 as the term of chemical
reactions has shown a good agreement with experimental
results. In addition, the phenomenological description of the

chain reaction mechanism of oxidation helped to deduce
dependencies obtained in both types of experiments.16 The
first few systematic studies have attempted to obtain general
mechanisms for all oxidizing oils independently on the
experimental equipment type and found significant differences
between light and heavy oil oxidation in both processes as
well.16

The next challenge was to achieve a strictly theoretical
approach for the initial stages of both processes, low-rate and
high-rate oxidation. With regard to the aim of the present
work, we started a mathematical description of the chain
reaction approach for the initial stages of oxidation to describe
the experimental results, express the differences between heavy
and light oil samples in mathematical form, and conduct some
primary work for the novel simulation opportunities.

2. METHODOLOGY
2.1. Chain Reactions Theory. As mentioned in a great

number of papers based on different experiments using
different techniques, the crude oil oxidation process usually
includes the following stages:6,11,20,35

1. Oxygen consumption.
2. Release of CO and CO2 gases.
3. Appearance of oxidized components.
4. Heat release due to oxidation
5. Reaction acceleration or decay.
The first investigation on oil oxidation mechanisms found

that reaction models are usually written down for some oil
component oxidation or pseudocomponents. However, such
simplification could be suitable for modeling but could not
refer to the whole complex picture of the oxidation
process.12,13,20,23,28 On the other hand, including too many
components complicates the process of isolating the most
important ones.35

According to the literature, the rate-limiting step of the
oxidation process is the accumulation of hydroperoxides.36−38

First, oxygen molecules penetrate into the oil chains and form
free radicals. Then, the radicals pass from one molecule to
another (chain growth) until they form hydroperoxides. In
addition, some products of the reactions lead to the formation
of CO, CO2, water, oxidized components, aldehydes, ketones,
and acids. This stage has been widely investigated, and it is
commonly known as low-temperature oxidation. Additionally,

Figure 1. Chain reaction mechanism of crude oil oxidation.
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the hydroperoxides can decompose into a pair of radicals: this
is a branching chain reaction.39,40 In fact, the new radicals
initiate the new chains and start new oxidation processes
(Figure 1). This process self-accelerates and causes the ignition
of oil. It is usually observed in accelerating rate calorimeter
experiments of oil ignition.37 It has been found that an increase
in the temperature causes nonradical high-temperature
oxidation where the chain reaction mechanism takes place,
although it has been reported that it is not the main one.
Broadly speaking, at high temperatures, above 523.15 K,
hydroperoxides decompose without the radical mechanism.41

However, this is not particularly surprising if we consider
active and inactive oil components at the initial oxidation
stages. Both of these compounds oxidize simultaneously, but
they lead to different products. This approach involves
simplification because the active oil components at the initial
stages can become inactive. This has been mentioned in ref 17,
which reported that crude oil separates into the following main
oxidizing components, alkanes (denoted as sat) and their
oxidation inhibitors in addition to aromatic compounds, which
then form the fuel (denoted as In h).
Until now, the oxidation of saturated hydrocarbons has been

considered as the most studied process.17,42,43 In their recent
work, Yuan and Freitag et al. have carried out experiments on
the oxidation of crude oil, oil saturates, and synthetic
hydrocarbons using high-pressure differential scanning calo-
rimetry (HPDSC).14,17 It has been reported that hydro-
peroxides are the only primary oxidation products for saturated
hydrocarbons, which is in agreement with the results obtained
in ref 24. Moreover, it has been found that the crude oil
contained about 70−75% of saturated hydrocarbons, 20% of
aromatic compounds, and about 5−10% of resins and
asphaltenes.

2.2. Chemical Reactions of Low-Temperature Oxida-
tion. The initial studies of hydrocarbon oxidation show that
oxidation always proceeds by breaking the C−H bond, both in
the branched-chain and unbranched processes.39,41 Liquid
hydrocarbons are resistant to dissociation of the C−C bond up
to 473.15 K. So, the initial set of reactions is expressed as
follows

+ +• •sat O R HOO
k

2
1

(1)

where R• is the alkyl radical, and the initiation rate at this stage
depends on the concentrations according to v0 = k1CsatCOd2

.
In the following step, free radicals again enter into the chain

propagation reactions, which can be written as in ref 17

+• •R O RO
k

2
2

2 (2)

where RO2
• is an alkyl peroxyl radical. In fact, the chain growth

herein depends on the radical formation rate. Then, the radical
reaction produces hydroperoxides, which are the major
oxidation products at the primary oxidation stages.

