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Abstract: One of the main topics that generate the interest of experts nowadays involves the pro-
cesses of organic matter chemical transformation during heavy and shale oil reservoirs” develop-
ment via thermally enhanced oil recovery. It is common knowledge that the host rock has a catalytic
effect on the ongoing processes. In addition, oil transformation is mostly associated with destructive
processes of resins and asphaltenes molecules. As a result, this would provide an increase in oil
mobility as a result of kerogen destruction in shale oil. This ensures the formation of synthetic oil
and an increase in the filtration characteristics of the rock. Besides, iron-containing compounds in
the composition of the rock are catalytically active in the above processes. Moreover, clay minerals
have high catalytic activity for many reactions of organic matter transformation. This review con-
siders publications that study the role played by the rock and its individual components in the pro-
cesses of in situ upgrading of heavy and shale oil.
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1. Introduction

The sustainable development and production of oil and gas are significant for the
hydrocarbon industry and its relationship to the world market. Therefore, heavy and
shale oils deposits, which are more evenly distributed around the globe, are very attrac-
tive. However, the exploitation of such reservoirs requires application of thermally en-
hanced oil recovery methods. The heat energy is crucial for reducing heavy oil viscosity
or supplying synthetic oil generation [1-3]. However, the in situ process is similar to the
oil refinery process. If the application of catalysts is an essential part of oil refinery pro-
cesses, then co-injection of catalysts is a built-in part of thermally enhanced oil recovery
methods. The feasibility and economy of the thermal oil recovery techniques depend on
the application of catalysts, which are injected into the reservoir formations as they influ-
ence the heat energy distribution [4-7]. There are several field tests of various catalysts
for heavy oil development that were successfully completed. In China, the pilot tests of
co-injecting catalysts with steam were assessed in two oil fields: Liaohe [8] and Xinjiang
[9]. The industrial-scale application of catalysts in heavy oil carbonate deposit with the oil
viscosity around 270 MPa-s was successfully implemented by our group [10].

It is widely considered that reservoir rock minerals have a great influence on oil pro-
duction processes during the development of various hydrocarbons’ deposits. This is es-
pecially noticeable when using thermally enhanced oil recovery methods. Various min-
eral components have catalytic properties in relation to various reactions. A number of
reactions, such as cracking, destructive hydrogenation, hydrolysis, etc., occur with resins
and with asphaltenes in heavy oils composition or in kerogen of the shale composition.
Minerals containing transition metals are especially active as catalysts for the above reac-
tions. Increasing attention is being drawn to the possibility of injecting catalysts into the
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reservoir to convert oil or shale using thermally enhanced oil recovery methods. In this
case, minerals can affect the action of the catalyst. During the adsorption of catalyst parti-
cles on the surface of the host rock, a catalytic complex can form. Consequently, the effi-
ciency of such a complex can be higher than that of the catalyst itself or the rock separately.
Therefore, the role of mineral components is actually generating considerable interest in
terms of developing and exploiting heavy and shale oils.

2. Content
2.1. Minerals at the Stage of Formation

The mineral components of the reservoir system have a significant impact on the for-
mation of hydrocarbon deposits. The composition of minerals changes with the migration
of hydrocarbons during the further formation and destruction of the deposit. Authigenic
mineral formation in the zones of hydrocarbon flows and in areas of their concentration
is associated with a change in the physicochemical conditions at the contact of mobile
hydrocarbons and water and occurs due to the dissolution of gases in water, variations in
pH and Eh of the medium, the activity of anaerobic bacteria, etc. [10]. Epigenetic mineral
formation in the areas of occurrence of oil and gas deposits has its own unique features
and patterns.

Terrestrial heat from the bowels ensures the transformation of organic matter in
clayey rocks. On the way to hydrocarbon flow, a “hydrocarbon footprint” is formed. In
the zone of this “trace”, glauconite forms in the presence of hydrocarbons, in addition to
the appearance of pyrolusite, pyrochlore, often uranium pyrochlore, plumbopirochlore
and strontium pyrochlore; meanwhile, ferruginous minerals become converted. In zones
of intense heat and hydrocarbon flow, new formations appear in the form of phenocrysts
(impregnations), intergrowths of crystals.

At subsequent stages, biotite, ilmenite and calcite are formed in the hydrocarbon
flow zone. In the central zone of the “hydrocarbon footprint”, ferruginous minerals hem-
atite, pyrite and magnesioferrite are often found, and, in the far outer zones of the flow,
pentahydrocalcite is sometimes formed.

