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Abstract. The design of highly efficient catalysts of cracking reactions for intensification of thermal 
enhanced oil recovery technologies is a relevant task. Moreover, the cost-effective industrial synthesis of 
such catalysts is very important. In this paper, we discuss the efficiency of bimetallic catalyst, which forms 
in-situ from the mixture of oil-soluble iron and cobalt precursors, on the processes of upgrading heavy oil 
in the reservoir of Tatarstan Republic (Russia). A simulation of aquathermolysis was carried out in a high-
pressure reactor – autoclave at 150-250оС. The treatment time varied from 6 to 24 hours and the share of 
catalyst and hydrogen donor was 2 % wt. each. The phase composition of the active form of binary catalyst 
was estimated from the result of X-ray diffraction measurement. It is characterized by the presence of 
individual (Fe3O4 and Fe2O3) and mixed oxides with ideal stoichiometry – СоFe2O4. The formation of cobalt 
sulfide (CoS2) was observed, which indicates the destruction of C-S bonds in high-molecular components 
of oil. According to the results of SARA-analysis and rheology behavior, the catalyst intensifies destructive 
processes of resinous compounds (their content reduces more than 45 %). This provides an increase in the 
content of saturated hydrocarbons by 16 % and redistribution of aromatic fragments in hydrocarbons with 
hybrid structure. Thus, the reduction of dynamic viscosity by 32 % was succeeded.   
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introduction 
Every year the development of unconventional 

resources such as extra-heavy oil and natural bitumen is 
more attractive. The rising global demand on oil will be 
supplied mostly because of such resources. One of the 
well-known heavy oil and bitumen recovery methods is a 
steam-stimulating technique (Weissman, Kessler, 1996). 
However, it was proven that the viscosity of heavy oil 
after the thermal treatment has a tendency to regress, 
resulting in decreasing its mobility. This occurs due to 
generation of free radicals that polymerizes to larger 
molecules without hydrogen source and the presence of 
heteroatoms (S, N and O) (Zhang et al., 2012; Desouky 
et al., 2013; Panariti et al., 2000).

Therefore, many scientists develop catalysts for 
cracking, hydrogenolysis and hydrolysis processes in 
order to intensify heavy oil and natural bitumen recovery 
technologies (Kondoh et al., 2016; Kadiev et all, 2015; 
Kayukova et al., 2017; Altunina, Kuvshinov, 2007). 

The impossibility of injecting dispersed powdered 
catalysts to the reservoir formations due to the risk of 
their adsorption on the walls of injecting wells forced 
scientists to develop nanocatalysts and oil-soluble 
precursors for in-situ heavy oil upgrading. The active 
form of such catalysts starts after the decomposition of 
oil-soluble precursors in reservoir conditions, which are 
mainly the oxides and sulfides of corresponding metals 
(Ivanova et al., 2017; Maity et al., 2010; Panariti et al., 
2000; Randhawa et al., 1997). 

In literature, the efficiency of catalysts as a precursor 
based on only one metal such as cobalt, iron, etc. have 
been studied (Wang et al., 2010; Feoktistov et al., 2018; 
Vakhin et al., 2017;). However, each metal in its active 
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form effects only certain fraction (Salih et al., 2018; 
Chen et al., 2010). 

Some scientists revealed the reduction of resin 
content after catalytic aquathermolysis at 180оС in the 
presence of oil-soluble cobalt precursor. The experiments 
on oil-saturated sandstone revealed the intensification 
of C-C bond destruction at 200оС mainly in asphaltene 
molecules with the use of catalyst based on iron tallate. 
It provided viscosity reduction of oil by 25 % that is a 
high indicator of transformation in the given conditions 
(Sitnov et al., 2017). However, the cost of catalyst 
precursor based on cobalt is 8 times more than iron-based 
catalyst precursor. 

In order to diversify the catalytic influence on 
heavy oil, some researchers propose to use bi- and tri-
metallic catalyst precursors (Shuwa et al., 2016; Yusuf 
et al., 2016; Yusuf et al., 2016; Sitnov et al., 2018). 
S.M. Shuwa et al. obtained a new submicro-dispersed 
trimetallic catalyst based on Ni-Co-Mo and carried out 
investigations on its application in the aquathermolysis 
of Oman heavy oil in the presence of sandstone layer as a 
porous medium. The results of experiments revealed the 
higher degree of oil extraction (15 %) in the presence of 
catalyst rather than non-catalytic processes. Significant 
improvements were observed in the quality of produced 
oil such as viscosity reduction up to 25 % and essential 
reduction of sulfur content (26 %).