+ +• •sat RO R ROOH
k

2
3

(3)

where ROOH is the hydroperoxide. At this stage, hydro-
peroxide radicals react almost instantly, as their activation
energy is very small. According to ref 26, the bond strength of
O−O is about 160−200 kJ/mol, which is smaller than the
bond strengths of O−H (∼480 kJ/mol) and O−C (∼380 kJ/
mol). For this reason, hydroperoxides are the most unstable
among the obtained oxidized oil compounds.

The hydrocarbon hydroperoxides are decomposed by a
monomolecular mechanism on two free radicals as in reaction
4

+• •ROOH RO OH
k4

(4)

At this moment, hydroperoxides may accumulate in the
system, especially if the temperature is low (100−200 °C).
According to electron paramagnetic resonance (EPR) spec-
troscopy experiments, the concentration of organic radicals
obtained by hydroperoxide decomposition increases twice with
the temperature increasing up to 170 °C.44 For higher
temperatures, the number of free radicals reaches dynamic
equilibrium. RO• and •OH radicals further interact with oil
and continue to form new chains through the reaction

+ +• •RO sat R RO H
k5

(5)

In fact, the radical RO• results in the formation of a new
radical R•, thus serving as an autocatalyst in the system.
The above reactions all refer to the LTO process, where the

initial set of equations for oxidation initiation, free radical
appearance, and hydroperoxide formation is present.
Reactions 1−5 govern the process of the LTO stage,

describe the appearance of oxidized components (3), and
decomposition (4 and 5) reactions. From such a point of view,
it is not necessary to distinguish bond scission reactions and
oxygen addition reactions as in ref 11 as independent
processes.
The schematic illustration of the LTO oxidation stages is

shown in Figure 1. It shows the cyclic character of the
oxidation through radical appearance and hydroperoxide
accumulation. The more the hydroperoxides are accumulated,
the higher is the oxidation rate. Moreover, the decomposition
of hydroperoxides significantly accelerates the oxidation as it
leads to the branching of chains�the formation of two radicals
at a time according to reaction 4. In addition to chain
branching, hydroperoxides can undergo transformations at
temperatures higher than 200 °C by the nonradical mechanism
with complete combustion to CO, CO2, and water.

+ +ROOH CO CO H O
k6

2 2 (6)

The decomposition of hydroperoxides is an oxidation stage
where the dependence of the reaction rate on the oxygen
concentration is reduced. This led authors in ref 17 to report
that this confines to the negative temperature gradient.
In addition to the aforementioned set of eqs 1−6, other ways

of free radical escape could be considered as well. In other
words, a quadratic break of radicals with the formation of
alcohols and ketones can occur by the reactions R• + R• → R−
R, RO2

• + R• → RO − OR, or the most probable reaction RO2
•

+ RO2
• → RO − OR + O2.

The deceleration and acceleration of radical reactions,
caused by small additions of catalysts or inhibitors, are
possible at the stage of radical oxidation. In fact, crude oil can
initially contain these compounds, or they can be formed
during the initial stages of oxidation. Most likely, the features
of light and heavy oil oxidation are associated with the
presence of substances that affect the oxidation process at the
stage of chain growth by a radical mechanism.24

Generally speaking, we consider the following main
inhibition reaction:

+• •h hRO In In
k

2
7

(7)
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Reaction 7 is an oxygenation reaction without further
development of combustion, which leads to a high molecular
residue. This process causes fuel formation at low temper-
atures; in fact, this process together with reaction 5 leads to the
formation of inactive hydroperoxides or well-known oxygen
addition reactions.
According to the current terminology, all substances that

burn with heat release in the temperature range of 723−873 K
are called “fuel for combustion”.6,11,12,20,21 Fuel, often also
called “Coke” in the literature, is generated during the
oxidation process from aromatic, cyclic, and even saturated
hydrocarbons.11,13,20,21

