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ABSTRACT

Intrinsic catalytic properties of mineral matrices of various kinds (basalts, clays,
sandstones) were studied, which are of interest for in-situ heavy oil upgrading (i.e.,
underground) to create advanced technologies for enhanced oil recovery. The elemental,
surface and phase composition and matrix particle morphology, surface and acidic
properties were studied using elemental analysis, X-ray diffraction, adsorption and
desorption of nitrogen and ammonia. The data on the catalytic activity of inorganic
matrices in ammonium nitrate decomposition (reaction with a large gassing), oxidation
of hydrocarbons and carbon monoxide, and hydrocracking of asphaltenes into maltenes
(the conversion of heavy hydrocarbons into more valuable light hydrocarbons) were
discussed. In order to check their applicability for the asphaltenes hydrocracking
catalytic systems development, basalt and clay matrices were used as supports for
iron/basalt, nickel/basalt and iron/clay catalysts. The catalytic activity of the matrices in
the reactions of the decomposition of ammonium nitrate, oxidation of hydrocarbons and
carbon monoxide, and hydrocracking of asphaltens was observed for the first time.
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INTRODUCTION

At present, fundamental studies in the area of stimulation of oil production from deep
horizons are of ever increasing importance. A progressive decrease in oil recovery and an
increase in the unit costs per ton of extracted oil are characteristic of many currently
operated oil fields worldwide. In an overwhelming majority of countries, the oil recovery
is no more than 25-40% and tends to decrease. Three main stages are classified in the oil
field practice. In the first stage, the natural energy of the reservoir is used (super pressure,
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gas solute energy, etc.). In the second stage, the oil recovery is stimulated by injecting
water or gas into the bed. In the third stage, various Advanced Oil Recovery Methods
(AORM) are used, including heat, gas, hydrodynamic, physical and chemical techniques.

Great attention is paid in developed countries to the improvement of existing and
development of new methods for controlling oil recovery. In 2016, there were 365
projects in the world, which dealt with methods for enhancing oil recovery [1]. It was
accepted that the heat (15-30% increased oil recovery factor) and chemical (25-35%
increased oil recovery factor) methods are most efficient for traditional medium-viscous
oil fields. A gas injection technique [Carbon dioxide (CO.), Nitrogen (N2), natural gas or
flue gas] historically used for light oil recovery now has become the technology of choice
for unconventional reservoirs [2]. Thermal injection techniques such as cyclic steam
stimulation, steam flooding and steam-assisted gravity drainage are widely used in the
world for oil recovery in heavy oil reservoirs because their primary means is reduction in
crude viscosity [3]. However, these and other currently available AORM [4] are
inefficient, cost demanding and ecologically unfavourable methods when used for the
recovery of high-viscous, heavy and ultra heavy oil.

As an alternative option, the catalytic conversion of heavy oil and non-traditional
hydrocarbon compounds directly in the oil field should be considered.

The in-situ catalytic upgrading process using a catalyst added in the production well
and combined with air injection (now the THAI- CAPRI process) for the extraction and
upgrading of heavy oil and bitumen downhole was first described in [5]. More recent
studies have shown the potential for rapid catalyst deactivation due to coke and metal
deposits during the catalytic upgrading and possibilities to overcome the challenges of
coke deposits by addition of hydrogen or a hydrogen donor [6]. In addition to the above
methods, another promising direction is the use of sub-micron catalysts for chemical
processes to upgrade heavy oil and bitumen in-situ [7].

Recently another promising method of stimulating oil recovery by the reactions with
intensive gas emission (so called binary mixtures method) was suggested for the
formation of pressure drainage in the bed and artificial gas lift in the well [8].

These economically and ecologically attractive approaches to enhance oil recovery
imply simultaneous in-field temperature elevation and an introduction of nanosized
catalysts into the field. In our current research, the use the intrinsic catalytic properties of
the inorganic matrix of oil-bearing rocks was suggested. It was applied to:

¢ Synthesize in-situ active catalytic systems;

¢ Synthesize nanosized clusters of active components on natural inorganic matrices

by injecting the precursors into the field;

e (Catalyze transformations of heavy oil hydrocarbon components;

e (Catalyze different chemical reactions, for example, the reactions with intensive

gas emission (decomposition of ammonium nitrate and like compounds).

At present, data on the catalytic activity of oil-bearing rock matrices of various kinds
(basalts, clays, sandstones) towards the decomposition of ammonium nitrate and the
oxidation of hydrocarbons and carbon monoxide are completely absent in the literature.