In the zone where the concentration of hydrocarbons coming from the depths and
from the oil source strata occurs (as a result of their compaction or dehydration of silty-
clay deposits), a hydrocarbon deposit is slowly formed. In areas where hydrocarbons are
collected, they are concentrated and converted. The concentration zone is characterized
by lower temperatures (50-60 °C). Secondary processes include primarily the precipita-
tion of clay minerals from fluid solution. Hydromicas and kaolinite precipitate. Kaolin-
ite is probably formed as a result of the hydrolysis of CO:-containing silicate rocks with
acidic solutions. Dickite, hydromica, illite and saussurite are found here. Kaolinite is the
most representative in samples. Kaolinite is often fine-grained, granular. New formations
of clay minerals are typical for peripheral zones of hydrocarbon deposits [11].

The formation2 of kaolinite is associated with periods of intensive growth of struc-
tures and mass flows of hydrocarbons up the section [12-14], and may be due, in the active
tectonic phase, to the appearance of aggressive carbon dioxide solutions coming from the
basement and lower horizons of the sedimentary cover. Kaolin formation occurs mainly
due to the dissolution of detrital silicates and aluminosilicates of sandy-silty rocks. The
formation of kaolinite is favored by high temperatures, pressure and the presence of pro-
tons in the solution (low pH values), while a carbonic environment, on the contrary, shifts
the process in the opposite direction. The formation of kaolinite is known to be associated
with the hydrolysis of silicate rocks:

2K[AISis0s] + 7H20 — Al2[Si205](OH)s + 4H:SiOs + 2KOH.

Clay minerals undergo hydrolysis under conditions of lowering the pH of formation
waters, due to the release of COz and organic acids and during the decomposition of or-
ganic matter. According to previously published works [14-16], authigenic kaolinite is
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formed in a well-permeable medium mainly due to clay cement, consisting of hydromicas,
hydromica—montmorillonite formations and chlorite. A more perfect structure, according
to Sakhibgareev et al. [17], is possessed by kaolinite from aquifers, which is explained by
the preservative effect of oil on authigenic mineral formation. Perfect aggregates of kao-
linite are sometimes found in the contours of deposits [12]. Kaolinite formation is less
common in oil-bearing reservoirs.

The maximum amount of kaolinite is observed in gas-saturated rocks. Minerals of
the kaolinite and chlorite group are the most typical for unproductive sections. Hydrom-
icas and montmorillonite formations are observed within oil deposits, often in the form of
basal-pore cement, with predominantly random orientation of clay particles [12]. Organic
matter adsorbed on clay material increases the stability of clay minerals [15,18]. When
organic matter interacts with clay minerals, the fluid-resistant properties of screens in-
crease significantly [12].

The post-sedimentary formation of chlorite minerals is facilitated by the develop-
ment of anaerobic bacterial activity, accompanied by iron reduction and an increase in the
pH of pore solutions, the increased content of which is often accompanied by a deteriora-
tion in the reservoir properties of rocks. Minerals of the hydromica group, including illite,
are rare in oil-saturated reservoirs. In pelitomorphic rocks, the process of illitization is
more likely. Illite formation is assumed to be more alkaline than kaolinite formation [19].
Among the epigenetic carbonates, calcite is the most common; siderite, dolomite and an-
kerite are common [20].

In the sandy-silty reservoirs of Western Siberia, the most common cements are clayey
and carbonate. In zones of secondary carbonatization, often associated with the migration
of hydrocarbons, several generations of calcite stand out. It is believed that the bulk of
calcite is formed at the stage of early epigenesis, before oil enters the trap. Calcite of late
generations is formed in connection with the processes of sulfate reduction near hydro-
carbon deposits [21]. The structures of diagenetic carbonates are most often pelitomorphic
and granular with nodules. Among carbonates, there are calcite, manganocalcite, rhodo-
chrosite, dolomite, siderite, ankerite, often manganosiderite, manganese calcite, magne-
sium-containing siderite, ferruginous magnesite and the Mg content in these carbonates
in oil-saturated sandstones increases. In the oil-bearing contours, predominantly calcium-
iron magnesite with a high content of Mg crystallizes [14].

For some deposits of the Ural-Volga region and Western Siberia, a multi-stage for-
mation of deposits has been proven [22,23].

In a productive oil-saturated reservoir, where the preservative effect of hydrocarbons
has a significant impact on the course of secondary processes, the leading process is silic-
ification, as a result of which productive sandstones often contain up to 5-10% regenera-
tion quartz cement.