The complete combustion reaction is the continuation of
reaction 7, which ends the system of chemical reactions:

+ + +•hIn O CO CO H O
k

2
8

2 2 (8)

It is generally accepted that reactions 1−8 express the
simplest example of the chain reaction process without any
detailed consideration of the oil structure. This can be indeed
applied to heavy and light oils as well. The first few studies on
oil oxidation suggest that reaction rates obey the Arrhenius law
as expressed by the equation

i
k
jjj y

{
zzz= · ·k A

E
RT

expi i
i

0 (9)

In this paper, k1 represents the initiation rate and chain
transfer rates are represented as k2, k3, and k5, chain branching
rate as k4, chain termination rate as k7, nonradical complete
combustion of hydroperoxide rate as k6, and the residue
combustion rate as k8. It is worthwhile noting that all of the
reaction rates will be considered dimensionless for further
calculation.
Here and further manipulating with these equations, we

keep in mind that the most significant initial stages of oxidation
are the reactions of hydroperoxide formation (3) and
hydroperoxide recombination (4 and 7). As shown in Figure
1, these stages supply the chain growth and chain branching,
which are considered the main significant keys in the initial
stages of combustion. These are the main differences that
distinguish the present approach from similar studies where
chain reactions are often omitted from consideration because
of their low heat output.

2.3. System of Differential Equations. Our next
procedure will be fulfilled by solving the system of equations
to obtain the dependence of hydroperoxide concentration on
time, so as to describe the main dependencies of light and
heavy oil oxidation processes from initiation, through the LTO
stage, until complete combustion.
Despite the simple reaction scheme provided in the present

work, solving differential equations based on concentrations,
however, is very complicated and requires some simplification
unable to influence the description of the main processes.
Therefore, the following approximations have been taken into
consideration to simplify the system of equations:
(1) First, the activity of any alkoxyl RO• radical is

considered equal to the activity of the hydroxyl •OH
radical, which suggests that these particles are indis-
tinguishable. This leads to transforming reaction 4 into

•ROOH 2RO
k4

(2) Next, HO2
• radicals are considered to be less active, and

thereby they are not included in the reaction scheme.

(3) Then, the quadratic break of free radicals is considered
to occur rarely compared to chain termination by
inhibitors (7).

(4) On the other hand, we considered the reaction rate of
initiation reaction as being constant during hydro-
peroxide formation (v0 = k0COd2

Csat = const). This is
approved because we consider the dependence of
hydroperoxide concentration on time at rather low
temperatures�concentration from reservoir temper-
ature till 403−413 K.

(5) Finally, in our study, only LTO stages and the chain
reaction mechanism are taken into consideration
without taking into consideration the complete
combustion reactions 6 and 8. In other words, our
study focuses only on the radical mechanism and the
dependence of hydroperoxide concentration on time, in
addition to the dependence on other parameters on time
variation.

It is important to note that unlike previous work,19 we
considered a much simplified scheme of low-temperature
oxidation and did not include high-temperature oxidation
reactions. Nevertheless, we have provided a complete analysis
of the obtained results in terms of simplifications and focused
on the differences between light and heavy oil oxidation to
connect the phenomenological approach described in ref 16
with the chemical reaction scheme.
For LTO stages, we simply considered the system of

differential equations for the reaction schemes 1−5 with 7 for
the destruction of radicals

= •
t

k C C k C C(C )O 1 sat O 2 R O2 2 2 (10)

= • •
t

C k C C k C C k C C( )sat 1 sat O 3 sat RO 5 sat RO2 2 (11)

= •
t

C k C C k C( )P 3 sat RO 4 P2 (12)

And for the radicals

= +

+

• • •

•

t
C k C C k C C k C C

k C C

( )R 1 sat O 3 sat RO 2 R O

5 sat RO

2 2 2

(13)

=• •
t

C k C k C C( )RO 4 P 5 sat RO (14)

=• • • •
t

C k C C k C C k C C( ) hRO 2 R O 3 sat RO 7 In RO2 2 2 2

(15)

For a more convenient view, we have used P as an index for
hydroperoxide instead of ROOH.
Bodenstein’s principle of quasistationary concentration can

be applied to the equations with radicals 13−15 because the
reaction rate of radical formation is much lower than the rate
of radical’s decay. These equations can be converted into
algebraic form and solved relative to the concentration of
peroxides, saturates, and oxygen

= = =• • •
t

C
t

C
t

C( ) ( ) ( ) 0RO R RO2

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.2c00965
Energy Fuels 2022, 36, 7710−7721

7713

pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c00965?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


To solve eqs 10−12 in an explicit form, it is necessary to
express the concentration of radicals via the concentration of
peroxides.

