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Abstract: For the first time, thermal decomposition of vacuum residue and a mixture of vacuum
residue with binary nanocatalysts based on leached and non-leached chrysotile with applied active
metals was studied using the thermogravimetry method. It is shown that the thermokinetic parame-
ters of decomposition of vacuum residue and its mixture with binary nanocatalyst are different. The
phase composition of the binary nanocatalyst was established through X-ray phase analysis (XRD):
(Mg3Si2O5 (OH), NiO and Ti (SO4)2). The quantitative content of elements on the chrysotile surface
was determined using X-ray fluorescence analysis: (Ni (4.88%), Ti (7.29%), Si (24.93%), Mg (7.83%),
Fe (0.69%) and S (3.89%)). Using atomic emission spectral analysis, the gross quantitative content of
supported metals on chrysotile was determined: Ni (4.85%) and Ti (4.86%). A transmission electron
microscope showed the presence of finely dispersed particles adsorbed on the surface of and possibly
inside chrysotile nanotubes with sizes ranging from 5 to 70 nm. The acidity of the nanocatalyst
obtained from the leached active-metal-supported chrysotile was 267 µmol/g and the specific surface
area of the nanocatalyst was 54 m2/g. The Ozawa–Flynn–Wall (OFW) method was used to calculate
the kinetic parameters of the thermal degradation of vacuum residue and the mixture of vacuum
residue with nanocatalysts. Using the isoconversion method, the average values of activation energies
and the pre-exponential factor were calculated: 147.55 kJ/mol and 3.37·1016 min−1 for the initial
vacuum residue; 118.69 kJ/mol and 1.54·1018 min−1 for the mixture of vacuum residue with nanocat-
alyst obtained from non-leached chrysotile with applied metals; 82.83 kJ/mol and 2.15·1019 min−1

for the mixture of vacuum residue with nanocatalyst obtained from leached chrysotile with applied
metals. The kinetic parameters obtained can be used in modeling and designing the processes of
thermal degradation and hydroforming of heavy hydrocarbon raw materials.

Keywords: vacuum residue; thermogravimetric; chrysotile; nanocatalyst; kinetics; activation energy;
pre-exponential factor

1. Introduction

Oil raw materials play a significant role in the global fuel and economic complex.
Since the development of society, a significant amount of energy has been spent, and the
efficient use of heavy oil resources, including vacuum residue, has attracted the attention
of the world community. Reducing the reserves of “light” oils requires the more active use
and processing of heavy hydrocarbons, such as high-viscosity oils, vacuum residue and
bitumen [1–6].

Vacuum residue is a heavy fraction obtained via vacuum distillation of crude oil at a
temperature of 400–420 ◦C. Vacuum residues account for up to 40–50% of total crude oil
refining, and their share is expected to grow [7]. At the oil processing plant, vacuum residue
is produced in the form of a product with a cubic structure during vacuum distillation.
Typically, vacuum residue is used in the production of asphalt for road surfaces [8]. It is
sometimes used as fuel for combined cycle systems with integrated gasification [9]. Several
attempts have also been made to use it as fuel for direct combustion in utility boilers [10,11].
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The sharp recent increase in oil prices is causing serious concern about the use of vacuum
residue in industry, because the price of vacuum residue is estimated to be lower than that
of heavy oil. In terms of its characteristics as a fuel, vacuum residue can be described as
an extremely viscous substance with a high content of carbon, sulfur, nitrogen and heavy
metals [12].

Various methods are used to process heavy hydrocarbons, including thermal and
catalytic cracking, hydrocracking, delayed coking and other processes. Despite the wide
application of these methods in industry, they do not provide a sufficiently deep con-
version of vacuum residues and have several problems, the most significant of which is
associated with a high content of high-molecular-weight components, such as asphaltenes.
Asphaltenes are present in oil and residual oil fractions as solid aggregates and are a dis-
persed phase in which the sedimentation process is difficult due to the presence of solvate
resin shells and polar heteroatomic contained in the feedstock. In addition, as the viscosity
of the produced oil increases, the content of asphaltenes in it also increases [13,14].