As aresult of the interaction of hydrocarbons with host rocks, subvertical zonal-ring-
shaped geochemical, geophysical and biogeochemical fields are established above oil and
gas deposits. Subvertical annular zones of secondary alteration of rocks arise as a result
of the processes of chemical and biochemical destruction of hydrocarbons dissipating
from deposits and the interaction of hydrocarbons with mineral components of rocks [19].
The migration of hydrocarbons causes a change in the parameters of the mineral environ-
ment in various geochemical zones.

In the hydrodynamic systems of the oil and gas section, in addition to temperature
and pressure, the processes of secondary mineral formation are significantly affected by
the mineralization of solutions and their pH and Eh. First of all, this affects the pH and Eh
values of water-mineral media [24].

Carbon dioxide and hydrogen sulfide are of great importance in the successive oc-
currence and spatial variability of the concentration fields of various elements in the dif-
fusion flow of hydrocarbons. They have a significant effect on the Eh and pH values of
rocks and are involved in the processes of leaching and authigenesis. Carbon dioxide is
formed during the oxidation of hydrocarbons, is contained in a dissolved state in waters,
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is present in the mineral environment, enhances the removal of such cations as Fe?", Mn?,
Cu?, Co? and alkaline earth metals: Mg?*, Ca?*, Sr>* and Ba?. Newly formed minerals are
deposited in sediments located in the contour of hydrocarbon anomalies. Ions that have a
greater affinity for sulfur: Fe>, Cu?, Co?* and Mi* form sulfides, and those that have a
greater affinity for oxygen: Mg?, Ca?, Sr?", Ba** form carbonates.

Numerous studies have noted that, in overproductive deposits in the form of halos
that outline hydrocarbon deposits, elevated concentrations of elements are established:
Mi, Fe, Ti, Cu, Pb, Sn, V, Ni, Co, Si, Al, Ca, Ba, Sr, etc. Paragenetic associations of chemical
elements, the nature of their relationship with neoformations, the sequence of deposition
and selective confinement to different parts of productive sections are revealed. The mul-
tivalent and chalcophile elements Fe, Mi, Pb and Zn tend to precipitate in reducing media
together with siderite and sulfides. Complexes of compounds with organic components
form Cu, V, Ni and Co. In the presence of COz, Ca, Ba and Sr, carbonates are intensively
dissolved, turning into soluble hydrocarbons.

In other words, rocks containing hydrocarbons include a wide variety of compounds
that actively influence the transformation of hydrocarbons at the stage of reservoir for-
mation. During the development of deposits by thermal methods, many rock components
can actively participate in chemical processes that provide an increase in the mobility of
heavy oil or the destruction of kerogen in shale deposits.

2.2. At the Production Stage as Catalysts

The course of catalytic processes during thermal action on oil deposits has long been
known. The term aquathermolysis itself provides for the important role of the minerals of
the reservoir rock [25]. Aquathermolysis is considered as one of the methods of in situ
upgrading of high-viscosity crude oil, along with in situ combustion, low-temperature
oxidation and other methods, which are common for formation heating and injection of
reagents and/or catalysts [25-29].

The catalytic participation of rock-forming minerals was studied on an oil sample
from the Ashalcha field [30]. Physical modeling of the catalytic aquathermolysis of heavy
oil with different chemical compositions has been performed. The processes were carried
out at a temperature of 300 °C in the presence of kaolin (montmorillonite content 44%)
and catalysts based on transition metal carboxylates (Fe, Co, Cu). The process medium
was a mixture of carbon dioxide and water vapor. Distinctive features of hydrothermal—-
catalytic conversion of various types of oil were evaluated by fractional, structural-group,
microelement composition and change in the H:C ratio. These variations are due to the
initial properties of crude oil and the degree of activation of C-C, C-N, C-O and C-S bond
destruction reactions, leading to different levels of increase in the content of saturated
fractions and a decrease in the content of resins and asphaltenes. The thermal analysis
method was used to evaluate the oil content on the rock before and after the experiments.
The high molecular weight components of naphthenic aromatic oil type B2 showed a
greater adsorption capacity for rocks compared to oil type Al. Therefore, the adsorption
of catalyst components on rocks is also greater [31], as shown by the effect of montmoril-
lonite, kaolinite, quartz, calcite, etc., on the change in the molecular weight of asphaltenes
in heavy oils from various fields during aquathermolysis [32].

The process of aquathermolysis has been studied for the kerogen-containing Do-
manik rock. Fragments of kerogen fall into the fraction of aromatic hydrocarbons. Ther-
mal action changes the ratio of ortho-, para- and meta-isomers of alkyltoluenes. The con-
tent of heavy aromatic hydrocarbons increases with increasing temperature, and the ratio
of kerogen macroelements changes under the influence of thermal exposure, which is an
indicator of the process of maturation of organic matter [33].