=•C C
k

k CRO P
4

5 sat (16)

=
+

•C
k C C k C

k C

( )

h
RO

1 sat O 4 P

7 In
2

2

(17)

= +
+

•C k C k C
k C C k C

k C
( / 1)

( )
hR 3 sat 7 In

1 sat O 4 P

2 O

2

2 (18)

The differential equations for peroxides, oil, and oxygen
concentrations can be written as

l

m

oooooooooooooooooooo

n

oooooooooooooooooooo

= + +

= +

+

= +

+

t
C k C k C k C C k C

k C C

t
C k C C k C k C

k C C k C

t
C k C k C k C C

k C

( ) ( / 1)( ) (19)

( ) ( / 1)

( )

(20)

( ) ( / 1)(

)

(21)

h P

h

h

O 3 sat 7 In 1 sat O 4

1 sat O

P 1 sat O 3 sat 7 In

1 sat O 4 P

sat 3 sat 7 In 1 sat O

4 P

2 2

2

2

2

2

(19)

In fact, this system can be solved numerically, but as we want
to obtain the dependence of the main parameters in an implicit
way, we introduced some simplifications as follows:
(1) The constant reaction rate of initiation discussed before

simplifying the system does not allow the consideration
of the rapid change in oxygen and saturates (v0 =
k0COd2

Csat = const).
(2) We assume that at the initial stages of oxidation

concentrations, Csat and COd2
do not change significantly.

Let us consider the following series: COd2
= COd2

0 + ΔCOd2
,

ΔCOd2
≪ COd2

0 and Csat = Csat
0 + ΔCsat, ΔCsat ≪ Csat

0

As a result, the set of the equations could be rewritten as

l

m

oooooooooooo

n

oooooooooooo

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

= +

=
+

+

+

t
C

k C
k C

k C v
k C

k C

t
C

k C C
k C

k C v

( ) 1 (22)

( )
( )

1

( )

(23)

h h

h

P
3 sat

0

7 In
4 P 0

3 sat
0

7 In

sat
3 sat

0
sat

7 In

4 P 0

(22)

The equation for oxygen concentration is not included in
the system; it can be solved separately after the system (22 and
23). So, the differential equation for the concentration of
hydroperoxides can be solved separately, and eq 22 can be
integrated. Let us denote the factor of degenerate branching φ
as φ = k4*((k3Csat)/(k7CIn h) − 1), according to Semenov’s
theory.37,41

= +
t

C C
k C

k C
v( )

h
P P

3 sat

7 In
0

(24)

As we have fixed the initiation reaction rate, we have to also
fix a certain induction period of time τ until which the
hydroperoxide concentration has zero value, τ ∼ 1/v0 and
Cp(τ) = 0. The resulting dependence for hydroperoxide
concentration has exponential time dependence as described in
(25)

= [ ]C
k C

k C
e 1

h

t
P

3 sat

7 In
0

( )

(25)

For the concentration shift of saturates ΔCsat, one can obtain
an approximate formula by integrating (22) taking into
account (25)

i
k
jjjjj

y
{
zzzzz

=
+

[

] +

C
k C C

C
k

k
k C

e

t v t

k
k

C
1

( ) ( )

h

h h

t
sat

3 Sat
0

7 In

7 In
4

3 sat
0

7 In

0
2

( )

0
(26)

And the corresponding dependence of oxygen concentration
shift on time ΔCO2 would be written as

i
k
jjjjj

y
{
zzzzz=

+

[ ]

C
k C k C

k C
v t k v

k C
k C

e t

( )