A large number of studies conducted in the literature [15–19] are devoted to the study
of the composition, properties and structure of heavy oil residues. However, due to the
complexity of their structure and the ability to form large agglomerates, the exact molec-
ular weight of heavy oil residues is difficult to determine. In this regard, the problem of
establishing reliable, experimentally confirmed mechanisms for the conversion of vacuum
residue molecules in thermal processes is still unresolved. An important aspect of under-
standing the thermal stability of petroleum residues is calculating the kinetic patterns of
their transformations in the process of thermal cracking.

The study of the kinetics of the fuel pyrolysis process contributes to the development
of technologies aimed at improving the design of reactors and more efficient use of heavy
oils [20]. Methods such as model and model-free approaches are used in the calculation of
kinetic parameters. Model-free methods (for example, the Friedman method, the Ozawa–
Flynn–Wall method and the Kissinger–Akahira–Sunose method) allow for determining the
activation energy without involving a reaction model, which reduces the errors caused by
an incorrect determination of the mechanism [21]. As the most versatile of the model-free
approaches, the Friedman method provides a more reliable definition of activation energy
due to its widespread use for accurate processing of specific data and its ability to avoid the
complex mathematical problem associated with the temperature integral [22,23]. However,
in practical kinetic analysis, simple, computationally effective integration methods (for
example, the Ozawa–Flynn–Wall method) are more often used [22].

The literature presents the regularities of vacuum residue thermal degradation in the
presence of various heterogeneous catalysts, where group VI and VIII metals (Mo, Ni, Fe,
Co) supported on Al2O3 [24–27] and zirconium oxide deposited on red sludge [28,29] are
used as an active component. Nevertheless, it is necessary to emphasize the important
function of the acid component in the catalyst; it is active in cracking and isomerization
processes, which are characteristic features of zeolites [30,31]. Chrysotile asbestos also has
acidic properties. Asbestos nanotubes, which are a natural product of rock formation, have
unique mechanical properties [32]. Nanotubes represented by chrysotile have a surface
structure, which makes them the most suitable objects for physical sorption. Due to the
developed surface (with a specific surface area of 20 m2/g) and the packaging of nanotubes
with hydrophilic properties, chrysotile has a high sorption ability. A distinctive feature
of nanotubes compared to other sorbent materials is their high sorption [33]. Researchers
working with carbon nanotubes [34,35] distinguish their peculiarity: when the sorbed
substance is captured inside the tube, its transformation occurs, and the sorbed substance is
held in the channel while maintaining the sorption ability in the interval between the tubes.
It should be noted that for the sorbate, ingress into the channel or annulus is energetically
advantageous, which ensures a stable state of the substance after sorption. This property is
of interest in the development of new cheap nanocatalysts [32].

The purpose of this work is to study the kinetics of thermal degradation of vacuum
residue and its mixture with nanocatalysts at different rates of heating.
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2. Results
2.1. Physicochemical Characteristics of the Nanocatalyst

The X-ray diffraction (XRD) of the original chrysotile and the obtained nanocatalyst
samples was performed on a Dron-4-07 powder X-ray diffractometer at 30 kV/20 mA using
a cobalt (Co) anode tube at a scanning rate of 4 ◦/min.

According to XRD, the original chrysotile had the following composition: 7.3; 3.64;
2.53; 1.53 Å-Mg3Si2O5 (OH)4 (Figure 1a). XRD of the obtained binary nanocatalyst based
on leached chrysotile with applied active metals showed the presence of an intensive reflex
7.3; 3.64; 2.53; 1.53 Å-Mg3Si2O5 (OH), reflex 2.41; 2.09; 1.48; 1.26 Å-NiO and 3.54-Ti (SO4)2
(Figure 1b).
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Figure 1. X-ray diffraction (XRD): (a) original chrysotile; (b) nanocatalyst based on leached chrysotile
with applied active metals.

The quantitative contents of the elements on the chrysotile surface were determined
via X-ray fluorescence analysis on a 30 kV X-ray tube FOKUS-2M spectrometer.

