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ARTICLE INFO ABSTRACT

Keywords: The past decade has seen a renewed importance in developing heavy oil reserves due to the rapid raise in energy

Aquathermolysis resources’ demand. The next decade is likely to witness a considerable rise in extracting these resources by

Catalysis thermally enhanced oil recovery methods. However, many hypotheses regarding the influence of reservoir

Iron oxide . . . . . .

N el mineral components on aquathermolysis reactions appear to be disputable. This paper outlines a new approach
anoparticles . . s . .

Heav;lf oil to model the aquathermolysis of Aschalcha’s reservoir rock heavy oil in the presence and absence of iron oxide

nanoparticles combined with hydrogen donor in water steam atmosphere at 200, 250, and 300 °C using different
physical and chemical methods. X-ray powder diffraction (XRD) and scanning electron microscopy (SEM) have
showed adsorbed spherical magnetite (Fe3O4) nanoparticles with less than 100 nm size on the studied rock
minerals in hydrothermal conditions. Moreover, SARA (Saturates, Aromatics, Resins and Asphaltenes) analysis,
gas analysis, and gas chromatography-mass spectrometry (GC-MS) have revealed that the obtained iron oxide
nanoparticles exhibit their highest catalytic activity at 250 °C comparing to 200 and 300 °C respectively. What’s
more, the obtained data have indicated a considerable decrease in resins (from 19.6 to 8.9 wt%) and asphaltenes
compounds (from 5.1 to 1.5 wt%) in the presence of iron oxide nanoparticles comparing to the non-catalytic
aquathermolysis of reservoir rock heavy oil. Contrary to resins and asphaltenes’ content, it has been found
that saturates’ content increases significantly from 41.1% to 61.7% wt%. On another hand, the viscosity of the
extracted oil has decreased almost 30 times and the gas proportion has doubled more than twice from 0.2 g to
0.43 g per 100 g of the reservoir rock sample. Interestingly, these results have been obtained in the presence of
iron oxide nanoparticles at 250 °C, meanwhile, the same results have been found for the non-catalytic experi-
ments at 300 °C. These findings confirm the significant contribution (synergistic effect) of iron oxide nano-
particles to stimulate the catalytic activity of the reservoir rock minerals. What’s more, the evidence from this
study suggests that the presence of iron oxide nanoparticles in hydrothermal conditions at higher temperatures
leads to the formation and adsorption of heavy coke-like carbenes, carboides, needle coke as well as carbon
nanotubes of 100 nm size on the surface of the reservoir rock heavy oil as confirmed by thermal analysis (TG-
DSC), SEM, and drop shape analysis (DSA) data.

Rock minerals

1. Introduction

Last century, enhanced oil recovery by steam injection technologies
was viewed as a potential way for improving heavy oil extraction and
satisfying world energy demand [1,2]. Basically, modelling steam in-
jection processes requires the use of different components such as
mixture of water, reagents, and a mobile oil from a specific field [3-5].
What's more, studying the properties of heavy oil transformation in a
“native” form including the effect of mineral components may allow a
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deep understanding of oil transformation in real conditions of the
reservoir [6-8]. As a consequence, this will ease the transportation of the
produced fluids and optimize their processing efficiency.

Recent developments in heavy oil production by steam injection
have showed that reservoir rock minerals play an important role in
heavy oil aquathermolysis processes as a result of their adsorption and
catalytic properties [9-11]. Broadly speaking, this experiments suggest
that the presence of an aqueous phase in the reaction system would
contribute significantly to the destruction of resins and asphaltenes
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molecules, a decrease in viscosity, and, consequently, an increase in oil
recovery [12]. Moreover, a growing body of literature has investigated
the effect of carbonate and clay rocks effect on heavy oil recovery and
found that the contact between oil and carbonate or clay rocks improve
the oil’s component and fractional composition [13,14]. On the other
hand, the research into this area has found that quartz sandstones have
weak adsorption-catalytic properties and, practically, do not change the
composition of oil [11]. However, in the supercritical temperature range
of 325-425 °C, quartz has been found to promote thermal destruction of
oil heavy compounds with the formation of light hydrocarbons
explained by an increase in the content of saturated hydrocarbons.
What’s more, it has been found that the presence of montmorillonite and
quartz increases the content of mainly aromatic compounds, meanwhile
calcite has been found to increase mainly heavy n-alkanes [15,16].

Using various catalysts for aquathermolysis is generating a consid-
erable interest in terms of modernizing thermally enhanced oil recovery
methods by steam injection technologies. The term catalytic aqua-
thermolysis describes the processes and reactions occurring during su-
perheated steam in-situ acting on oil in the presence of reservoir rock
minerals [17]. Experts have always seen transition metals (Fe, Ni, Co,
Mo, etc.) as effective catalysts which could be used in various forms such
as water- and oil-soluble salts, dispersed and nanosized metal oxides and
sulfides particles [18-22].