In situ combustion is generating a considerable interest in terms of enhancing heavy
oil recovery. It is commonly known that promoting the combustion front is based on the
formation and oxidation of coke. In their analysis of heavy oil combustion and pyrolysis
from China in the presence of montmorillonite, a major type of clay, by means of
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thermogravimetric analyzer (TGA) and a fixed-bed reactor [34], the authors found that
the characteristic temperatures of thermal conversion decreased with montmorillonite in
the oxidizing atmosphere while remaining unaffected in the pyrolysis atmosphere. More-
over, the authors reported that the fuel deposition increased in both atmospheres because
of montmorillonite’s strong adsorption. It has been found as well that the presence of
montmorillonite obviously promoted the progress of coke formation and increased coke
yield in the oxidizing atmosphere. In addition, the content of O was found more contrarily
to the contents of C and H, which were found decreased in coke. The obtained results
pointed towards the idea that the oxidation activity of coke was improved, while trailing
occurred due to the blocking in the pore structures of the montmorillonite skeleton. How-
ever, in the pyrolysis atmosphere, the presence of montmorillonite did not influence the
coke formation temperature but increased coke yield. What is more, the content of C was
found increased, and the contents of H and O were found decreased in coke. On the other
hand, the coke oxidation activity was reduced with a more serious trailing phenomenon.
In fact, montmorillonite significantly affected coke formation through its strong adsorp-
tion to polar components in heavy oil and obvious catalysis on dehydrogenation as an
acid catalyst in the pyrolysis atmosphere. It has enhanced the oxygenation due to its large
surface area and catalyzed polycondensation in the air atmosphere.

In other works [35], authors have studied the influence of the rock matrix on oxida-
tion kinetics by means of kinetic experiments for a Colombian heavy crude using various
porous media, such as synthetic sand, drilling cuttings, reservoir core and outcrop. Au-
thors have mainly aimed to evaluate the kinetic behavior of packing with porous media
other than the original rock matrix to determine the feasibility of using them as a replace-
ment for the original reservoir rock while maintaining the representativeness of the re-
sults. It was supposed that the importance resides in the fact that the observed kinetics
can be used to assess the technical feasibility for the implementation of in situ combustion
projects. The experimental design included kinetic cell tests varying the porous medium
and keeping the same fluid and the same operating conditions. The obtained results
showed the possibility of creating reliable laboratory studies for the air injection process
using packing other than the reservoir core as a more convenient alternative [35].

Heavy oil extraction resolves economic and environmental challenges as a result of
low prices and costly energy usage for their exploitation and transport. However, enhanc-
ing heavy oil recovery requires novel and well-engineered technologies. In situ combus-
tion is a technique that increases heat generation by means of air injection assisted with
nano catalysts. The application of such technology requires performance assessment and
a kinetic database for each application and each type of reservoir with specific rock—oil in
place characteristics. In their work [36], Durman et al. have studied the hydrocracking
kinetics of dolomite core pack at a temperature range of 335 °C to 365 °C in a period of 12
h-72 h under constant pressure of 10 MPa, which are the typical ISUT’s conditions for
carbonate reservoirs. The obtained results showed similar results with the previous ki-
netic model. The scanning electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDX) techniques have showed that nanocatalysts of 13 nm to 1220 nm with two
types, spherical and agglomerated-shaped, have deposited on the rock. The X-ray fluores-
cence spectroscopy (XRF) and the ISUT’s kinetic modeling studies have proposed the con-
venience of using the same model for the reservoir’s studies. This includes the effects of
different conditions, such as temperature, pressure or residence time, used during ISUT’s
process application.

The roles of various clay and non-clay minerals present in the steam distillation pro-
cess in reservoir formation have been studied by Tavakkoli et al. [37]. Two heavy oil sam-
ples mixed with water and crushed rock mixed with different clay minerals were kept
under steam pressure at 150, 200 and 250 °C in a batch autoclave reactor for 40 h. The
obtained results were compared with respect to the changes in the density, viscosity and
chemical composition of the remaining heavy oil. The authors added three different clay
minerals (bentonite, kaolinite and sepiolite) to the crushed rock in order to study their
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effects. It has been found that kaolinite, among all the clay minerals, had the greatest effect
on steam distillation. Moreover, the authors suggest that kaolinite has an inert surface
compared to other clay minerals, which can be considered as a catalytic effect to make
easier the evaporation of the volatile components of heavy oil during steam distillation.
Moreover, the authors believe that bentonite may not allow the entrance of oil molecules
because of its low permeability. It has been shown as well that the increase in density and
viscosity of the remaining oil is the result of kaolinite addition. The results of this study
have shown that the asphaltene content of the remaining oil after distillation is more than
that of the original oil sample for all added clay minerals.