According to the results of X-ray fluorescence analysis of the nanocatalyst, the quanti-
tative contents of elements were determined: Ni (4.88%), Ti (7.29%), Si (24.93%), (7.83%), Fe
(0.69%) and S (3.89%).

The gross contents of nickel and titanium in the nanocatalyst are shown in Table 1.
The quantitative contents of nickel and titanium were obtained using a Profile Plus atomic
emission spectrometer at 21 ◦C and an atmospheric pressure of 727 mm Hg.

Table 1. Gross nickel and titanium contents in the nanocatalyst.

Name Analyte Unit of Measure Content of Component

Nanocatalyst
Nickel (Ni) % 4.85

Titanium (Ti) % 4.86

The presence of finely dispersed nickel and titanium particles on the surface and
possibly inside the chrysotile tubes was evaluated using a Joel Jem-1400Plus transmission
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electron microscope (Freising, Germany) with an accelerating voltage of 120 kV. According
to the micrograph (Figure 2), there were metal particles with sizes from 5 to 70 nm on the
surface and inside the chrysotile nanotubes.
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Figure 2. Micrograph of a chrysotile-based nanocatalyst with active metals applied.

To confirm the presence of acidic properties of non-leached and leached metal-supported
chrysotile, a thermally programmed desorption (TPD) analysis of ammonia was performed.
Based on the optimal ammonia desorption rate on the temperature curve, a clear maxi-
mum was observed at 110 ◦C with an acid center concentration of 67 µmol/g for non-
leached chrysotile with applied active metals, and 200 ◦C with an acid center concentration of
267 µmol/g for leached chrysotile, respectively.

The specific surface areas of the starting chrysotile and the leached active-metal-supported
chrysotile were investigated through low-temperature nitrogen adsorption at 77 K. Measure-
ments were carried out on an automated volumetric installation Digisorb-2600 (Micromerics,
USA). Each sample was pre-trained under a vacuum at 350 ◦C for 5 h.

In addition, a standard method for processing isotherms of polymolecular adsorp-
tion was used—the Brunauer–Emmett–Teller method (BET). At the same time, the de-
vice software was also involved. The BET analysis yielded surface areas of the original
chrysotile and nanocatalyst derived from the leached metal-added chrysotile of 39.4 and
54 m2/g, respectively.

Thermogravimetric curves were constructed to assess the effect of the obtained
nanocatalysts on vacuum residue thermal degradation (Figure 3a–c).
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Figure 3. Dependence of sample weight loss on temperature: (a) at heating rate of 10 ◦C/min;
(b) at a heating rate of 20 ◦C/min; (c) at heating rate of 30 ◦C/min; 1—vacuum residue (sample 1),
2—mixture of vacuum residue with nanocatalyst, obtained from non-leached chrysotile with applied
active metals (sample 2), 3—mixture of vacuum residue with nanocatalyst, obtained from leached
chrysotile with applied active metals (sample 3).

2.2. Thermal Decomposition Kinetics of Vacuum Residue and Its Mixture with Nanocatalyst

The determination of activation energy is based on the generalized expression (1) for
the rate of decomposition of the vacuum residue and its mixture with nanocatalysts.

The activation energy and the coefficient of the pre-exponential factor of the rate of
decomposition of the vacuum residue and its mixture with nanocatalysts were calculated
using Equation (4) of the Ozawa–Flynn–Wall method.

The results of Equation (4) are arranged in straight lines on the inverse temperature
lnβ plots. The plots are valid for various temperature measurements carried out in the
process of thermal decomposition of the tar and its mixture with nanocatalysts at heating
rates (10, 20 and 30 ◦C/min) and for different degrees of conversion of α samples. The
result obtained makes it possible to calculate the activation energy value from the tangent
of the inclination angle (Figure 4a–c).
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Figure 4. Arrhenius dependencies based on the OFW method: (a) sample 1; (b) sample 2; (c) sample 3.