1 ( )

h

In h h

t

O
3 sat

0
7 In

7
0 4 0

3 sat
0

7 In

2

( )

2

(27)

The results 26 and 27 can be simplified because we
considered the expansion in the small parameters ΔCsat and
ΔCOd2

for a short period of time and low φ values

i
k
jjjjj

y
{
zzzzz

=
+

+

C
k C k C

k C
v t

k v
k C

k C
t

( )

( )
2

h

h

sat
3 sat

0
7 In

7 Inh
0

4 0
3 sat

0

7 In

2

(28)

i
k
jjjjj

y
{
zzzzz=

+
C

k C k C
k C

v t k v
k C

k C

t

( )

( )
2

h

h h
O

3 sat
0

7 In

7 In
0 4 0

3 sat
0

7 In

2

2

2

(29)

So, both dependencies obtained for oxygen and oil in low-
temperature oxidation decrease linearly with time. This is a
result of a very rough approximation, but it was done to drive
out analytical formula 25 for the dependence of hydroperoxide
concentration on time. This dependence agrees with the usual
phenomenological dependencies for hydrocarbon oxidation
considered in ref 16 and observed in many experimental
studies.

3. RESULTS AND DISCUSSION
3.1. Modeling. The aforementioned calculations helped us

to eliminate the dependence of hydroperoxide concentration
on time. Specifically, in our study on the chain reaction
oxidation mechanism, all of the products are formed through
the stage of hydroperoxides. So, all of the transitions in the
oxidation system are connected with hydroperoxide appear-
ance and decay. This is reflected in reactions 1−5.
First, let us consider the obtained exponential dependence of

hydroperoxides on time (25). The φ-factor of degenerate
branching was obtained as a combination of reaction rates of
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free radical appearance (reaction 3), and their capture by
inhibitors (reaction 7) in experimental works was very small,
about ±0.1−0.01 s−1. The value of the φ-factor is also
proportional to the reaction rate of hydroperoxide appearance
(reaction 4); the concentrations of active saturates as the
source of free radicals, and the concentration of inhibitors are
both present in the formula for φ.
The negative φ-factor is caused by the inhibition process

(reaction 7) dominating the free radical appearance (reaction
3). In this case, hydroperoxide formation with time has limited
growth from zero value until the limiting value:

=
| |

[ ]| |C
k C

k C
v

e C

v k C k C

1 ,

/ ( )/( )
h

t

h

P
3 sat

7 In

0 ( )
P

0 3 sat 7 In (30)

As a result, this process causes limited temperature growth,
small heat output, and the absence of high-temperature

oxidation. In this case, the formation of the oxidized
component could be observed by the exponential law ∼1 −
exp(-|φ|t), common for the LTO process. The formula (25)
with φ > 0 reflects the case of the high-rate oxidation process
with exponential growth of hydroperoxide concentration. The
calculated time dependencies for hydroperoxide concentra-
tions in the case of negative and positive φ-factors are
presented in Figures 2 and 3, respectively. All of the reaction
rates and the concentration of initial components affect the
results. First, we consider the constant reaction rates (assume
the consideration of hydroperoxide formation under a constant
temperature) and examine the dependencies of the initial
oxygen, saturates, and inhibitor concentrations. Temperature
dependence according to (8) will be presented further.
Figure 2 shows the data on the dependence of CP

concentration on time and three curves under various initial
volume fractions of oxygen COd2

. The volume fraction of oxygen
reflects its amount in air (poor air mixed with nitrogen or

Figure 2. Calculation of the dependence of hydroperoxide concentration on time for the negative j-factor (A, with different initial volume fraction
of oxygen; B, different initial saturate concentrations; C, different inhibitor concentrations).
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enriched air) and indeed the pressure and rate of air injection.
The questions about the need for enriched air or high rates of
air injection for ignition are still of great interest for oilfield
pilots. So, here we show the dependence of the hydroperoxide
formation on the initial amount of O2 both for the negative φ-
factor (Figure 2a) and the positive φ-factor (Figure 3a). The
curve in the middle shows ordinary air where the first one is
enriched air; meanwhile, the second one is poor air with
oxygen. In both cases (Figures 2a and 3a), the O2 volume
fraction influences the time of the induction period. Broadly
speaking, the higher the amount of oxygen is, the earlier the
ignition starts, and therefore, the O2 volume fraction affects the
initiation rate. On the other hand, enriched oxygen tends to
accelerate the initial oxidation stages. Actually, we do not raise
the question of safety here because enriched air can have a high