Nowadays, improving the efficiency of enhanced oil recovery methods presents a
difficult task. Mukhammatdinov et al. have attempted to improve oil quality and reduce
resins and asphaltenes content in heavy oil by applying hydrothermal treatment to a sam-
ple of Aschalcha oil. The authors simulated the process of heavy oil hydrothermal pro-
cessing in the presence of iron tallates under reservoir conditions (200 °C, 30 bar). The
composition and physicochemical characteristics of the obtained substances were charac-
terized by elemental and SARA analysis, MALDI, GC-MS and FT-IR. The authors have
extracted rocks and analyzed them by means of XRD and DSA (drop shape analyzer). The
obtained data from this study showed that the introduction of a catalyst in combination
with a hydrogen donor reduces the content of resins by 22 wt.% and increases saturated
hydrocarbons by 27 wt.%. What is more, the destructive hydrogenation has been found
to result in a decrease in the sulfur content in the upgrading products. The authors believe
that this is crucial for the oil reservoirs of Tatarstan Republic because of their high sulfur
content. In addition, DSA data showed that the hydrophilicity of the rock surface increases
due to inhibition of the coke formation after the introduction of the catalytic complex,
which means that the oil recovery factor can be increased as a result of reservoir rocks’
oil-wetting properties alteration [38].

In another work, Sitnov et al. studied the process of heavy oil aquathermolysis in the
presence of dolomite and calcite. It has been shown that calcite reduces the amount of
asphaltenes and resins in addition to their condensation and aromaticity as a result of C-
S-C bonds cleavage, as shown by SARA analysis and IR spectroscopy. Moreover, the gas
chromatography analysis in this study pointed towards the increment of hydrocarbon
content with homologous series of Cis-Ca0 as a result of heavy oil thermal conversion.
However, the presence of dolomite leads to the isomerization of new formed alkanes (Fig-
ure 1). The authors have shown as well the high maturity of organic matters in thermally
conversed heavy oil from a model system with dolomite by geochemical coefficients cal-
culation [39].



Energies 2022, 15, 6047

7 of 14

Ph Ph
b Initial extract .\ Initial extract
| Pr Pr ‘j
- - |
19 1 19
I AN
| Ll |
h Ulul'”JU JMWMMJ».,J..@,\MM W_mmww“vxk bt le il wlrrk’ iy &Uw.)».wk KUY I, J,WW.»«WMJ\,\\«\NU
S PP
y v N 0
Pr Pr
- L ]
32
200°C 14 28 j . 200°C
. 19 26 . 30 .
19 8 39 o3 . ¢ . 2 ‘o t
1 11.".2'0 2, 2,000 1 k I | JJ-')\ uhw
| i W'H Ll 7 # s bl
E ‘j ‘AM Unlylly «AumLmkm. W "m"»..‘v&,.\\. r . JMI
S PN ,
£ )}l' ph 3 Iy
= |_ . " . N‘ \l*‘,’bt V\
30 || '\\"\'x*
b p'r1 19 2o° .|
Sl . 300°C s ® ./
14 o Y 27 L 0
‘ | .1 2 L/ 'f 300°C
25 o
13 J T35 . |}
T !FJLLN i JA*“MJU" JJ Al v\l. T . o - o I N
fom, " pr T L4 o
yu' T lr _AJ.,,M-L’“'M

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 5
Retention time, min
e n-alkanes ® regular isoprenoids

10 15 20 25 30 35 40 45 50 55 60 65 70 75
Retention time, min

Pr pristane Ph phitane o n-alkanes ® regularisoprenoids Pr pristane Ph phitane

Figure 1. GC-MS chromatograms (TIC = total ion chromatography) of saturated hydrocarbon frac-
tion of initial oil and after thermal treatment in the presence of calcite (CaCOs)—left and in the
presence of calcite (CaCOsz)—right.

2.3. As Substrates for Embedded Catalysts

Reservoir rocks have an important influence on catalysts’ functioning. In the work
about catalytic redox transformations in rock matrices by Dobrynkin et al. [40], the authors
provided the results of studying the properties of catalytic systems based on iron oxide
and inorganic matrices of rocks (basalt, clay, sandstone) in relation to the reactions of am-
monium nitrate decomposition, methane oxidation and asphaltene hydrocracking. The
used catalytic systems were iron oxide fixed on matrices during the joint hydrolysis of
carbamide and iron chloride under hydrothermal conditions at T = 433—473 K and pres-
sures of 0.6-1.6 MPa. In the reaction of asphaltene hydrocracking to maltenes, the activity
of catalytic systems decreases in the order Fe2Os/basalt > Fe:0s/clay > Fe2Os/sandstone,
while clay-based iron oxide catalysts turned out to be the most selective.

