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Abstract: Co-Mo/γ-Al2O3 catalysts with different pore shapes were synthesized for the ex situ
upgrading of extra heavy oils by hydrodesulfurization (HDS), hydrodemetallization (HDM), and
hydrodeasphaltization (HDA). The catalysts were synthesized using aluminum oxides that were
prepared by various methods. It was found that using the product obtained by the thermochemical
activation of gibbsite leads to the formation of slit-shaped pores in aluminum oxide, while the
application of the hydroxide deposition method by the precipitation of sodium aluminate and nitric
acid gives cylindrical pores in aluminum oxide. Co-Mo catalysts synthesized using these two types
of pores exhibit different catalytic activities. The catalyst synthesized on a carrier with cylindrical
pores exhibited a higher catalytic activity in sulfur, heavy metals, and asphaltenes removal reactions
that are synthesized on a carrier with slit-like pores. This is because the presence of cylindrical
pores leads to a decrease in diffusion restrictions when removing large molecules of asphaltenes and
sulfur-containing and metal-containing compounds.

Keywords: ex situ upgrading; extra heavy oil; aluminum oxides carrier; pore shape; Co-Mo cata-
lyst; hydrotreatment

1. Introduction

The constant increase in the consumption of fuels and the depletion of light and
medium oil reserves lead to an increase in demand for the development and use of heavy
oils and waste from refineries [1–3]. Heavy oil is characterized by a high viscosity resulting
from the high content of resins and asphaltenes that usually contain a lot of sulfur and
heavy metals [4–7]. The high viscosity of heavy crudes increases the difficulties in their
extraction, transportation, and processing [8,9]. Therefore, the development of technologies
that can reduce the viscosity of heavy oils as well as the content of sulfur and heavy metals
to obtain light distillates is an urgent task.

Asphaltenes are the large molecules of polyaromatic compounds whose structure in-
cludes heteroatoms: S, N, O, and metals [10,11]. These asphaltenes molecules are dispersed
and stabilized in resin fractions. During hydroprocessing, resin molecules are primarily
transformed. At the same time, asphaltenes adsorb on the surface of catalysts and block
pores [12,13]. Heavy oils also contain vanadium and nickel. These metals are present in
porphyrin structures [14]. These structures are of considerable size and usually do not
deeply penetrate into the catalyst granules. Vanadium and nickel are adsorbed as sulfides
with a crystal size of 2–30 nm [15–17] Metal sulfides are adsorbed inside the pores and
block the diffusion of the initial molecules and reaction products. Vanadium and nickel
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can also be adsorbed on the active centers of MoS2, leading to irreversible deactivation of
catalysts [18].

Heavy oil upgrading is a complex task and consists of the development of catalysts
with certain granule size, pore diameter, pore size distribution, total pore volume, and
specific surface area [19–21]. These parameters are important for the optimal distribution of
the active phase and achieving high activity in hydrodesulfurization (HDS), hydrodemet-
allization (HDM), and hydrodearomatization (HDA) reactions. For the HDS process, the
specific surface area is an important parameter. The higher it is, the more active the catalyst
is in the reactions of HDS, hydrodenitrogenation (HDN), and hydrogenation of unsaturated
compounds (HR) [22] In this case, the catalysts are usually characterized by low activity
in the removal of metals. In contrast, HDM processes require catalysts with large pore
diameter and pore volume [23]. However, in this case, the reactions of HDS, HDA and
HR proceed at a low rate. A study by Luo et al. showed that a catalyst with an average
pore diameter of 20 nm is active in metal removal reactions [5]. An increase in the pore
diameter above this value leads to a decrease in the speed of the dementalization process.
In 1986, Shimura et al. In addition indicated that catalysts with a pore diameter of 20 nm
are also active in the cracking reactions of asphaltenes [24]. In addition, Kobayashi et al.
determined that the optimal pore diameters for the reactions of vanadium removal and
cracking of asphaltenes are 10 and 15 nm, respectively [25]. In addition, pore size and
total pore volume are important in the process of catalyst deactivation. Many researchers
showed that catalysts with larger pore diameter and volume are deactivated at a lower
rate [11,26,27].