The most striking properties of nanoparticles is their higher surface
area which reflects their high efficiency in the processes of C-S-C bonds
destruction in resins and asphaltenes molecules. This provide usually a
decrease in heavy oils’ viscosity [23,24], as well as the ability to pene-
trate deep into the pore space of the reservoir rock [25,26]. Besides,
some studies have shown that nano-catalysts can reduce the risk of coke
formation during oil in-situ upgrading at aquathermolysis stages [27].
Lakhova et al [28] have studied the effect of different metal oxide
nanoparticles on heavy oil aquathermolysis processes and found that the
presence of metal oxides nanoparticles decreases heavy oil viscosity and
an increases its saturated hydrocarbons content. In another work [29],
Wang et al have investigated the process of heavy oil catalytic aqua-
thermolysis in the presence of Fe>* and Mo®" cations. The obtained data
have showed seven reactions during the catalytic effect of the used
cations started by pyrolysis, depolymerisation, hydrogenation, isomer-
ization, ring-opening, oxygenation, alcoholization and ending by ester-
ification reaction. In addition, the comparative analysis showed that
iron-based catalysts caused more changes in the ratio of resins, satu-
rated hydrocarbons, and oxygen-containing groups meanwhile
molybdenum-based catalysts caused changes concerning asphaltenes,
aromatic hydrocarbons, and sulfur-containing groups.

In their work about the application of nanoparticles in heavy oil in-
situ upgrading and recovery enhancement, Hashemi et al. [30] have
found that nanoparticles can be adsorbed on the reservoir rock and
enhance its adsorption-catalytic effects, which indeed, improves the
efficiency of heavy oil upgrading and recovery. In other works [31-33],
the authors claimed that oil recovery can be achieved by the catalytic
hydrocracking processes and the appearance of capillary impregnation
as a result of reservoir rocks wettability inversion from oil-wet to water-
wet state.

Different nanoparticles have received much attention by many ex-
perts [34-36] in the field of enhanced oil recovery such as nickel-based
nanoparticles which have been found to improve the quality of the
upgraded heavy oil. Nonetheless, many experts on another hand
[10,37-39] prefer the application of iron-based nanoparticles as effec-
tive catalytic agents for enhancing heavy oil recovery processes due to
their cost efficient production comparing to other transition metals
obtention.

This paper aims to validate the positive effect generated from the
application of iron oxide nanoparticles on enhancing the catalytic effi-
ciency of the reservoir rock minerals of Ashal’cha heavy oil field in the
Republic of Tatarstan in Russia by a laboratory modelling of the aqua-
thermolysis process by means of different physical and chemical
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methods.
2. Materials and methods
2.1. Synthesis of Fe304 nanoparticles

In order to investigate the effect of iron oxide nanoparticles on
aquathermolysis, mixed iron oxide (magnetite) nanoparticles were
synthesized at room temperature and atmospheric pressure by mixing
two aqueous solutions: the first one consisted of iron chloride and iron
sulfates meanwhile the second aqueous solution consisted of ammonium
hydroxide, an alkaline earth metal hydroxide, and a surfactant (poly-
acrylic acid or sodium lauryl sulfate). The reducing agent is assumed to
be the free radicals formed during the decomposition of water molecules
at the moment of collapse of cavitation bubble during ultrasonic pro-
cessing [40]. The mixing process was carried out with continuous
cavitation action by means of an ultrasonic disperser for no more than
thirty minutes to obtain a sol of mixed iron oxide (Fe304). The resulting
reaction mass was treated with ion-exchange resins (cation exchange
resin — KU-2-8 and anion exchange resin — AV-17-8) without turning off
the cavitation effect on the mass. It is worthy to note that the addition of
ion-exchange resins to the reaction mass was kept until the pH value of
the mass reaches a neutral value, to obtain the target product. The ob-
tained product was characterized by X-ray diffraction analysis (XRD),
which showed a double mixed iron oxide (II, III) as shown in Fig. 1a

In order to study the magnetite suspension’s polydispersity in the
aqueous phase, a bimodal particle size distribution was applied by using
an ultrasonic particle analyser Zeta-APS (USA). The obtained data
indicate that the synthesized particles are slightly more than 100 nm in
average. However, the obtained data indicate as well that more than
30% of the obtained particles range in the nanometre scale (Fig. 1b). In
fact, this could be apparently related to the synthesis conditions and
surfactant selection, which in this case is insufficient to eliminate the
aggregation of most particles in the volume of the system [41].

2.2. Testing the obtained nanoparticles in aquathermolysis experiments

The obtained iron oxide nanoparticles were tested in a form of
aqueous suspension in a real reservoir rock to understand their effect on
heavy oil aquathermolysis process. The obtained sample has been con-
verted in-situ in a water steam vapor atmosphere at higher temperatures
in the presence of naphtha (a mixture of open-chain and alicyclic
aliphatic compounds and aromatic hydrocarbons) as a hydrogen donor
[42].