risk for the safety of ignition procedures. Concerning the poor
air with oxygen, it undoubtedly slows down the initiation stage
of oxidation. However, as we see with other constant
parameters, an increase of the O2 volume fraction cannot
change the negative φ-factor to the positive φ-factor and
cannot significantly change the character of oxidation as well.
Next, we consider the influence of initial saturates and

inhibitor concentrations on the hydroperoxide amount.
According to the selected model, the ratio of saturates to
inhibitors indicates the presence of heavy or light oil under
oxidation. Heavy components (aromatics, resins) capture the
free radicals, and light components (mainly saturates) actively
reacting with oxygen. In fact, the effect of saturate
concentration on oxidation is the most significant. The positive

Figure 3. Calculation of the dependence of hydroperoxide concentration on time for the positive φ-factor (A, with different initial volume fractions
of oxygen; B, different initial saturate concentrations; C, different inhibitor concentrations).
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φ-factor is plotted in Figure 3b; meanwhile, the negative φ-
factor is plotted in Figure 2b.
According to the present model, saturate concentration

affects both the time of induction period and the rate of
oxidation (hydroperoxide formation), both time and slope of
the curves changes (Figures 2B and 3B). The higher the
saturate concentration is, the earlier the ignition starts and the
faster it proceeds. This is an expected result related to the
differences in light and heavy oil technologies. Actually, in situ
combustion of heavy oils is mainly based on artificial ignition.
However, light oils usually achieve self-ignition based on a
high-pressure air injection. As a result, the obtained model
reflects these differences for a great acceleration of the
oxidation process by increasing the saturate concentration.

It is common knowledge that the inhibitors contained in
heavy oil components do not take part in the initial stages, and
so they do not affect the value of ignition time. However, these
inhibitors can capture a significant volume of free radicals
according to the reaction scheme, which affects the oxidation
process at later stages. Taken together, the higher the initial
concentration of inhibitors is, the lower the increase in the
hydroperoxide concentration for both negative and positive φ-
factors (Figures 2C and 3C). Therefore, inhibitors are widely
believed to slow down the initial oxidation process.

3.2. Data Matching. The above results of hydroperoxide
concentration with time have shown rather expected and
reasonable dependencies on the initial parameters. In such a
way, we have checked the reaction scheme on its coherence

Figure 4. Pressure dropping with time in isothermal oxidation experiments for light, medium, and heavy oils matching procedure.

Figure 5. Heat output with time in PDSC experiments for heavy, medium, and light oils in addition to matching procedure results.
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with common experimental results. For such reasons, we
performed some matching procedure of experimental data with
dependencies 25 and 30.
Because of the model’s simplicity, the matching procedure

was very easy. So, during the experiments, we often observed
exponential dependencies of different parameters with time,
which are results of hydroperoxide formation at the initial
stages of oxidation. Let us consider the low-temperature
oxidation experiments held in ref 24. The isothermal oxidation
of light, medium, and heavy oil was done in a closed autoclave
with a maximum pressure of 30 MPa and a temperature of
393.15 K. The pressure drop with time was evidently observed
for the three samples of oil. The process is low-rate oxidation
with limited growth of hydroperoxides, which is caused by
corresponding oxygen absorption and results in pressure
decrease. For the matching procedure, we chose formula 30.
The very small negative φ factors for −0.6 days−1 = −7 × 10−6

s−1 for light oil, −0.9 days−1 = −1 × 10−5 s−1 for medium oil,
and −1.9 days−1 = −2.2 × 10−5 s−1 for heavy oil were defined.
The highest value of the negative φ-factor for heavy oil was
expected because of the highest number of inhibitors (Figure
4). In fact, the small negative φ-factor values are mainly related
to the slow reaction rate associated with the isothermal mode
of oxidation, which has been applied during the repeatability of
experiments with the help of the reaction model. In other
words, the measurement of system parameters at this stage
(pressure variation) proceeded very slowly because the
oxidation took place in a closed system at a low temperature
(393.15 K). Therefore, we modeled this slow measurement
using very small negative φ factors. Moreover, small negative φ
factors are explained by the slow oxidation rates, which result
in the slow formation of hydroperoxides as well.
The next challenge was matching the experimental data of