Using the lnβ- 1/T plot (Figure 4a–c), the activation energy and the pre-exponential
factor of the rate of decomposition of the vacuum residue and its mixture with nanocatalysts
were calculated. The lnβ-1/T plot shows straight line plots known as isoconversion lines, and
the slope tangent of these lines is directly related to the activation energy (see Figure 4a–c).
The results of the activation energy calculation for thermal decomposition of vacuum residue
and its mixture with nanocatalysts performed using the OFW method are presented in Table 2
and Figure 5a–c.

Table 2. Kinetic parameters of vacuum residue thermal degradation and mixture of vacuum residue
with nanocatalysts obtained using OFW method.

α. Sample 1 Sample 2 Sample 3

Ea,
kJ/mol A, min−1 Ea,

kJ/mol A, min−1 Ea,
kJ/mol A, min−1

0.1 35.26 7.04·105 18.70 4.54·103 7.50 1.16·102

0.2 188.89 2.97·1017 14.66 5.66·102 10.69 1.88·102

0.3 166.04 6.01·1014 76.11 3.43·107 21.06 1.10·103

0.4 145.64 3.62·1012 180.99 2.55·1015 35.40 1.14·104

0.5 158.76 1.92·1013 212.97 2.55·1017 50.30 1.25·105

0.6 197.64 6.14·1015 193.23 3.55·1015 62.70 8.61·105

0.7 176.05 6.97·1013 248.86 1.36·1019 87.90 4.60·107

0.8 189.57 2.40·1014 77.80 4.40·106 269.20 1.94·1020

0.9 70.10 6.33·105 44.86 1.77·104 200.70 8.98·1014

Mean value 147.55 3.37·1016 118.69 1.54·1018 82.83 2.15·1019

Correlation
coefficient, R2 0.9797 0.9289 0.988
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The results of the activation energy calculation for thermal decomposition of the
vacuum residue and its mixture in the presence of nanocatalysts using the OFW method
demonstrate high correlation coefficient (R2) values. The high degree of consistency be-
tween the experimental data presented in Table 2 and those obtained using the OFW
method indicates the usefulness of the proposed model-free method for evaluating the
kinetics of thermal decomposition of vacuum residue and its mixture with nanocatalysts
under selected conditions.

Perhaps the change in activation energy depending on the degree of α conversion
shows the complexity of the thermal degradation reaction of the original tar and the mixture
of tar with nanocatalysts, which involve many parallel reactions (Figure 5a–c).

3. Discussion

Figure 3a shows that at a heating rate of 10 ◦C/min, the conversion was 60 wt%
for sample 1 (in the temperature range from 270 to 500 ◦C); 69 wt% for sample 2 (in the
temperature range from 220 to 500 ◦C); and 86 wt% for sample 3 (in temperature range
from 50 to 500 ◦C). At a heating rate of 20 ◦C/min, the conversion was 35% for sample 1
(in the temperature range from 300 to 500 ◦C); 28 wt% for sample 2 (in the temperature
range from 270 to 500 ◦C); and 80 wt% for sample 3 (in the temperature range from 50 to
500 ◦C) (Figure 3b). For a heating rate of 30 ◦C/min, the conversion was 69 wt% for sample
1 (in the temperature range from 180 to 500 ◦C); 82 wt% for sample 2 (in the temperature
range from 80 to 500 ◦C); and 81 wt% for sample 3 (in the temperature range from 50 to
500 ◦C) (Figure 3c). Comparison of the TG curves in Figure 3a–c of the thermal degradation
of sample 1 with samples 2 and 3 shows a shift in the mass loss curve of the vacuum
residue mixture with binary nanocatalysts to the low temperature region, which confirms
the positive effect of the nanocatalysts.

Thus, a binary nanocatalyst based on leached chrysotile with supported active metals
(nickel and titanium) showed high activity. The conversion degree of sample 3 at a heating
rate of 10 ◦C/min was 86 wt.% at 500 ◦C, whereas the conversion rate of sample 1 at the
same temperature was 60 wt.% and of sample 2 was 69 wt.%. This confirmed our earlier
conclusions in [36] on the thermal decomposition of a mixture of low-temperature coal
vacuum residue resin with a chrysotile-based catalyst. We have found that the rate of
vacuum residue thermal degradation depends on the qualitative composition added to the
nanocatalyst.