A sample of heavy oil-saturated sandstone obtained from the well
106 (sampling intervals 182.4-183.0 m) of the Ashal’cha field (Republic
of Tatarstan-Russia) was selected as a reservoir rock. The object of this
study was oil extracts obtained in the presence and absence of iron oxide
nanoparticles in addition to debituminized rocks samples. The physical
properties of the studied initial heavy crude oil extract are presented in
Table 1.

The general scheme of the experiment is shown in Fig. 2.

The laboratory modelling of the catalytic and non-catalytic aqua-
thermolysis was carried out in a batch-type high-pressure reactor (Parr
Inst, USA) at temperatures of 200, 250, 300° C for 24 h. The model
system was a mechanical mixture of disintegrated oil-saturated reservoir
rock and water in a 10:1 mass ratio. The catalyst and the hydrogen donor
content were fixed at 0.3% wt. and 3.0 % wt. on the mass content of oil
extract in the reservoir rock. The injection of gas nitrogen provided the
initial pressure (10 bar) in the reactor. Samples of the original reservoir
rock and samples after catalytic and non-catalytic aquathermolysis were
treated with a hot mix solvent (chloroform/benzene/isopropanol in a
volume ratio of 1/1/1) in Soxhlet extractor to obtain oil extracts.
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Fig. 1b. Particle size distribution of the obtained catalyst

Fig. 1. a. X-ray diffraction diagram of the obtained catalyst; b. Particle size distribution of the obtained catalyst.

2.3. Methodology

The composition of gases was investigated by gas chromatography
after the aquathermolysis experiment without depressurizing the
reactor. Chromatek-Kristall 5000.2 device from Chromatek (Russia) was
used with computer data processing to record the thermal conductivity
detector signal. The gas-phase was sampled using a special branch
connection in the autoclave lid to the line leading to the gas

chromatograph. The separation of gases was carried out on a capillary
column of 100 m long and 0.25 mm in diameter. Chromatography was
carried out in two main temperature regimes: 90° for 4 min, then
heating 10°/min until 250 °C. The evaporator temperature was 250 °C.
The carrier gas was helium with a flow rate of 15 ml/min.

The efficiency of the obtained oil extracts after non-catalytic and
catalytic aquathermolysis were evaluated by determining their dynamic
viscosity and the hydrocarbons group composition (SARA-analysis). The
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Table 1

Physical properties of the studied initial heavy crude oil extract.
The content of the extract in the rock, wt. % 9.2
Viscosity at 20 °C (mPa-s)* 2935

SARA fractions (wt.%)
Saturates Aromatics Resins Asphaltenes
39.1 30.1 25.5 5.3

" Viscosity measurements were performed by an Anton Paar rheometer at 20
°C.

dynamic viscosity was measured by a rheometer MCR 302 Anton Paar
with a plate-plate measurement system PP25 (¢ 25 mm) at 20 °C and
shear rate of 10 s~! meanwhile heavy oil SARA analysis has been per-
formed according to the recommendations of Rudyk et.al in [43].
Generally speaking, studying the heavy oil chemical group composition
(SARA) was based on obtaining firstly maltenes and asphaltenes’ frac-
tions. Then, maltenes were separated into 3 chemical groups: saturates,
aromatics, and resins according to ASTM D 4124-09. The fractionation
procedure was performed in a glass chromatography column by subse-
quent elution of saturates by aliphatics (hexane), aromatic hydrocarbons
by toluene, and resins by a mixture of toluene and methanol from the
prehydrated at 450 °C for 3 h adsorbent (neutral aluminum oxide)
[20,44].

Chromatograms of the fraction of saturated hydrocarbons of the
extracts before and after catalytic aquathermolysis were recorded using
a chromato-mass-spectrometric system, including a Chromatek-Kristall
5000 gas chromatograph with an ISQ mass-selective detector and an
Xcalibur software for processing the results. The chromatograph was
equipped with a capillary column of 30 m long and 0.25 mm in diam-
eter. The gas flow rate of helium was set at 1 ml/min and the injector
temperature was fixed at 310 °C. The thermostat temperature program
was increased from 100 to 300 °C at a rate of 3 °C/min followed by an
isotherm until the end of the analysis. The voltage of the ion source was
70 eV and the temperature was 250 °C. The compounds were identified
using the NIST electronic library of mass spectra and according to
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literature data [45].

The extracted rock samples were investigated by X-ray diffraction
(XRD), X-ray fluorescence (XRF), TG-DSC, Drop Shape Analysis — DSA
(contact angle), and Scanning electron microscopy (SEM) methods.