pressurized differential scanning calorimetric experiments. The
high-rate oxidation in PDSC gives kinetic curves with time. For
the matching procedure, we took identical hydrocarbons with
different volumes of aromatics. The kinetic experiments and
influence of aromatics on oxidation were explored in refs 14,
15. Here, we just focused on initial heat release with time for
light, medium, and heavy oils from the PDSC experiments
(Figure 5a). The observed exponential growth of heat release
with time is caused by the exponential growth of hydro-
peroxide concentration with the positive φ-factor, so formula
25 reflects this case. The matching results are shown in Figure
5b. The induction time decreases from heavy oil (23 min), the
lowest amount of saturates, the highest volume of inhibitors

through medium oil (21 min) to light oil (20 min). The light
oil shows the highest φ-factor (1.2 min−1 = 0.02 s −1), with the
value for medium oil being 1 min−1 = 0.017 s−1 and the value
for heavy oil being 1.2 min−1 = 0.015 s−1. The absolute values
of the φ-factor for high-rate processes are three times higher
than that for isothermal oxidation. This is also the expected
result and in good consistency with the reaction scheme, where
reaction 7 rate k7 cannot significantly exceed reaction 3 rate k3.
Otherwise, the chain reaction mechanism will not proceed.
Thus, one can see that the presented reaction scheme did

not show any deviations from experimental results and
previous views on the mechanism of oxidation and can
successfully match experimental data of initial oxidation stages.

4. DISCUSSION
As aforementioned, previous research mostly simplifies the
equations of crude oil oxidation, usually by omitting the most
part of reactions, which do not support valuable heating
rates.13,26,37 This approach is reasonable for interpretation and
for further modeling but does not fit research on under-
standing the sources of ignition and the mechanism of
transition from LTO to HTO.
The presented reaction model of the initial stages of crude

oil oxidation is rather simple. In fact, it is solved for
hydroperoxide concentration variation with time in the
assumption that all of the other components Csat, COd2

, and
CIn h are constants. This assumption is approved only for short
initial time periods and small temperature variations.
The examples considered above just show the influence of

the initial parameters on the process at certain temperatures.
Actually, an increase of temperature causes much more
significant changes than initial concentrations. All of the
reaction rates follow the Arrhenius temperature dependencies
expressed by eq 9. Unfortunately, we cannot surely determine
all of the Arrhenius parameters. As it was previously discussed
in ref 16, only main oxidation stages (with significant gases or
heat output) are detected by different experimental techniques,
together with kinetic parameter determination. Thus, in this
aspect, our model has a rather strict limitation and follows the
experimental data only for a rather low temperature (till 400−
450 K).
To relaunch the oxidation process with temperature

increase, we considered the variation of saturates and inhibitor
amount with temperature. The kinetic parameters for modeling
were taken from a previous experimental study where light and

Figure 6. φ-factor dependence of Csat/CIn h varies with temperature at different activation energies of saturate oxidation; inhibitor activation energy
is 70 kJ/mol; and reaction rates are similar for CIn h and Csat.
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heavy oil components were characterized in terms of Arrhenius
parameters obtained by PDSC.45

During the LTO stage, we observed certain waste of active
light saturates and following waste of inhibitors as well.
According to refs 11, 15, 45, this process is expressed in two
peaks of heat release at kinetic curves (usual PDSC kinetic
curves of crude oil oxidation). By considering φ-factor
dependence of ratio Csat/CIn h, Figure 6 shows the increase of
the φ-factor from negative values to positive in strong
dependence on the activation energy of saturate oxidation
Esat. As seen, the higher the activity of saturates and the lower
the corresponding activation energy, the faster the φ-factor
increases with temperature.
After the φ-factor crosses the zero value, the time

dependence (30) changes into exponential growth (25) and
low-temperature oxidation turns to high-temperature oxidation
(combustion). This point is of great interest for further
investigations with more precise models, and it is also
connected with the effect of the negative temperature gradient
observed in many experiments on crude oil oxidation.11,26,27