Then, according to the Russian Federation National Program of “Environment
Protection” for the period of 2012-2020, the intensification of oil extraction from deep
horizons 1is particularly relevant for the solution of the environmental problems
associated with the deposits of heavy oil and bituminous rocks in the Siberian region of
Russia. Principles of green technologies are extremely important, not only for regions of
Russia [9], but for other countries in the world as well [10].

Therefore, the studies of physicochemical and catalytic properties of oil-bearing rock
matrices are essential in understanding the physical and chemical processes in oil
reservoirs under simultaneous heat and chemical action, and to handle technological
problems for stimulation of oil recovery.
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EXPERIMENTAL

X-ray diffraction (Bruker D8 diffractometer with monochromatic CuKa radiation)
and X-ray fluorescent (VRA-30 instrument with Cr-anode of the X-ray tube) techniques
were used to study the elemental composition of oil-bearing rock matrices of different
types (sand rocks, clays, basalts). The single BET method was used for the determination
of surface areas and pore volumes by one-point nitrogen adsorption at 77 K by the
ASAP-2020 instrument.

Catalytic activities to oxidation of methane and carbon monoxide were measured
using a flow reactor at 623-873 K with the initial component concentrations of 1.0 vol.%
methane, 10 vol.% oxygen (mixture #1), 0.88 vol.% carbon monoxide, 1.32 vol.%
oxygen (mixture #2) in nitrogen; catalyst sample of 1 g; and flow rate of 2.4 L/h.
A Kiristall 5000 chromatograph was used for analysis of the initial gas mixtures.

The decomposition of ammonium nitrate was studied at 313-363 K using a
thermostatic reactor equipped with a reflux condenser. The working solution was
prepared just before the experiment by mixing calculated quantities of Ammonium
nitrate (NH4NO3), Formic acid (HCOOH) and Nitric acid (HNO3) in water. Total
solution volume was 50 ml. A magnetic stirrer was used for the reaction mixture.
Samples of the working solution were drawn to determine the concentration of NH4NOs.
Current concentrations of ammonium ions in the working solutions were determined
using a universal ionometer EV-74 equipped with an ion-selective electrode ELIS —
121NH4. A silver chloride electrode 1M3 was used as a reference. The total reaction run
was 5 hours. The known industrial aluminoplatinum AP-56 [0.56% platinum/gamma
alumina (Pt/y-Al203), 0.5 g] catalyst/and three types of matrices of oil-bearing rocks
(sand rock, basalt and clay) were used for the reaction.

The catalytic activity to hydrocracking of hydrocarbon components of oil was studied
using asphaltene [the product of Vacuum Distillation Unit (VDU) tar extraction produced
at the Gazpromneft-Omsk Refinery Co.; the content of n-pentane-insoluble but
toluene-soluble asphaltenes was 96 wt.%] as the initial compound. A micro reactor
system Autoclave Engineering (50 ml reactor made of a chemically stable alloy
Hastelloy® C-276, a magnetic stirrer with controlled rotary speed up to 5,000 rpm) was
used for experiments at 1.0 MPa hydrogen pressure and 473, 523 and 573 K
temperatures. The gravimetric method was used to determine masses of toluene-soluble
(asphaltenes) and n-heptane-soluble (maltenes) fractions. The catalysts were natural
material matrices and supported catalysts such as Iron (Fe)/basalt matrix, Nickel
(Ni)/basalt matrix and Fe/clay matrix (6.0 wt.% of active component) prepared by the
precipitation from non-aqueous solutions of the corresponding nitrate followed by the
calcining and activation at 773 K.

RESULTS AND DISCUSSION

Table 1 summarizes the XRD and XRF data (Figure 1), specific surface areas (Sger)
and pore volumes of matrices. The analysis of experimental data on elemental
composition suggests that the matrix samples are natural aluminosilicates with numerous
impurities. For example, characteristic features of basalt and clay matrices are significant
amounts of transition and alkaline earth element oxides [2.75-3.3 wt.% Fe,
0.3-0.4 wt.% Titanium (Ti), 7.2-1.4 wt.% Magnesium (Mg)] and large surface areas
(25-15 m?/g) that are sufficient for catalysis on the surface.

One of the factors that determine the catalytic activity of the catalyst is the specific
surface area, which affects the amount and availability of the active centers. The specific
surface area among the samples (see Table 1) is the highest in the clay matrix and the
lowest in the sandstone matrix. Analysis of the surface area and pore distribution of the
samples indicates that basically all the matrices are mesoporous.
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It was found that the differences in the chemical composition and texture are the
reasons for different catalytic activities of the matrices both to the transformation of oil
hydrocarbon components and to the liquid-phase decomposition of ammonium nitrate.