Currently, most papers present data on the effect of pore size, pore volume, and specific
surface area on the performance of catalysts during the hydroprocessing of heavy oils. The
effect of pore shape on the processes of HDS, HDM, and HDA has been rarely reported. It
is well known that for aluminum oxides, the pores can have different shapes: cylindrical,
slit-shaped, bottle-shaped and various combinations thereof. The shape of the pores as
well as the pore diameter, the specific surface area and the total pore volume can affect the
distribution of the active component and the diffusion of reaction molecules and reaction
products and thus significantly influence the activity of catalysts in the processing of heavy
oils, which contain a significant amount of large macromolecules of resins and asphaltenes.
In this study, the first goal is to evaluate the influence of the pore shape of catalysts on the
hydrotreatment of heavy oils. To achieve this, the Co-Mo catalysts were synthesized using
γ-Al2O3 with different pore shape prepared by different methods. The second goal is to
develop effective catalysts for the ex situ upgrading of extra heavy oils in the oilfield or in
the gathering and transportation station to reduce the viscosity of extra heavy oil for easing
their transportation. The upgraded oil can also be reinjected into wellbore to mix with the
extra heavy oil for viscosity reduction for improving oil production.

2. Results and Discussion
2.1. Phase Analysis of Aluminum Oxides

The characteristic peaks of γ-Al2O3 in the region of 2θ = 2.932, 4.6761, 3.2482, 1.998
are observed (Figures 1 and 2). According to the XRD analysis, the C1 and C2 carriers are
γ-Al2O3 [28]. These peaks coincide with the peaks of simulated aluminum oxide (Figure 3).
The medium coherent-scattering regions of C1 according to planes (440) and (400) have
more intensive reflexes and are equal to 84.9 and 39.1 Å, respectively. For the C2 carrier, the
sizes of crystallites corresponding to planes (440) and (400) are larger and equal to 94.5 and
54.6 Å, respectively. The smaller values of the coherent-scattering regions of C1 indicate a
lower degree of its crystallinity.
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2.2. The Pore Structure of Aluminum Oxides

The porous system of the C1 carrier is described by the nitrogen adsorption isotherm of
type II according to the BDDT classification (Figure 4). The first section is due to monolayer
and multilayer adsorption, at low and medium relative pressures (P/P0). Further adsorp-
tion of nitrogen is accompanied by an increase in the thickness of the layers of adsorbed
nitrogen and their subsequent clamping with pore filling at high relative pressures. The C1
carrier is characterized by a hybrid H3-H4 (IUPAC) hysteresis loop (Figure 4) [29]. This
indicates the presence of slotted pores in the sample.

Aluminum oxide C2 has a type IV adsorption isotherm (Figure 4). The adsorption
isotherm is characterized by two sites. In the first area, there is a slow increase in absorption
of nitrogen at low relative pressure (P/P0), which corresponds to monolayer and multilayer
adsorption on the pore walls. In the second site, there is a sharp jump at medium relative
pressure, which is caused by capillary condensation in the mesopores. The hysteresis loop
is of the H1 type. This indicates the presence of cylindrical pores open on all sides.
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The carrier C1 is characterized by a bi-monomodal structure with a maximum pore
volume distribution at diameter D = 6.2 nm and a shoulder in the pore region of 15–25 nm
(Figure 4). The specific surface area of aluminum oxide is 294 m2/g, and the porometric
volume is 0.74 cm3/g. The average pore diameter is 8.3 nm. Analysis of the pore size
distribution shows that the pores with a diameter of 2–5 nm account for 17.6% of the total
pore volume. The shares of pores with diameters of 5–11 nm and more than 11 nm are 36.5
and 45.9%, respectively (Table 1).

On the pore size distribution curve of aluminum oxide C2, there is one maximum at
a diameter of 8.7 nm. The specific surface area and porometric volume of this oxide are
277 m2/g and 0.81 cm3/g, respectively. The average pore diameter is 9.0 nm. The share of
pores with a diameter of 2–5 nm is 3.0% of the total pore volume. The share of pores with a
diameter of 5–11 and more than 11 nm is 68.5 and 28.5% (Table 1).

Table 1. Characteristics of aluminum oxides and catalysts.