The relation (k3Csat)/(k7CIn h) evidently decreases during
the oxidation process. But in the case of successful combustion,
the active component oxidation heat release increases to a
great extent and involves the hydroperoxides in reaction 6 and
oxidized components in reaction 8, thus leading to the
complete combustion. This case is reflected by the yellow
curve (Esat, 115 kJ/mole) and partly by the green curve (Esat,
120 kJ/mole) in Figure 6. Each curve crosses the zero value at
a certain Csat/CIn h ratio. For light oils, this ratio is high enough
to reach the HTO region. For heavy oils (blue curve Figure 6),
we model the situation when the zero value of the φ-factor
cannot be reached for reasonable values of the Csat/CIn h ratio.
That means that reactions 1−5 and 7 give insufficient heat
release for reaching a positive φ-factor value. In other words,
heat release is not enough for starting reactions 6 and 8 of
complete combustion and the LTO stage ends up with oil
degradation and oxidized component formation. So, the
unsuccessful process of oxidation is performed in this case.
Figure 7 presents the φ-factor increase with temperature.

The curve crosses the zero value and indicates the calculated
ignition temperature forecasted by the presented reaction
scheme (for medium oil, the matched model gives an ignition
temperature of 413 K for the experimental conditions of PDSC
(pressure 5 MPa, air injection rate of 20 mL/min)). This result
shows that the reaction model of chemical equations matched
by experimental data are appropriate for the forecasting
ignition temperature for air injection pilot projects.

The other significant aspect that concerns the technical
issues of air injection implementation is the question of the
stable oxidation process and accordingly stable in situ
combustion. According to our model, which can describe
only the initial stages of oxidation, we can conclude that high
values of the Csat/CIn h ratio (more than 2) and higher
temperatures (more than 415 K) lead to exponential self-
heating and transition from LTO to HTO. On the other hand,
the stability of the combustion front is determined by the
amount of fuel burned during HTO, which is also an indirect
product of the chain reactions and which is planned to be
discussed in future research.

5. CONCLUSIONS
To sum up, the presented reaction scheme has been derived in
terms of the chain reaction approach through hydroperoxide
formation as the key stage of the oxidation process. The
present work has solved the oil oxidation differential equations
system in a simple approach, by neglecting oil and oxygen
concentration variations during hydroperoxide concentration
growth time. Moreover, the resulting dependencies for
hydroperoxide concentration with time reflected two main
regions of oxidation as being the low-temperature and high-
temperature oxidation stages. In addition, the transition from
one stage to another stage has been found to be mainly
governed by the dependence of hydroperoxide exponential on
time by changing the coefficient φ-factor of the branched-chain
reactions. The novelty of the presented research was in
evaluating the φ-factor as a combination of reaction rates,
which could be negative and positive. Interestingly, its value
defined the LTO to HTO transition as well as the ignition
temperature. The evidence from the obtained data suggests
that the developed model appropriately describes the oxidation
process for both light and heavy oils. It has been found that the
difference in oil types is basically reflected in the ratio of active
saturates to inactive inhibitor concentrations Csat/CIn h. Our
investigations in this area have found that both heavy and light
oils are able to oxidize in LTO and HTO regions. However,
heavy oils have been found to have a longer induction period
(5−7 days) because of the stronger inhibition effect compared
to light oils, which have been found to have a longer induction
period (15−30 min). On the other hand, it has been confirmed
that the activation energy values of heavy crude oil samples of
the initial oxidation stages are higher than those of light oil
samples (130 kJ/mol for heavy oil and 115 kJ/mol for light
oil). In this research, we have succeeded in obtaining a reliable
model that correlates fairly well with experimental data after

Figure 7. φ-factor dependence on temperature for medium oil; Esat =120 kJ/mol, Ein h =70 kJ/mol.
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the matching procedure. The prospect of being able to model
the process of oil oxidation serves as a continuous incentive for
future research, which will be devoted to fuel formation at
different oxidation stages, and fuel combustion, which is the
main reaction determining the stability of the combustion
front.
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