Table 1. Physicochemical parameters of samples under study

Content of elements [wt.%] SBET Vp
LiF Si Mg Al K Fe Na Ti I[m%g] [mlg]
Bazalt 65.01 13.53 7.20 6.35 0.20 2.74 0.73 0.33 19  0.0431
Clay 56.76 23.76 1.74 8.87 235 330 1.07 041 25  0.0634
Sand 65.06 23.73 0.54 633 144 090 144 0.22 15 0.0141
Ca S P Mn Ba Ce Sr Cl

Matrix

Bazalt 352 - 009 008 - - 015 - 19 0.0431
Clay 061 079 0.07 003 0.12 002 002 - 25 0.0634
Sand 0.14 008 002 - 004 - - 006 15 00141
1600-
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Figure 1. XRD patterns of samples under study (1 — sandstone matrix, 2 — clay matrix,
3 — basalt matrix)

Ammonium nitrate decomposition

Figure 2 shows the temperature dependence of NH4NO3 conversion in the absence of
a catalyst. The degree of nitrate ammonium decomposition is high enough at 463 K
(92.4%). At low temperatures (313-324 K) the value of NH4NO3 conversion does not
exceed 13%. Addition of a catalyst to the reaction mixture allows the decomposition
degree to increase by factors of 3 to 4 (Figure 3). At 324 K the conversion is 39.7% over
Pt/y-Al>03, 52.2% over sandstone matrix, 47.5% over basalt matrix, and 46.3% over clay
matrix.

The dependence of the conversion of ammonium nitrate over the sandstone matrix as
a function of component ratio was studied at 324 K. A linear dependence of the
conversion with an increase of nitric acid concentration at the ratio of HNO3:HCOOH = 1
was observed (Figures 4, 5). The dependence of the degree of NH4NO3 decomposition as
a function of nitric to formic acid ratio had maximum at HNO3;:HCOOH = 2.7, and the
maximum was identical when different mixtures were used. At maximum the ammonium
nitrate conversions were 88, 59.1 and 19% at HNO3:NH4sNOs = 12, 7 and 4, respectively.
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Figure 2. Temperature dependence of NH4sNO3 conversion in the absence of a catalyst
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Figure 3. Ammonium nitrate conversion in presence of rock matrices and Pt/Al,O3 catalyst
(the ratio HNO3;:HCOOH:NH4NO; = 7.8:3.4:1, HNO3:HCOOH = 2.3, T = 324 K)
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Figure 4. Dependence of the conversion of ammonium nitrate on molar ratio
of nitric acid and ammonium nitrate
(T=324 K, m=0.5 g of sandstone matrix, reaction time 5 h, the ratio HNO3;:HCOOH = 1)
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Figure 5. Dependence of the conversion of ammonium nitrate on component molar ratio
(T'=324 K, m=0.5 g of sandstone matrix, reaction time 5 h)

Based on the literature review [11] and experimental data, it is reasonable to suggest
that the decomposition of ammonium nitrate in water is associated with the oxidation by
Nitrous acid (HNO3):

NH4NO3; + HNO; — Ny + HNO3 + 2H»0O (D)

Nitrous acid is generated by the HNO3 — HCOOH system where Nitric oxide (NO)
and Nitrogen dioxide (NO3) are produced through the following reactions [12]:

2HNO3 + HCOOH — 2NO; + CO2 +2H>0 2)
2HNOs3 + 2HCOOH — NO + NO2 + 2CO: +3H20 3)
2HNOs3 + 3HCOOH — 2NO + 3CO; +4H20 4)

The released nitrogen (IV) and nitrogen (II) oxides react with water to produce
nitrous acid by the following reactions [13]:

2NO2 + H20 <> HNO3 + HNO: (5)

2NO + HNOs + H20 < 3HNO 6)

Oxidation of Carbon monoxide (CO) and Methane (CH4)

A flow reactor was used to study catalytic activities of the samples for the oxidation
of methane [known to be the most resistant to the oxidation among aliphatic
hydrocarbons (Table 2)], and carbon monoxide (Figure 6). Basalt samples were the most
catalytically active and sandstones were the least active among all catalysts studied. The
conversion was relatively low comparing to others deliberately developed catalysts:
within the temperature range under study in the presence of the most active matrix
(basalt), the conversion of carbon monoxide was 18% and conversion of methane was
21%.
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Table 2. Catalytic activity of matrices in deep oxidation of CH4
(Ccns = 1.0 vol.%, Co, =10.0 vol.%, Cn, = 89.0 vol.%, mcy = 1 g, mixture flow rate = 2.4 1/h)

CH4 conversion [%]