Other authors (Yusuf et al., 2016) applied bimetallic 
oil-soluble Ni-Mo oleate and hydrogen donor – glycerin 
as an aquathermolysis catalyst. The experiments 
were carried out in the high-pressure reactor, in 
nitrogen environment under various temperature 
ranges (200-304), treatment time (24-72 hours), and 
the concentrations of glycerin (0-10 % mass), catalyst 
(0-1 % mass) and water (0-42 % mass). The maximum 
viscosity reduction – 69 % (1490-490 cP at 70°С) 
was observed at temperature of 277°С and 30-hour 

treatment time. The increase in saturated bonds of alkyl 
groups and decrease in unsaturated bonds of transalkene 
groups of hydrocarbons indicating hydrogenation 
activity of catalyst and glycerin were evaluated from 
the results of IR-spectroscopy before and after the 
catalytic aquathermolysis. Besides, gas chromatography 
approved the increase in components with lower boiling 
temperature and decrease in asphaltene content after 
catalytic aquathermolysis. 

Sitnov S.A. et al. revealed the high efficiency of 
bimetallic catalysts based on the mixture of iron, copper 
and nickel precursors in terms of improving group 
composition of heavy oil and its viscosity. Hence, it 
is rational to use optimum combination of mainly two 
transition metals for improving catalytic effect due to 
synergism, as well as decreasing the cost of catalysts.

In this study, we carried out physical stimulation 
of aquathermolysis processes in reservoir conditions. 
The aim of this study was upgrading of heavy oil from 
Ashal’cha field in the presence of bimetallic catalyst that 
forms in reservoir conditions from the mixture of iron 
and cobalt precursors. 

2. experimental 
The laboratory stimulation of thermal treatment 

processes was carried out in high-pressure reactor 
with introduction of bimetallic catalyst (Fig. 1). The 
process was performed in various time intervals from 6 
to 24 hours at temperature ranges of 150 to 250°С and 
constant pressure of 3 MPa. The mixture of iron and 
cobalt tallates with the mass ratio of 1:1 was used as a 
catalyst precursor. The last was introduced by dissolving 
in hydrogen donor with the concentration of 2 % wt. to 
the oil sample. 

After completing the process, all the products of 
aquathermolysis initially were separated from water by 
setting for 16 hours and then centrifuging in laboratory 

Fig. 1. Scheme of experimental setup for aquathermolysis stimulation (Sitnov et al., 2018)
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Table 1. The group composition of initial oil and experimental products with a duration of 6 hours depending on the treatment 
temperature

Objects 
Group composition (SARA), % mass.  
Saturates Aromatics Resins Asphaltenes 

Initial oil 29,35 29,4 35,61 5,64 
Products of catalytic aquathermolysis of Ashal’cha oil 
Experiment at 150оС 29,39 29,15 35,80 5,66 
Experiment at 200оС 27,92 32,94 34,50 4,64 
Experiment at 250оС 32,24 37,73 24,76 5,27 

Fig. 2. The relation of dynamic viscosity of initial oil and experimental products from the treatment temperature during 6 hours.
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centrifuge Eppendorf 5804R at 5000 rpm during 2 hours.
The criteria for evaluating the efficiency of catalyst 

were the results of viscosity measurements in rotational 
viscosimeter FUNGILAB Alpha L and determining 
group composition of experimental products by SARA-
analysis method. 

The catalyst particles were investigated in X-ray 
diffractometer Shimadzu XRD-7000S (Japan) with 
the use of nickel monochromator of 0.008 nm step and 
exposure in the point – 3s, and D2 Phaser Bruker on 
CuKα- with the wavelength of λ = 1.54060 nm. 

3. Results and discussions
The results of group compositions for initial oil 

and experimental products depending on the treatment 
temperature are provided in Table 1. The duration of 
experiment was 6 hours. 