Experiments on X-ray fluorescence analysis were carried out on an
energy-dispersive X-ray fluorescence spectrometer Clever C31 (Russia)
with the following main characteristics: anode material (Rh), beryllium
window thickness (0.125 mm), tube voltage (5-50 kV), tube current
(20-1000 mA), maximum power (50 W), detector (high electrically
cooled resolution with Peltier element), detector resolution (135 eV).
The sample under study was applied to the bottom of the measuring cell,
which was a polyethylene terephthalate film with a thickness of 3.6 pm,
in the form of a thin layer. The presence of sulfur in the sample under
study was judged by the Ka signal of the sulfur line in the region of
2.307 keV.

The X-ray diffraction analysis was accomplished using Shimadzu
XRD-7000S automatic powder diffractometer using a nickel mono-
chromator with a step of 0.008 nm and 3 s point exposure, in combi-
nation with a Bruker D2 PHaser and CuKo radiation with a wavelength
of A = 1.54060 nm.

The results of X-ray diffraction and SEM analysis (Fig. 3, Fig. 4) of the
original rock after extraction show the presence of quartz (SiO») crystals
with a hexagonal pseudo-hexagonal prism form; feldspar with a triclinic
crystal system; calcium carbonate (CaCOs) in the form of calcite with a
trigonal (rhombohedral) crystal system; clay minerals represented by
gismondine (CaAl,Si»Og-H20), belonging to the class of zeolite clays and
correlates with literature data [46].

Differential scanning calorimetry (DSC) combined with thermog-
ravimetry (TG) was used for the analysis of the content and fractional
composition of the used rock samples. TG and DSC curves were recorded
[47] simultaneously on synchronous thermal analysis equipment
NETZSCH STA 449 F3 Jupiter in a temperature range of 40-1000 °C at
10 °C min~! heating rate in an oxidizing environment (synthetic air)
[48]. Two alumina crucibles were used: One was loaded with 20 mg
sample, while the other was used as a reference.

The obtained thermogravimetric curve shows the change in the
sample mass with time over the temperature range. The differential
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Fig. 2. General scheme of the provided experiment.
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Fig. 3. Diffraction patterns of the initial rock sample after extraction.

Fig. 4. SEM of the original rock surface after extraction.

thermogravimetric analysis (DTG) is the first derivative of thermogra-
vimetric data that provides the rate of change in mass. DSC measures the
difference between the required heat to maintain the same temperature
between the test and control sample. The DSC curve shows the amount
of heat applied as a function of temperature or time. Fig. 5 shows the TG,

DSC, DTG curves of the original rock after extraction. As seen on Fig. 5,
the mass loss on the TG curve consists of three stages. The first stage,
with a maximum on the DTG curve, in the region of 50 °C is associated
with removing water from clay minerals. The weight loss associated
with this reaction is about 1.0% of the sample weight. The second
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Fig. 5. Thermal analysis (TG/DTG/DSC) pattern of the initial extracted rock sample.

reaction is exothermic, which is reflected as a positive double peak on
the DSC curve. This indicates the combustion of organic matter, which
occurs in two stages between 400 and 600 °C (maximums: 461 and
533 °C) with a total weight loss of 1.75%. Apparently, after extraction,
adsorbed asphaltenes and carbene-carbide compounds (coke) still
remain on the rock surface, while the least stable asphaltenes are
initially destroyed (461 °C), followed by coke destruction at 533 °C
[49,50]. The next reaction is endothermic (negative peak on the DSC
curve), associated with calcium carbonate—calcite (CaCOs) decomposi-
tion. In fact, the weight loss is caused by the CO, emissions mostly into
the atmosphere which presented 3.25%. The maximum of this reaction
is seen on the DTG curve at 688 °C. Thermal analysis revealed phases
that include clay minerals, feldspars, carbonates (calcite), and organic
matter [51,52]. What’s more, the obtained thermal analysis data are
consistent with the XRD results of the original rock.

The use of KRUSS DSA 100 (Germany) at the interface of the studied
rock — wetting liquid — inert gas (nitrogen) at atmospheric conditions
allowed determining the contact angle. Distilled water was used as a
wetting liquid. Next, using the press of the equipment allowed the
obtention of tablets from the extracted rock for all experiments,
including the original sample. Finally, the appropriate method used for
determining the contact angle (polynomial, length-height, conical
segment, circle, Jung-Laplace, distance between points) was selected by
considering the appropriate drop geometry.