Sample S, m2/g V, cm3/g D, nm

Pore Volume

2–5 nm 5–11 nm >11 nm

N % N % N %

C1 294 0.74 8.3 0.130 17.6 0.270 36.5 0.340 45.9
Co-Mo/C1 224 0.52 8.0 0.118 22.7 0.158 30.5 0.240 46.8

C2 277 0.81 9.0 0.024 3.0 0.553 68.5 0.230 28.5
Co-Mo/C2 232 0.58 8.0 0.052 9.0 0.417 72.5 0.106 18.5

Nitrogen isothermal adsorption–desorption analysis indicates that the application of
metals did not induce any change in the shape of pores (Figure 4). This indicates a uniform
distribution of the active phase on the surface of aluminum oxides without pore blocking.
However, as expected, the application of Co-Mo to aluminum oxides leads to a change
in other parameters of the porous structure. Total pore volume and specific surface area
were decreased by 0.22–0.24 cm3/g and 45–70 m2/g, respectively. The two catalysts have
similar values of specific surface area, pore volume, and average pore diameter (Table 1).
On the distribution curves of pore diameters by size, there is a decrease in the intensity
of maximums (Figure 5). The distribution of active components occurs in pores with
diameters of 5–11 and >11 nm, and their volumes were decreased by 0.112–0.155 cm3/g
and 0.100–0.140 cm3/g, respectively.
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2.3. The Total Acidity of the Bronsted and Lewis Centers of Aluminum Oxides and Catalysts

The ammonia thermal desorption curve of the C1 carrier shows one maximum at
180 ◦C with a broadening in the high-temperature region up to 545 ◦C (Figure 6). The total
concentration of acid centers in this sample is 475 µmol/g (Table 2).
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Table 2. The number of acid centers of aluminum oxides and catalysts based on the results of
temperature-programmed ammonia desorption.

Sample ∑N

Weak
Td < 250

Medium
250 ≤ Td < 350

Strong
350 ≤ Td < 450

Very Strong
Td ≥ 450

N % N % N % N %

C1 475 230 49 149 31 79 17 17 4

Co-Mo/C1 324 157 48 101 31 53 16 13 5

C2 371 186 50 122 33 54 15 9 2

Co-Mo/C2 229 115 50 80 35 30 13 4 2

N—number of acid centers, µmol/g, Td—ammonia desorption temperature, ◦C.

To estimate the strength of acid centers and their concentration, the ammonia desorp-
tion spectrum was divided into four temperature regions corresponding to the different
strengths of acid centers. The greatest contribution to the total concentration of acid centers
falls on the weak and medium centers, and their shares are 49 and 31%, respectively. The
shares of strong and very strong acid centers are 17% (79 µmol/g) and 4% (17 µmol/g), re-
spectively.

For the C2 carrier, the total concentration of acid centers is 371 µmol/g, which is less in
comparison to that of the carrier C1. The numbers of weak, medium, and strong centers are
186, 149, and 79 µmol/g, respectively. The concentration of very strong centers is 9 µmol/g.
The higher total concentration of acidic centers of aluminum oxide C1, compared with the
carrier C2, is probably due to the lower degree of the crystallinity of C1 according to X-ray
diffraction analysis.

The application of metals leads to approximately the same decrease in the number
of acid centers for the two catalysts (Table 2). At the same time, cobalt and molybdenum
interact mainly with weak and medium acid centers. Probably, an approximately equal
interaction of metals with acid centers for the two catalysts and insignificant interaction
with strong and very strong centers are caused by using a chelating agent at the application
stage. According to the literature data [30], it prevents the interaction of metals during their
application to the strong centers. At the same time, its removal at the stage of calcination
does not significantly affect the additional interaction of metals with acidic centers.

2.4. Temperature-Programmable Catalyst Reduction

The reduction of the Co-Mo/C1 sample pre-oxidized at 400 ◦C is accompanied by
the appearance of two hydrogen absorption peaks on the spectra with maxima at 512
and 897 ◦C, respectively (Figure 7). The first low-temperature peak is due to the metals
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weakly bound to the carrier surface, which forms an active CoMoS phase of type II during
sulfidation. The second high-temperature peak is due to the reduction of metals strongly
bound to the aluminum oxide. Their sulfidation proceeds with the formation of the inactive
CoMoS phase of type I [30,31].