According to the results of SARA-analysis, the 
absence of fraction redistribution can be attributed 
to the low temperature impact (150оС). It means that 
the given temperature was not enough to initiate the 
process of catalyst activation. However, the asphaltene 
reduction was achieved at 200оС, the temperature was 
still not enough to carry out the entire process of catalytic 
aquathermolysis. The most effective catalytic behavior 
was observed at 250оС, where significant reduction in 

the content of resins and increasing the share of aromatic 
hydrocarbons occurred. This was obtained due to the 
destruction of C-S-C bonds, the decomposition and 
hydrogenation of aromatic rings. The results of viscous 
characteristics of initial oil and products of catalytic 
aquathermolysis at various temperature are presented in 
the Fig. 2. The viscosity was reduced by more than 22 % 
as a result of destruction of high-molecular components 
in the presence of catalyst. 

Despite the improvement in group composition of 
oil, the viscosity was still high. This can be explained 
by using oil sample that was initially (previously) 
thermally treated during production by means of SAGD 
technology. The next stage of experiment was carried out 
at increasing thermal influence time in the presence of 
catalyst. The results of group composition are presented 
in Table 2. 

The main destructive processes took place in the 
molecules of resins, the content of which reduces 
almost 2 times due to intensification of cracking 
and hydrogenolysis reactions by the catalyst. The 
redistribution of fractions occurs toward increasing the 
light content of transformed hydrocarbons, particularly 
saturates – up to 19.5 % and aromatics more than 45 %. 
The increasing influence time proportionally decreases 
the viscosity (Fig. 3). 
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magnetite (Fe3O4) and hematite (Fe2O3) are formed 
under hydrothermal factors. It is important to notice the 
presence of cobalt sulfide (Co9S8) in the composition 
of active catalyst. It forms due to detachment of C-S 
bonds in high-molecular components and catalyzes 
the cracking reaction of heavy oil along iron oxides 
(Kayukova et al., 2017).

Fig. 3. The relation of dynamic viscosity of initial oil and its experimental products from the duration of experiment

2000

2500

3000

0

500

1000

1500

Initial oil  6 12 24
Duration, hour

D
yn

am
ic

 v
is

co
si

ty
, m

Pa
•c

   
   

   
   

   
(a

t 2
0o C

)

Fig. 4. The results of X-ray analysis of obtained particles after thermo-baric influences on mechanical mixture of iron and 
cobalt tallates

Table 2. The group composition of initial oil and experimental products depending on the aquathermolysis duration (at 250 оС). 

Objects Group composition (SARA), % mass. 
Saturates Aromatics Resins Asphaltenes 

Initial oil 29,35 29,4 35,61 5,64 
Products of catalytic aquathermolysis of Ashalcha oil 
Experiment at 6h  32,24 37,73 24,76 5,27 
Experiment at 12h 33,11 37,52 23,97 5,40 
Experiment at 24h 35,08 40,33 19,42 5,17 

The active form of catalyst particles were isolated 
after aquathermolysis process at 250оС and 12 hours. To 
reveal the composition of the given particles they were 
further investigated in XRD. The results are presented 
in Fig. 4. 

The investigated sample is characterized by various 
composition. However, individual iron oxides such as 
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The presence of Co8FeS8 compound in the composition 
of catalyst was observed. Its formation is possible due 
to substituting Fe ion in FeS2 by Co ion (Zhao et al., 
2018). However, the FeS2 was not identified in the 
composition of active catalyst. This lead to the increase 
of desulfurization degree, oil mobility and improved 
its quality that was justified by the results of carried 
investigations.

Thus, application of in-situ catalyst, the active form 
of which is a mixture of individual oxides and mixed 
iron and cobalt sulfides, along with hydrogen donor 
reduces the content of resins and asphaltenes. In its 
turn, it leads to irreversible viscosity reduction (32 %) 
of produced oil. 

conclusion
In this paper, we have carried out a physical 

stimulation of catalytic aquathermolysis of Ashal’cha 
heavy oil sample in the presence of hydrogen donor 
and oil soluble iron and cobalt tallates under various 
temperature and treatment time.

We have found that the most effective thermo-catalytic 
condition for conversion of investigated oil sample is 
250оС and 24 hours. The significant content of high-
molecular components, particularly resins (up to 45 %) 
and viscosity (up to 32 %) are reduced under the given 
optimum condition because of destructive processes. 

We have found a way to isolate the active form of 
catalyst from the oil sample after the thermal treatment 
and further investigate its composition.

This work has led us to reveal the various useful 
composition of active catalyst, particularly magnetite 
(Fe3O4), hematite (Fe2O3) and cobalt sulfide (Co9S8) 
along with individual iron oxides. These are the main 
components that intensify destructive processes in high-
molecular components of heavy oil. 
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