Table 2

3. Results and discussion
3.1. Oil extracts

Strong evidence of high-molecular compounds thermal destruction
in heavy oil during the non-catalytic process was found by SARA anal-
ysis (Table 2) in the temperature range of 250-300 °C. This is explained
by the catalytic effect provided by gismondine and quartz which provide
an increase in mainly light aromatic compounds [14]. Moreover, Table 2
indicates that the presence of water steam alone at 200 °C increases
heavy oil viscosity and reconsolidates the system because of the free
hydrogen absence which plays an important role in deactivating the
formed free radicals from the destruction of C-S bonds in resins and
asphaltenes’ molecules. What’s more, the obtained data showed that
200 °C is not enough for manifesting the catalytic properties of iron
oxide. In other words, there is practically no redistribution of the
chemical fractions of heavy oil under such conditions. In addition, it has
been found that heavy oil viscosity decreases by only 15% relatively to
the initial extract and by 20% compared to the non-catalytic process at
this temperature. Interestingly, the data in Table 2 suggests that the
greatest catalytic effect in reducing the proportion of resins and
asphaltenes with enriching light fractions (saturated hydrocarbons) in
the content of heavy oil is achieved at a temperature of 250 °C in the
presence of the catalyst. This is mainly related to the role played by the
catalyst which intensifies cracking and hydrogenolysis reactions. At the
same time, the proportion of resins has been found to decrease by more
than twice (from 19.6 wt% to 8.9 wt%), asphaltenes — by 70% (from 5.1
wt% to 1.5 wt%) in comparison with the non-catalytic process. It is

Physical properties of rock oil extracts after non-catalytic and catalytic aquathermolysis.

Samples The content of the extract in the rock, wt. %  SARA, wt% Dynamic viscosity of extracts, mPaes (at 20 °C)
Saturates Aromatics  Resins Asphaltenes
Initial extract 9.2 39.1 30.1 25.5 5.3 2935
200 °C  without catalyst 8.5 36.0 33.3 25.1 5.6 3165
with catalyst 8.8 40.1 30.3 23.2 6.4 2510
250 °C without catalyst 8.3 41.1 34.2 19.6 5.1 1140
with catalyst 5.5 61.7 27.9 8.9 1.5 37
300°C  without catalyst 7.2 45.2 32.5 15.7 6.6 535
with catalyst 1.7 40.6 45.0 12.1 2.3 63
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fundamental to note that the content of the saturated hydrocarbons
fraction increased significantly from 41.1% to 61.7% in heavy oil con-
tent which is mainly caused by the catalyst effect at a given temperature
by destructing C- heteroatoms bonds, especially C-S bonds, in addition
to removing peripheral substituents in polycondensed aromatic struc-
tures in resins and asphaltenes’ molecules [53-57] as reflected in the
rheological characteristics of the extracts [58]. These findings have been
further confirmed by the significant decrease (almost 30 times) in vis-
cosity after thermocatalytic exposure at 250 °C compared to the vis-
cosity obtained from the non-catalytic experiment at the corresponding
treatment temperature. Further analysis of the obtained data showed
that there is a similar effect at 300 °C, but to a lesser extent where the
proportion of resins and asphaltenes decreases, respectively, to 12.1 and
2.3% of the mass and the viscosity decreases with 8.5 times. These ex-
periments are consistent with previous results [53] and revealed that the
additional introduction of iron oxide nanoparticles provides a signifi-
cant change in the equilibrium of the hydrothermal cracking reaction
and an increase in the catalytic ability of mineral grains of the reservoir
rocks.

The formation of new light hydrocarbons has been further confirmed
by gas chromatography/mass spectrometry analysis (GC-MS) of the
saturated fraction contained in the experiments’ products (Fig. 6). It was
found that at a temperature of 200 °C, the catalyst provides only a slight
increase in n-alkanes in the C;5-Ci4 series, which correlates with the
SARA analysis data meanwhile the non-catalytic process at 250 °C
provides mainly a reduction in the proportion of resins with no notice-
able changes in the composition of the saturated fraction. Therefore, it is
suggested that the catalyst begins to show its effect only at 250 °C,
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leading to the formation of new n-alkanes as shown by the chromato-
gram which recorded saturates fraction from the series of Cj-Caj.
Further non catalytic experiment at 300 °C ensured the accumulation of
n-alkanes with a higher index (C21-C24). At the same time, the catalytic
steam treatment has been found to accumulate light homologues C11-C1 4
in the complete absence of high-molecular paraffin (C;5-Cag) as shown
by Fig. 6.

3.2. Extracted rocks

Further tests showed a decrease in the amount of the rock extract
obtained in the presence of the catalyst comparing to that obtained from
the initial oil-saturated core (see Table 1) at 250 °C and 300 °C. This
finding points to the role played by the catalyst in stimulating the pro-
cesses of destruction and coking which lead to the formation of coke-like
and carbonaceous substances adsorbed on the rock. This would appear
to suggest that the interaction process of the released hydrogen with free
radicals is the limiting step. This effect can be clearly seen on the TG,
DSC, and DTG curves of the thermally processed extracted rocks with
steam injection (Fig. 7).