The spectra of the temperature-programmed reduction of Co-Mo/C2 catalyst show
two peaks at 511 and 875 ◦C, respectively. The intensity of these peaks is comparable to the
intensity of the peaks for the Co-Mo/C1 catalyst (Table 3). This indicates that the amount
of weakly and strongly bonded metals is approximately the same for the two catalysts. At
the same time, it was shown in [32] that the increase in the total number of acid centers was
accompanied by an increase in the number of strongly bound metals with the aluminum
oxide surface. Probably, in our case, the lack of dependence of the number of acid centers
on the number of strongly bound metals on the surface is due to the use of a chelating
agent. Chelate agents are used in reference [29], which reduces the degree of interaction of
metals with acid centers.
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Table 3. Results of temperature-programmed catalyst reduction.

Sample
Amount of Absorbed Hydrogen (µmol/g)/Temperature of

Peak Maximum (◦C)
Ratio of Peak

Intensities
III/(I + II)

Total Absorbed
Hydrogen,
µmol/gI II III

Co-Mo/C1 345.3/512 - 1182.9/897 3.4 1528.2
Co-Mo/C2 342.2/511 - 1142.1/875 3.3 1484.3

2.5. Catalytic Effect of Catalysts

For the Co-Mo/C1 catalyst, the content of resins and asphaltenes decreases from
7.98 and 11.68 wt.% to 2.09 and 2.42 wt.%, respectively (Table 4); the concentration of
sulfur in the reaction products decreases from 2.18 to 0.94 wt.%; and the concentration
of vanadium and nickel decreases from 0.080 and 0.010 wt.% to 0.015 and 0.006 wt.%,
respectively (Table 5).

Table 4. SARA fractions.

Sample
Hydrocarbon Content, wt.%

Saturated Aromatic Resins Asphaltenes

Extra heavy oil + diesel fraction 65.59 14.75 7.98 11.68
Co-Mo/C1 83.14 ± 0.65 13.45 ± 0.23 2.09 ± 0.07 2.42 ± 0.09
Co-Mo/C2 80.09 ± 0.53 15.31 ± 0.32 2.36 ± 0.09 2.24 ± 0.09
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Table 5. Sulfur, vanadium and nickel content in feedstock and reaction products.

Sample
Element Content, wt.%

Sulfur Vanadium Nickel

Extra heavy oil + diesel fraction 2.18 0.080 0.010
Co-Mo/C1 0.67 ± 0.05 0.015 ± 0.0015 0.006 ± 0.0007
Co-Mo/C2 0.43 ± 0.03 0.010 ± 0.0010 0.008 ± 0.0006

For the Co-Mo/C2 catalyst, a slightly stronger reduction in asphaltenes content is
observed but a lower degree of reduction in resins content. The content of resins and
asphaltenes in the upgraded oil is 2.36 and 2.24 wt.%, respectively. The reduction of sulfur
and vanadium is more significant compared with Co-Mo/C1 catalyst. The Co-Mo catalysts
based on C1 and C2 carriers are characterized by similar specific surface area parameters,
total pore volume, and average pore diameter. In addition, the catalysts have the same
amount of weak and strong surface-bound metals. Therefore, it can be concluded that the
differences in the decrease degree of sulfur, metals, and asphaltenes depend on the pore
shape of the two catalysts. The Co-Mo/C1 catalyst is characterized by slit-shaped pores,
and the Co-Mo/C2 sample is characterized by a cylindrical pore shape. Slit-shaped pores
are formed by thin needles and plates having an elongated shape [33]. The presence of
elongated slit-like pores leads to diffusion limitations in the removal of large molecules
of asphaltenes, sulfur-containing, and metal-containing compounds, which thus reduces
the activity of the Co-Mo/C1 catalyst. The work in [22] also shows that the presence of
diffusion limitations leads to a decrease in the rate of the processes of hydrodemetallization
and hydrodeasphalting.