In another study, Chen et al. have taken reservoir minerals from Daging and Liaohe
oilfields oil sand. The experiments were carried out with the addition of the same oil. Res-
ervoir minerals included quartz, potash feldspar, plagioclase, some calcite and dolomite
(about 1%). The total content of clay minerals was about 10%. In contrast to simple
aquathermolysis, the addition of formation minerals resulted in a decrease in the average
molecular weight of higher saturated and aromatic content, lower resins and asphaltenes
content. The coefficient of viscosity of the two oil samples has been found to increase from
7.41% and 12.95% up to 16.05% and 25.29%, respectively. With the addition of NiSOs, the
average molecular weight of the reaction products and the contents of resin and asphalt
formation are further reduced, saturated and aromatic; with a further increase in the con-
tent of hydrocarbons, the viscosity is significantly reduced, with a recovery factor of up to
84.39% [41].
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In the work performed by Tavakkoli et al. [37], the effect of carbonate and sandstone
rock, temperature and clay and non-clay minerals was evaluated during the steam distil-
lation of Chamurlu and Bati Raman heavy oil samples. The density and viscosity of the
remaining oil were measured, and SARA analysis was performed. It has been found that
kaolinite particles allow the volatile components to evaporate, creating an inert surface,
which can be considered as a kind of catalytic effect. As for other minerals, especially
bentonite, the behavior of clay particles seems to be different. The swelling of bentonite in
water due to special mineralogical composition prevents the evaporation of volatile com-
ponents of oil. Consequently, the density of the remaining oil decreases. The behavior of
sepiolite was similar to that of kaolinite as the sepiolite sample contains kaolinite as a clay
mineral. The content of asphaltenes in the remaining oil after steam distillation was found
to be higher than that of the original crude oil. It increases somewhat in the presence of
minerals. On the other hand, the addition of clay minerals leads to a significant increase
in the content of asphaltenes due to a decrease in the amount of volatile components.

Zhang et al. investigated the effect of minerals together with nickel sulfate used as a
catalyst and added it to the reaction system. The viscosity reduction rate was found to
reach 50%. The authors have shown that, if formic acid is used as a hydrogen donor, the
rate of viscosity reduction can increase even more to a total amount of up to 71.8%. The
reaction of heavy oil aquathermolysis under steam injection conditions was affected by
the reaction temperature, reaction time, amount of added minerals, catalyst density and
hydrogen donor. Moreover, the authors have reported that minerals, a catalyst and a hy-
drogen donor can jointly enhance the aquathermolysis reaction of heavy oil in the pres-
ence of high-temperature steam. In fact, the mineral composition included quartz, kaolin-
ite, montmorillonite, illite and others. The applied value of the study lay in the possibility
of regulating the process of chemical transformation of oil. In the process, minerals can
electrify metal ions—nickel, vanadium, iron and molybdenum. This process speeds up
the breaking of the C-S bond. In this case, acid cents are formed, accelerating the reactions
of aquathermolysis. For example, when exposed to vapor, Al* in the composition of clay
can adhere to the surface of HsSiOa. It is formed in the process of exposure to steam. In
this case, highly active hydroxyl groups are formed. The H* ion from water can combine
with oxygen bound to Si*. This results in the formation of a highly active hydroxyl group,
where hydroxyl groups can release the H* ion by analogy with Bronsted acids; meanwhile,
visbreaking and hydrogen transfer occur in the presence of Bronsted acids [42].