The catalytic and non-catalytic thermal analysis of the extracted rock
samples at 200 °C showed a non-significant mass loss and a weak heat
effect from the organic matter combustion region at 400-600 °C. At the
same time, the high temperature oxidation peak (550 °C) has showed
almost no heat effect change and the mass loss in this range was found to
decrease from 1.75% to 1.22%. This may be because additional coking
does not occur under such an action (reasonably “mild” conditions of
steam treatment). It is well known that the steam and condensed hot

Intensity —o——

without catalyst

Retention time, min

C .
C0 G,y o7 Cy c Initial

° . .24

Cys

.
Mk, n

; c,, S
without catalyst c,. e ¢
c Cyo o0 ® o2 (;24
17 C
(315 ‘.:15 o’ 18 c;zs

C.zs
C.ZG
oot
R C 200°C
with catalyst . S0 G & Gy Coa
(.:15 (:16 217 gla ° ¢
Cul ¢ S
P 25
?c
J 5
NW}' mJl Joalh A Al -]

~ A '(-:w
“~<._ Generated n-alkanes 250°C

C C\‘
9 L0)C,, C
‘lfa”’ o 022

- c23 c24
e o

0 10 20 30 40

Retention time, min

Fig. 6. Chromatograms of the saturated fraction of the initial extract and products of catalytic and non-catalytic experiments based on the results of GC-MS analysis

at different temperatures.



S.A. Sitnov et al.

Fuel 327 (2022) 124956

5 1 1 1 1 1
44 e i
? | |
= 34 .
=
E | .
@)
1 In the absence of catalyst at 200 °C |
- = In the presence of catalyst at 200 °C
1 4 In the absence of catalyst at 250 °C ]
— - — In the presence of catalyst at 250 °C
1 In the absence of catalyst at 300 °C |
----- In the presenceof catalyst at 300 °C
0 T T T T T T T T
0 200 400 600 800 1000
Temperature (°C)
T T T T T T T T T
100 -
98 -
9
o
o) 96 -
|_
94 In the absence of catalyst at 200 °C
- = In the presence of catalyst at 200 °C --0,3
1 In the absence of catalyst at 250 °C
- -+ =In the presence of catalyst at 250 °C
92 - In the absence of catalyst at 300 °C - 0.4
- = -1In the presenceof catalyst at 300 °C e
" 1 " 1 1 " 1 1
0 200 400 600 800 1000

Temperature (°C)

Fig. 7. DSC, TG, and DTG curves of the thermally processed extracted rock samples with steam injection.

water action leads to the desorption of high-molecular components of
heavy oil from the surface of grains. However, the catalytic experiments
at 250 °C and the non-catalytic experiments at 300 °C show a clear
change in the DSC curve dynamics in the temperature range of
400-600 °C in addition to a change in the peaks’ frequency of the DTG
curves which showed two significant peaks. This indicates a two-step
change in the reaction medium unlike the one-step model found for
experiments at low temperatures (200 °C). The peak shifts to the region

of higher decomposition temperatures: 477, 482.7, 492.7 °C, respec-
tively, with a corresponding increase in weight loss — from 2.71% to
3.44%. Moreover, the thermocatalytic action at 250 °C and the non-
catalytic experiment at 300 °C show a second exothermic peak in the
temperature region of about 500 °C on the DSC curves. This indicates the
thermal decomposition of higher-molecular-weight condensed (higher
than asphaltenes) compounds with a higher degradation temperature
such as coke-like carbenes, carboides [59], and needle coke (Fig. 8a).
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a)

Fig. 8. SEM analysis of needle coke (a) and carbon nanotubes (b) adsorbed on the rock under thermocatalytic treatment at 250 °C and 300 °C, respectively.

What’s more, the DSC curves obtained from the combustion of the
samples obtained from the catalytic experiments at 300 °C showed a
single peak instead of two. This indicates the adsorption of the most
thermostable compounds on the rock grains, which have been found to
be carbon nanotubes with a diameter of about 100 nm as shown in
Fig. 8b [60,61]. The formation of needle coke and nanotubes occurs due
to topochemical reactions during the pyrolysis of hydrocarbon and
inorganic gases (CH4, C2Hg, CO2) on catalytically active surfaces of
minerals (presumably, in the presence of calcium carbonate) and a
synthesized catalyst based on Fe oxide [60]. These results are interesting
from the point of view of solving the urgent problem of utilizing emis-
sions of associated petroleum gas and carbon dioxide into the atmo-
sphere during enhanced oil recovery by using thermal methods. In
addition, the formation of such carbon compounds will additionally
ensure the conversion of heavy oil components [62-65], since coal is a
fairly reactive compound capable of oxidation with water vapor [66-68]
and carbon dioxide [69]. Also, a high developed surface can also ensure
the retention and adsorption of catalyst particles in the needle coke and
carbon nanotubes matrix.

On the other hand, the results obtained from the filtration tests have
showed a constant value of the water permeability at the level of
0.071x107'2 m? regardless of the treatment temperature (200 °C —
300 °C). This observation points to the likelihood of the non-formation
of clogging even at higher temperatures. It suggests as well that the
formation of coke in the form of needle-like particles and nanotubes will
not have a noticeable effect on the permeability during heavy oil re-
covery, as well as on the injection well injectivity.