Table 6 shows the viscosity reduction effect the two catalysts. For the measurements of
viscosity, the diesel fraction was removed to remove the initially added diesel for dilution,
and the diesel fraction in the initial extra heavy oil was restored (the amount of diesel
fraction added was equal to the content of the diesel fraction in the original extra heavy
oil). In the restoring process of diesel fraction into the upgraded oil, the content of newly
produced diesel was not considered. Considering that more light fractions were produced
during the upgrading process, the viscosity of upgraded oil might be lower than the values
shown in Table 6. In comparison to the initial viscosity of the extra heavy oil (28,200 mPa·s),
the viscosity of the upgraded oil was significantly decreased, which indicates that the
developed catalysts have an excellent catalytic effect. The viscosity upgraded oil by the
Co-Mo/C2 catalyst (449 mPa·s) is lower than that by the Co-Mo/C1 catalyst (485 mPa·s),
which is consistent with the SARA fractions results since the viscosity of the oil strongly
depends on the amount of asphaltenes in it. The lower viscosity obtained by Co-Mo/C2
catalyst can be attributed to its cylindrical pore structure at a lower number of acid centers,
which leads to lower diffusion limitations. This contributes to the free access of asphaltene
molecules to the active centers and, accordingly, resulting in a stronger reduction in the
viscosity of the oil. In addition, the C1 carrier has a higher content of acid centers than the
C2 carrier, which leads to a higher rate of gas phase formation (see material balance part).

The high catalytic activity shown in this paper is in good agreement with the results
of the work where Co-Mo/γ-Al2O3 was used as catalysts for in situ upgrading of heavy oil
in toe-to-heel air injection process [34]. However, a higher degree of viscosity reduction in
our work is achieved, which is probably due to the difference in upgrading technique. In
addition, in our work, hydrogen was used in the process, while in their work, steam was
used as the possible hydrogen source.
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Table 6. Viscosity of the initial extra heavy oil and upgraded oil.

Sample Viscosity, mPa·s at 50 ◦C

The initial extra heavy oil 28,200
The upgraded oil by Co-Mo/C1 485 ± 7.3
The upgraded oil by Co-Mo/C2 449 ± 5.1

In addition, a material balance calculation was performed for the two catalysts (Table 7).
For Co-Mo/C1, the amount of formed liquid phase of hydrocarbons is 96.73 wt.%. The
amount of byproducts of coke and gas phase hydrocarbons is 0.54 and 2.73 wt.%, respectively.
For Co-Mo/C2, the amount of liquid phase hydrocarbons is 97.72 wt.%, which is higher than
that for Co-Mo/C1; in addition, the amount of formed coke and gas phase hydrocarbons
is less (0.33 and 1.95 wt.%, respectively). The lower amount of byproducts for Co-Mo/C2
compared to Co-Mo/C1 is due to the lower number of acid centers and correspondingly to
a lower rate of formation of gaseous hydrocarbons. Moreover, the presence of cylindrical
pores for the C2 carrier provides a higher diffusion of reaction molecules and a decrease
in the formation of coke. Previous studies have also shown that the reduction of diffusion
of large hydrocarbon molecules because of a reduction in average pore diameter and total
pore volume results in an increase in coke formation and a decrease in catalyst operation
time [11,26,27].

Table 7. Material balance for upgrading processes.

Sample Yield, wt.%

Liquid Coke Gas

Co-Mo/C1 96.73 ± 0.28 0.54 ± 0.07 2.73 ± 0.12
Co-Mo/C2 97.72 ± 0.37 0.33 ± 0.05 1.95 ± 0.10

3. Materials and Methods
3.1. Synthesis of Aluminum Oxides and Catalysts

To study the effect of pore structure, including pore diameter, pore volume, specific
surface area, and pore shape of aluminum oxides on the properties of catalysts, two types
of carriers based on trilobal γ-Al2O3 were used (Figure 8).

The first carrier (C1) was obtained from the aluminum hydroxide of pseudoboehmite
morphology, which was synthesized from the product of the thermochemical activation of
gibbsite (Figure 8a). This aluminum hydroxide was hydrated at 70 ◦C for 2 h in aqueous
nitric acid solution, then conducted hydrothermal treatment at 120 ◦C for 4 h. The obtained
aluminum hydroxide was filtered, washed with distilled water. Then, aluminum hydroxide
was molded in the form of trefoil. Pellets were dried for 10 h at 120 ◦C and then calcined at
550 ◦C for 4 h.
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Figure 8. Schemes of syntheses of granular aluminum oxides (a) based on the product of the
thermochemical activation of gibbsite; (b) based on precipitation of sodium aluminate and nitric acid.