Similar works have been provided by Hyne et al., who studied the catalytic effect of
minerals on the hydrocarbon groups, viscosity and element distribution of heavy oil dur-
ing thermally enhanced oil recovery. It has been found that minerals have a catalytic effect
in heavy oil aquathermolysis. The authors showed that, in the presence of 10 wt.% min-
eral, the saturate and aromatic content increased, while the resins and asphaltenes com-
ponents decreased. Moreover, the obtained data found that the average molecular weight
of heavy oil and asphaltene decreased after thermal treatment in addition to sulfur con-
tent. This study has reported a decrease in heavy oil viscosity by 23.4-25.6% in the reaction
system after aquathermolysis. In fact, the term “aquathermolysis”, as described by the
authors, is the process of chemical interaction of high-temperature, high-pressure water
and heavy oil and bitumen reactive components, which differs from “hydrothermolysis”,
which has come to be associated with the interaction with hydrogen at elevated tempera-
ture and pressure [43]. Model compounds studying showed that mineral components, in
particular, trace metals such as vanadium and nickel, are able to accelerate heavy oil organ
sulfur components cracking, which leads to producing carbon monoxide and other gases.
What is more, aquathermolysis may lead in an increase in saturates and aromatics content
and a decrease in resins and asphaltenes content. This may lower the average molecular
weight and viscosity of oil and improve the its properties. This has attracted the interest
of many researchers to study how to apply reservoir minerals to accelerate the aquather-
molysis of heavy oil. Belgrave et al. studied heavy oil aquathermolysis kinetics with dif-
ferent model compounds and found that the mineralogy plays an important role in the
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generation of COz and H2S [44]. In a similar work, Clark et al. investigated the steam-oil
chemical reaction and found that some metal ions, minerals and reservoir sands can
change the heavy oil composition drastically [45]. Monin et al. studied heavy oil/mineral
matrix systems’ thermal cracking at temperatures and pressures encountered during ther-
mal recovery. They found that the chemical reactions, which include oil, possibly water,
and a mineral matrix, may change the heavy oil composition significantly. The authors
have used four thermal crude oils with different geochemical compositions. They showed
that a large number of light hydrocarbons, CO2 and HsS could be generated in the pres-
ence of minerals in the reaction system [46-48].

Several studies have studied the influence of rock-forming minerals on the physical
and chemical properties of heavy crude oil under steam-stimulation [49]. For example,
Petrov et al. performed an analysis of minerals’ effect on heavy oil conversion in the pres-
ence of rock-forming additives among which calcites, dolomite, kaolin clay and manga-
nese oxide were present in the studied medium. The experiments considered different
temperatures and pressures. The obtained results showed that the temperature and pres-
sure have a significant influence on the occurred processes. In addition, the obtained sam-
ples after the aquathermolysis experiments were characterized by a lower structural and
Newtonian flow behavior and by greater output of fuel and oil fractions than the heavy
oil. On the other hand, resins were found to be converted into lighter components during
the destruction. The authors have reported as well that additives partially structure a
monomolecular surface layer with a decrease in entropy of the observed molecules on the
surface. This leads to a shift in the equilibrium towards a thermal decomposition uni-
molecular reaction of -C-C- bonds by radical chain mechanism. Therefore, there are two
competing mechanisms. Besides, it has been found that a temperature increase raises the
processes of cracking macromolecular compounds; meanwhile, a growing temperature
background in the absence of high pressure has been found to reduce the adsorption prob-
ability on the additive surface [50].

Kayukova et al. have studied the specific features of Ashal’cha heavy oil conversion
at hydrothermal conditions in a CO:2 atmosphere in the presence of different oil-soluble
carboxylate metals based on Fe, Co and Cu at 300 °C. The obtained results have shown
that the catalyst and reservoir rocks minerals impact significantly the transformation be-
havior of hydrocarbon compositions and the SARA fractions. Moreover, it has been found
that the most significant changes in the composition of heavy oil were established after
hydrothermal treatment in the presence of a rock-forming additive, clay mineral (kaolin),
which are reflected in a significant increase in the content of saturated and aromatic hy-
drocarbons. Additionally, this was fixed by resins and asphaltenes’” amount decrease.
What is more, asphaltenes’ structure changes have been manifested in an increase in aro-
maticity and oxidation degrees because the catalyst metals mainly concentrate on the as-
phaltene structures and on the rock-forming reservoir minerals (Figure 2). It has been
found as well that the Fe concentration increases to 5.84% after the catalytic treatment of
oil with kaolin, and the concentration of Cu increases as well from 0 to 0.25%.
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Figure 2. The amount of adsorbed metals from the catalyst on the components of the reservoir system
[51].

A similar change in asphaltene’s content was observed in rock extracts where iron
and copper concentrations reached 1.38 and 0.31%, respectively. Meanwhile, cobalt was
absent in asphaltenes content. In addition, active metals, such as Ti, Fe, Cr, Mn, Co, Ni,
Cu, Zr and Bawere found in the rock samples after organic matter extraction. Besides, the
Fe concentration has been associated with a slight decrease from 2.27 to 1.93% in the cat-
alytic complex. On the other hand, the Co and Cu concentrations have been found to in-
crease to 0.036 and 0.038% compared to their content in the original rock in which they
were practically absent. This study has shown as well that the studied metal complexes
(Fe, Co and Cu) with carboxylate ligands can penetrate not only into the rock pore space
but also into asphaltenes. This may provide a possible catalytic effect on the heavy oil
upgrading process under hydrothermal conditions [51].