Further analysis showed an increase in the total amount of newly
formed gases from 0.08 g/100 g of rock at 200 °C to 1.45 g/100 g of rock

6)

at 300 °C with increasing temperature and catalyst’s presence. As a
result, the composition was found to adopt more complicated structure,
characterized by both normal and isomeric alkanes, including methane,
ethane, propane, butane (Fig. 9). Broadly speaking, methane, ethane,
and propane started to form at 250 °C under non-catalytic steam treat-
ment due to the presence of catalytically active rock minerals. However,
strong evidence of increasing the yield of these gases more than twice
(from 0.2 g to 0.43 g/100 g rock) was found by adding a catalyst based
on iron oxide nanoparticles, which is comparable to the experiment
performed at 300 °C in the absence of the catalyst. This also indicates an
increase in the catalytic ability of the reservoir minerals which results in
a synergistic effect during catalytic steam treatment.

At the same time, the results of the identification of gaseous products
in the “gas cap” (see Fig. 9 and Table 3) after all the aquathermolysis
experiments indicate the formation of a large amount of carbon dioxide.
This can be due to the strong hydrolysis of calcium carbonate included in
the rock at temperatures above 100 °C and the increased acidity of the
water, which is provided by the interaction of clay minerals with
orthosilicic acid (H4SiO4) [70], as follows:

CaCOs +2H,0 < Ca(OH), + CO, + H,0 )}

In fact, orthosilicic acid is formed as a result of chemical reactions
between the minerals of the formation, in particular, between mont-
morillonite and feldspar, under the influence of high-temperature steam
supplied to the formation [71-73].

There was a significant correlation between the reservoir rocks’ X-
ray diffraction patterns after hydrothermal exposure and reaction (1)
where CO; and calcium hydroxide have been identified on the X-ray
diffraction diagram which confirms the occurrence of the
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Fig. 9. Mass content and gases’ composition (“gas cap”) formed from the aquathermolysis of reservoir rock.

Table 3

Mass content and gases’ composition (“gas cap™) formed from the aquathermolysis of reservoir rock.

Samples without catalyst at with catalyst without catalyst at with catalyst at without catalyst at with catalyst at
200 °C 200 °C 250 °C 250 °C 300 °C 300 °C
Amount of gases (g/100 g 0,08 0,11 0,20 0,43 0,51 1,45
rock)
methane 0,11 0,09 2,05 9,38 9,83 13,10
ethane 0,10 0,05 1,51 8,99 8,86 16,11
propane 0,12 0,06 1,57 8,26 8,43 19,35
i-butane 0,03 0,04 0,18 1,29 1,23 2,60
n-butane 0,10 0,15 0,79 3,58 3,47 6,42
i-pentane 0,15 0,55 0,26 0,95 1,05 1,43
n-pentane 0,23 0,92 0,45 1,42 1,56 1,92
n-hexane 0,97 1,83 0,24 0,57 0,64 0,54
n-heptane 1,09 0,97 0,06 0,17 0,16 0,08
methylcyclohexane 0,84 0,74 0,03 0,09 0,04 0,03
CO, 84,00 82,65 80,09 40,12 35,26 18,00
HaS 0,16 0,19 9,19 16,54 18,71 9,70
Other gases 12,09 11,76 3,58 8,64 10,75 10,72
Total (%) 100,00 100,00 100,00 100,00 100,00 100,00

aforementioned reaction. Moreover, the presence of CO; and light hy-
drocarbon gases also decreases heavy oil viscosity as a result of their
dissolution in the produced heavy oil in-situ.

The results of X-ray diffraction of the extracted rocks after catalytic
hydrothermal treatment indicate the presence of magnetite in the rocks’
composition, which confirms its adsorption on the surface of minerals.
What’s more, this analysis has indicated the presence of pyrrhotite
(FenSn+1) at 300 °C as a result of destructing C-S bonds existing in resins
and asphaltenes’ molecules under thermocatalytic effect (Fig. 10). This
analysis reveals a significant correlation with rocks’ X-ray fluorescence
analysis data, which indicate an increase in the Fe and S content rela-
tively to the amount found in the initial rock due to the catalytic
intensification of the hydrogenolysis reaction which implies C-S bonds
breaking in resins and asphaltenes’ molecules (Table 4) [74].

A snapshot of the rock surface after catalytic treatment also confirms
the adsorption of catalytic particles on the rock’s mineral grains
(Fig. 11) which is consistent with previously published work on in-situ
upgrading of heavy oil [75].

10

Further experiments have been carried out on the extracted samples’
wettability at the studied rock, wetting liquid and air interface. Distilled
water was used as a wetting liquid simulating a suspension of iron oxide
catalyst. The obtained data on the contact angle correlates quite well
with the thermal analysis results (see Fig. 7).