The process of obtaining aluminum oxide extrudates (C2) is shown in Figure 8b.
This carrier was obtained from aluminum hydroxide of pseudoboehmite morphology
synthesized by precipitation from solutions of sodium aluminate and nitric acid. Sodium
aluminate and nitric acid solutions after mixing were kept under constant stirring for 2.5 h
at pH = 7.2–7.4 and temperature 50 ◦C. Then, the temperature and pH were raised to 70 ◦C
and 8–9, respectively, for 2 h more. The aluminum hydroxide precipitate was filtered and
washed with distilled water. The obtained aluminum hydroxide was molded in the form of
trefoil. Aluminum hydroxide granules were dried at 120 ◦C for 10 h and calcined at 550 ◦C
for 4 h.

Co-Mo catalysts were synthesized by co-deposition of metals on the surface of alu-
minum oxides C1 and C2 by moisture absorption from aqueous solutions of metal salts.
Molybdenum was from ammonium paramolybdate. Cobalt was from cobalt nitrate. Ad-
ditionally, a chelating agent was introduced into the solution of metal salts. After the
application of metal salts, the carrier was dried at 120 ◦C and calcined at 450 ◦C for 4 h.
The composition of the catalysts is shown in Table 8.

Table 8. Composition of catalysts.

Sample Molybdenum Concentration Cobalt Concentration

Co-Mo/C1 16.4 4.2
Co-Mo/C2 16.5 4.1

3.2. Characterization of Aluminum Oxides and Catalysts

The phase composition of the catalyst was studied by X-ray powder diffraction (XRPD)
on a MiniFlex 600 diffractometer (Rigaku, Japan) equipped with a D/teX Ultra detector
with Cu Kα radiation (40 kV, 15 mA) in a range from 2–100◦ with a step of 0.05◦. The specific
surface area and pore volume were measured by low-temperature nitrogen adsorption
on an Autosorb-iQ-MP (Quantachrome, Boynton Beach, FL, USA), based on the accepted
surface area of nitrogen molecules taken as 0.162 nm2. Nitrogen adsorption isotherms were
obtained at 196 ◦C after degassing the samples at 300 ◦C to a residual pressure of 0.013 Pa.
The pore volume and pore size distribution were calculated from the desorption branch of
the isotherm, using the standard Barrett–Joyner–Highland procedure.

The acidic center concentration was determined by the thermoprogrammed desorption
of ammonia (NH3–TPD) method using an AutoChem 2950 HP (Micromeritics, Norcross,
GA, USA) analyzer. For this purpose, a sample of 0.5 g was loaded into the quartz reactor,
followed by the degassing of the instrument in an electric furnace at 550 °C; the heating
rate was 10 ◦C/min, and the carrier gas flow rate (He) was 10 mL/min. The support was
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saturated with a mixture of 10% NH3 in He at room temperature for an hour. Following that,
the sample was purged with argon at 100 °C to remove the physically adsorbed ammonia.

Thermal programmed reduction of catalysts was performed on a AutoChem 2950
HP device (Micromeritics). Then, 0.1 g catalyst in the form of 0.25–0.5 mm fraction was
loaded in a U-shaped quartz reactor. For moisture removal, the sample was dried in an
argon current at 120 ◦C for 1 h, then cooled to 40 ◦C. Then, instead of argon, a gas mixture
containing 5% H2 in argon was fed into the reactor at a rate of 30 mL/min, and the sample
was heated to 1000 ◦C at a rate of 10 ◦C/min. Hydrogen absorption was measured using a
thermal conductivity detector.

Determination of the group composition of oils by SARA analysis was carried out
according to ASTM D 4124. The oil was separated into saturated, aromatics, resins, and
asphaltenes. In this method, asphaltenes are first separated from other hydrocarbon
components by using n-heptane as solvent (the oil-to-solvent ratio was 1:40 by weight).
The remaining components, called maltenes, were separated by passing them through a
chromatographic column with an adsorbent (Aluminum oxide, Al2O3). N-heptane was
carefully poured into a 44 cm long and 20 cm inner diameter chromatographic column.
The collected fraction contained saturates. Next, toluene was poured into the column to
collect the fraction of aromatic hydrocarbons. Then, a mixture toluene/isopropyl alcohol
prepared in the ratio of 1:1 was passed through the column to collect the fraction containing
resins (Resins). After extraction by distillation, the solvents were separated from all three
fractions at the rotary evaporator to constant mass.