Experimental studies have shown that the mineral matrix is actively involved in the
process of kerogen cracking under hydrothermal conditions. An increase in contacts with
process activators during the crushing of samples leads to an increase in the released syn-
thetic oil. In this case, the amount of hydrocarbons obtained primarily depends directly
on the mineral composition of the original rock and the contact of organic matter with
process activators and inhibitors. Silica (primarily quartz) and clay minerals have a posi-
tive effect on the synthesis of oil from kerogen: an increase in their concentration in the
rock leads to an increase in the yield of synthetic oil [10,52].

Even such an inert component as calcium carbonate can contribute to the conversion
of kerogen because it reacts with the resulting sulfur and leads to the formation of calcium
sulfates [53,54].

More recent evidence [55] suggests that mineral matrices’ intrinsic catalytic proper-
ties of various kinds (basalts, clays, sandstones) are of interest for in situ heavy oil up-
grading. In fact, this may result in advanced technologies for enhanced oil recovery. In
Ref. [55], the authors studied the elemental, surface and phase composition in addition to
matrix particle morphology, surface and acidic properties using elemental analysis, X-ray
diffraction, adsorption and desorption of nitrogen and ammonia. The obtained results
have fixed for the first time the inorganic matrices’ catalytic activity of ammonium nitrate
decomposition, oxidation of hydrocarbons and carbon monoxide and hydrocracking of
asphaltenes into maltenes. In order to check their applicability for the asphaltenes’ hy-
drocracking catalytic systems development, basalt and clay matrices were used as sup-
ports for iron/basalt, nickel/basalt and iron/clay catalysts, and the obtained results
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confirmed the previously catalytic effect of the matrices in the reactions of ammonium
nitrate, oxidation of hydrocarbons and carbon monoxide and hydrocracking of asphal-
tenes decomposition.

A significant effect of clay minerals on the efficiency of nickel-based aquathermolysis
catalyst was demonstrated in our previous works [56-58]. Significant changes in the com-
position of aromatic fractions have been established. Resins cracking products have been
found to transform into aromatic hydrocarbons. This has increased the relative content of
monoaromatic compounds in the aromatic fractions” composition, which were studied in
the range of m/z = 132.5-133.5. These results are shown in Figure 3 as confirmed by the
results of oil viscosity measurement after hydrothermal exposure.
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Figure 3. Dynamic viscosity of initial crude oil before and after various catalytic hydrothermal treat-
ments.

3. Conclusions

A significant part of unconventional hydrocarbon resources requires the use of ther-
mally enhanced oil recovery technologies during the development stages. In the case of
heavy oils development, a decrease in viscosity is required to facilitate their extraction,
which can be achieved by chemical transformation of resins and asphaltenes. It is well
known that oil shale development is found to be realized by the destruction of kerogen,
which ensures the generation of shale oil.

Minerals actively participate in the formation of hydrocarbon deposits. They can also
influence the transformation processes in the application of thermally enhanced oil recov-
ery methods. A number of cracking, destructive hydrogenation, hydrolysis, etc., reactions
occur with resins and asphaltenes in the composition of heavy oils or kerogen contained
in oil shales. Minerals containing transition metals are especially active as catalysts for the
above reactions. Increasing attention is being drawn to the possibility of injecting catalysts
into the reservoir to convert oil or shale using thermally enhanced oil recovery methods.
Moreover, minerals can affect the action of the catalyst. During the adsorption of catalyst
particles on the surface of the host rock, a catalytic complex can form. The efficiency of
such a complex can be higher than that of the catalyst itself and the rock separately. How-
ever, this process is less studied. In order to further in situ catalysis processes during de-
velopment of unconventional hydrocarbons, it is necessary to study in detail the behavior
of catalytic complex formation between catalyst particles and reservoir rock minerals. It
is highly important to focus on the adsorption process of injected catalytic particles on the
surface of minerals. For these purposes, it is probably required to develop special tech-
niques as the processes in porous media will be different from the downstream processes
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with heterogeneous catalysts. Scientists and scholars have to consider the influence of res-
ervoir rock minerals when they investigate the application of catalysts in enhanced heavy
oil recovery methods or in situ upgrading technologies. Finally, it is worthy to note that
the role of mineral components is important in the development of heavy and shale oils
and should attract the interest of researchers and scholars of different areas in order to
meet energy demands around the world.
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