The extracted rocks’ water wettability measurements (Fig. 12) have
showed an initial decrease in the average value of the contact angle at
200 °C in the non-catalytic and catalytic process (from 55.0° to 36.5°)
relatively to the original sample. This occurs because of the formation of
hydrophilic compounds, particularly Ca(OH),, due to the interaction of
steam and calcite and the desorption of high molecular weight compo-
nents of heavy oil from the grains’ surface. However, it has been found
that the contact angle’s value also increases with increasing temperature
to 66.8° at 300 °C. What’s more, the hydrophobization of the surface has
been found to occur due to the formation and adsorption of carbene-
carboide compounds, needle coke, and carbon nanotubes on the min-
eral grains surface as aforementioned (see Fig. 8a and b) [76].

Taken together, the present study points towards the idea that the
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Fig. 10. X-ray diffraction patterns of the extracted rock samples after non-catalytic and catalytic treatment at temperatures of 200 °C — 300 °C.

Table 4

Element content of the extracted rock samples obtained by X-ray fluorescence.

Sample Element concentration,% wt.
Fe S Other rock-forming elements

Initial rock 8.3 1.1 90.6
200 °C without catalyst 9.7 2.4 87.9

with catalyst 10.1 2.2 87.7
250 °C without catalyst 9.7 2.4 87.9

with catalyst 8.9 4.2 86.9
300 °C without catalyst 11.6 5.5 82.9

with catalyst 9.7 4.8 85.5

high specific surface area of mixed iron oxide nanoparticles, their cat-
alytic and sorption effects on rock-forming minerals, and the presence of
an aqueous phase can intensify the destruction processes (cracking re-
actions, hydrogenolysis) of high molecular weight components of heavy
oil. This also leads to decrease their amount with the formation of new
light liquid fractions and gases, resulting in a significant reduction in the
viscosity, and thereby enhancing heavy oil recovery. The most
remarkable result to emerge from this study is the positive effect which

could be generated by the application of iron oxide nanoparticles during
steam injection processes for enhancing heavy oil recovery. In other
words, this study found that the optimal temperature for steam injection
processes is 250 °C in the presence of iron oxide nanoparticles rather
than 300 °C which is economically unprofitable since iron oxide nano-
particles are able to decrease the content of the oil extract, liquid light
fractions, and undesirable high-molecular condensed and carbonaceous
compounds which are supposed to remain in the formation.

4. Conclusion

The present work has led us to model a heavy oil reservoir rock
aquathermolysis in the presence and absence of iron oxide nanoparticles
combined with hydrogen donor in a water steam atmosphere at 200,
250, and 300 °C using different physical and chemical methods. The
evidence from this study suggests that the aquathermolysis of heavy oil
rock reservoir in the presence of iron-based catalysts results in the
adsorption of 100 nm spherical iron oxide (Fe304) nanoparticles on the
studied reservoir rock minerals in hydrothermal conditions as confirmed
by X-ray powder diffraction (XRD) and scanning electron microscopy
(SEM). This study has found satisfactory results demonstrating that the

11
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Fig. 11. SEM analysis of the adsorbed Fe3;0,4 nanoparticles on rock surface.
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Fig. 12. Dependence of the wettability contact angle when dosing water on the surface of the extracted rocks.
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obtained iron oxide nanoparticles exhibit their highest activity at 250 °C
comparing to 200 and 300 °C respectively as shown by SARA (Saturates,
Aromatics, Resins and Asphaltenes) analysis, gas analysis, and gas
chromatography-mass spectrometry (GC-MS). In addition, this study
has revealed the role played by iron oxide nanoparticles in stimulating
the catalytic effect of the rock minerals on resins and asphaltenes’
destruction. The amount of resins has decreased from 19.6 to 8.9 wt%
meanwhile asphaltenes decreased from 5.1 to 1.5 wt% in the presence of
iron oxide nanoparticles comparing to the non-catalytic aqua-
thermolysis of heavy oil reservoir rock. However, the amount of satu-
rates has been found to increase from 41.1% to 61.7% wt%. The present
study has revealed as well that the extracted oil viscosity decreases
almost 30 times meanwhile the gas proportion doubled more than twice
from 0.2 g to 0.43 g per 100 g of the rock sample. Taken together, these
findings highlight the crucial role of iron oxide nanoparticles which
generate a similar effect at 250 °C to the effect obtained from the non-
catalytic experiments at 300 °C. These findings add to a growing body
of literature on understanding of the significant contribution (syner-
gistic effect) of iron oxide nanoparticles on improving the catalytic
properties of the reservoir rock minerals. This research has underlined
the importance of iron oxide nanoparticles in the formation and
adsorption of heavy coke-like carbenes, carboides, needle coke as well as
carbon nanotubes of 100 nm size on the surface of the reservoir rock in
hydrothermal conditions as shown by thermal analysis (TG-DSC), SEM,
and drop shape analysis (DSA) data. The obtained results are promising
and should be validated by a larger sample size and by taking into
consideration the thermodynamic and kinetic behaviour of the studied
nanoparticles in the processes of heavy oil aquathermolysis.
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