3.3. Upgrading Experiments for Reducing Oil Viscosity

The catalysts were tested on a laboratory setup that included an isothermal reactor,
feed pumps, gas flow regulators, and hydrogenate separation. Catalyst granules in the
form of a trefoil were loaded into the reactor in the amount of 5 milliliters. The catalyst
was pre-mixed evenly with silicon carbide in the volume ratio of silicon carbide: catalyst-2:
1. The length of the catalyst granule was 2–5 mm, and the diameter of the circumscribed
circle was 1.4 mm. After the catalyst was loaded into the reactor, the drying stage was
carried out in hydrogen current at pressure 20 kgf/cm2 and temperature 150 ◦C for 2 h.
Viscosity reduction experiments were carried out using extra heavy oil (obtained from
SINOPEC Northwest Company of China Petroleum and Chemical Corporation) with a
dynamic viscosity of 28,200 mPa·s (50 ◦C). The saturates, aromatics, resins, and asphaltenes
(SARA) fractions and the viscosity–temperature data of the extra heavy oil are presented
in Table 9. Due to the high viscosity, the initial oil cannot move very well and thus was
pre-diluted with a diesel fraction in a volume ratio of 1: 1.5. Another purpose of dilution
using diesel fraction is to reduce the initial concentration of asphaltenes, which can avoid
coke formation during treatment process, especially when temperature is higher than
360 ◦C. The diesel fraction was preliminarily hydrotreated before use. The total feed
rate of the mixture of oil and diesel fraction was 5 milliliters per hour. Hydrocracking
was carried out under 4.0 MPa. The volume flow rate of feedstock was 1.0 h−1, and the
volume ratio of H2 to feedstock was 600 nL/L. During the first 10 h, the temperature in
the reactor was 360 ◦C, then the temperature was raised to 380 ◦C, held for 10 h, and
then, the temperature was raised to 410 °C. Liquid products were accumulated for 6 h and
analyzed by various methods. The group composition of the crudes and refined oil was
determined by liquid adsorption chromatography (LC) on alumina with the release of the
hydrocarbon part and two groups of benzene and alcohol benzene resins. At the beginning
of the adsorption separation, asphaltenes were pre-precipitated using a standard procedure
in 40 times the amount of hexane. The kinematic oil viscosity of the crudes and refined oil
was determined on a Brookfield DV2T analyzer (AMETEK Brookfield, Middleboro, MA,
USA). The hydrocarbon composition of the gas phase of the reaction products was found
by gas chromatography on a Chromos GC-1000 (Chromos, Dzerzhinsk, Nizhny Novgorod
Region, Russia) with a flame ionization detector. A Valco PLOT VP-Alumina KCl capillary
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column (VICI Metronics, Poulsbo, WA, USA) with a length of 50 m and an alumina phase
of 10 µ was used.

Table 9. The composition and properties of the extra heavy oil.

SARA Fractions, wt.%

Saturated Aromatic Resins Asphaltenes

38.72 20.36 17.75 23.12

Viscosity, mPa·s
40 ◦C 50 ◦C 60 ◦C 70 ◦C 80 ◦C 90 ◦C 95 ◦C

244,800 28,200 13,300 3800 1800 800 580

4. Conclusions

Aluminum oxide (C1) synthesized from the product of thermochemical activation
of gibbsite is characterized by elongated slit-shaped pores. Aluminum oxide extrudates
(C2) obtained from the pseudobemite-morphology aluminum hydroxide synthesized by
the precipitation of sodium aluminate and nitric acid have cylindrical pores. Both Co-Mo
catalysts synthesized using these two types of aluminum oxides showed excellent viscosity
reduction effects, which makes them promising for ex situ upgrading of extra heavy oil in
the field. The catalyst synthesized on the carrier with slit-shaped pores is characterized
by a lower activity in the reactions of removal of sulfur, heavy metals, and asphaltenes in
comparison to the catalyst on the carrier with cylindrical pores. The presence of slotted
pores leads to additional diffusion limitations in the removal of large asphaltenes molecules
as well as sulfur-containing and metal-containing compounds.
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