No. T [K] Matrix samples
Basalt Clay Sandstone
1. 623 5.3 6.0 4.8
2. 673 4.7 59 4.9
3. 723 6.1 5.6 4.2
4. 773 6.7 5.0 4.5
5. 823 11.3 4.8 4.6
6. 873 21.1 11.1 5.1
18-
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Figure 6. Temperature dependence of the conversion of carbon monoxide oxidized in a flow
reactor in the presence of basalt matrix
(Cco =0.88 vol.%, Co, = 1.32 vol.%, Cn, = 97.8 vol.%., mca = 1 g, mixture flow rate = 2.4 I/h)

Asphaltenes hydrocracking

Of special interest are catalytic properties of rock matrices with respect to
hydrocracking of heavy oil components — asphaltenes to maltenes. Table 3 shows
experimental data on the intrinsic activities of matrix samples and on the activities of
supported Fe- and Ni-containing catalysts. The data indicate negligible activity of
sandstone-based samples, while clay-based and, in particular, basalt-based samples
demonstrate considerable catalytic activity to hydrocracking of asphaltenes. Again, the
highest selectivity to maltenes was observed with basalt samples and iron-nickel catalysts
supported on basalt. The activity and selectivity series of the matrix samples are as
follows: 6%Fe/clay matrix < 6%Ni/basalt matrix < 6%Fe/basalt matrix. The estimations
based on thermodynamic data [14] show an absolute conversion of 25-30% of the
theoretically allowable levels under current experimental conditions (temperature range
of 473-573 K, hydrogen pressure 1.0 MPa). The highest conversions of asphaltenes
(X' >95%) at the one-stage process are achieved, in fact, at the pressure of 30 MPa [15].

The observed trends in the catalytic activity of the sample matrix for various reactions
can be explained by the differences in their chemical nature. In fact, as can be seen from
the above data, sample matrixes are natural aluminosilicates with different impurities.
Samples from basalt matrix and clays are characterized by the presence of significant
amounts of oxides of transition and alkaline earth elements (Fe, Ti, Mg) in their structure,
specific surface areas (25-15 m?/g) sufficient for catalytic reactions on the surface.
Samples of sandstones matrices, in contrast, have low surface areas. They are
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characterized by a low amount of elements such as magnesium, iron, manganese, and by
the total absence of cerium containing compounds which are known to be strong
promoters of catalytic activity of various catalytic systems.

Table 3. Catalytic activity to hydrocracking [Conversion of asphaltenes/selectivity to maltenes
(%), in an autoclave reactor at 473, 523, 573 K, catalyst weight = 1.0 g, asphaltene loading =10 g,
hydrogen pressure = 1.0 MPa, reaction time = 1 h]

. ) T[K]
No. Matrix samples 173 523 573

1 Blanc - < 1.0/0.01 3.0/0.01
2 Basalt 3.0/0.1 5.1/8.3 7.1/11

3 Clay - <3.0/0.01 5.0/8.0
4 Sandstone - - <3.0/0.01
5 6%Fe/basalt 4.2/4.0 7.1/9.3 9.7/15
6 6%Fe/clay 3.3/3.2 4.5/7.3 7.4/12
7 6% Ni/basalt 3.8/3.8 6.4/11 7.5/14

These differences in the sample chemical compositions and surface characteristics are
responsible for different catalyst matrices activity in reactions of hydrocarbon conversion
of petroleum components (oxidation of methane and butane, hydrocracking of heavy
components — asphaltenes) where a critical role in catalysis is the formation of surface
compounds — active complexes. The influence of homogeneous catalysts in liquid phase
ammonium nitrate decomposition reactions is significant. Therefore it is likely that the
high catalytic activity of matrices may be associated with presence of soluble compounds
which catalyze the decomposition of ammonium nitrate.

The use of natural materials served as carriers for supported catalysts (Fe/basalt, and
Ni/basalt and Fe/clay matrixes), was found to be a promising line of research in
conversion of hydrocarbon components of oil.

CONCLUSIONS

The study presents data on physicochemical and structural properties of matrix
samples (chemical composition, specific surface area and pore volume), their catalytic
activities in the oxidation and hydrocracking of oil hydrocarbon components. The natural
oil-bearing rocks studied were found to be more catalytic-active in the decomposition of
ammonium nitrate than the industrial Pt/alumina catalyst.

The experimental data support the hypothesis about the feasibility of catalytic
reactions in oil beds using natural materials — oil-bearing rocks (sandstones, clays,
basalts) — as catalysts and can be helpful for the development of advanced technologies
for enhanced oil recovery.

The reported results are considered to be the basis for future studies of mineral
matrices in the development of effective catalysts for in-situ treatment of heavy
hydrocarbons in oil industry.
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