The study of TG curves (Figure 3a–c) and the dependence of activation energy on
the degree of α conversion (Figure 5) allowed us to distinguish the following patterns:
with an increase in the conversion degree of sample 1 from 0.1 to 0.8, the activation energy
increased from 35.3 to 189.6 kJ/mol (Table 2). Apparently, this is due to the thermal
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decomposition at the initial stage of the weakest aliphatic bonds in oils and resins, and
the further decomposition of the vacuum residue with the release of volatile substances as
the temperature increases proceeds with an increasingly high energy activation. That is,
thermally more stable molecular fragments of heavy resins and asphaltenes are involved
in the destruction process. This is consistent with data from other studies [37]. In the case
of sample 2, at the initial stage, with an increase in the conversion degree from 0.1 to 0.3,
the activation energy values showed lower values from 18.7 to 76.1 kJ/mol compared to
sample 1 (Table 2), which showed the positive effect of the nanocatalyst on the vacuum
residue thermal decomposition process. A further increase in the conversion degree from
0.4 to 0.7 led to an increase in activation energy values from 181 to 249 kJ/mol; apparently
this is due to the effect of the organic-mineral structure, which is formed as a result of
thermal destruction of the vacuum residue with a nanocatalyst (non-leached chrysotile
with applied active metals) or the thermal decomposition of the vacuum residue. It should
be noted that non-leached chrysotile contains alkali and alkaline earth metals (Na, Ca
and Mg) that inhibit the thermal decomposition process. It is possible that the increase in
activation energy values is also due to the breakdown of the strongest C–C bonds of side
chains and hydrocarbon bridges. With respect to samples 1 and 2, it can be seen that the
degradation rate of sample 3 shows a strong effect of a leached chrysotile nanocatalyst with
active metals added (Figure 5). With an increase in conversion from 0.1 to 0.7, a gradual
increase in activation energy is observed from 7.50 to 87.90 kJ/mol, which indicates that
the leached chrysotile-supported nanocatalyst increases the decomposition rate compared
to samples 1 and 2, leads to a sharp decrease in activation energy values and increases
the preexponential factor (Table 2). The high activity of the prepared nanocatalyst may be
due to its high acidity, with an acid center concentration of 267 µmol/g. With a further
increase in the degree of conversion (α) above 0.7, the value of the activation energy
increases sharply, which is associated with a delayed rate of mass loss. The use of the OFW
method shows a high correlation coefficient for experimental data of the vacuum residue
thermal decomposition.

Thus, it has been shown that the value of the activation energy of the vacuum residue
thermal degradation and of its mixture with nanocatalysts depends on the degree of its α
conversion. Nanocatalysts have been found to initiate the rate of vacuum residue thermal
degradation. It has been shown that leached chrysotile with supported active metals
significantly increases the conversion of vacuum residue and accelerates the degradation
reaction of the transition from diffusion to the kinetic region. We have found that an
increase in activation energy indicates the need for a greater energy contribution to the
reaction. Weak bonds, such as heteroatomic chemical bonds within a chain, are expected
to be the first to break in a region with low activation energy. The side chains or random
reactions requiring higher energy then break, and finally, the main chains break as the
reaction completes.

4. Materials and Methods

The vacuum residue of Pavlodar petrochemical plant of the Republic of Kazakhstan
was used as the research object. Elemental composition of heavy petroleum residues (HPR):
C—72.5%, H—11.8%, N—0.9%, S—2.6%, O—2.3%, A—1.64%. The boiling point of HPR
is 550 ◦C, and the kinematic viscosity of HPR at 70 ◦C is 262×10−6 m2/s. HPR density is
1.000 kg/m3. Asphaltene content is 9.8%, resins—12.5% and oils—78.2%

Non-leached and leached chrysotile were used for the nanocatalyst carrier. The chrysotile
was leached with a 20% hydrochloric acid solution. The application of active metals such
as titanium and nickel to the surface and inside of chrysotile nanotubes was carried out
via a moisture impregnation method using aqueous solutions of nickel (NiNO3·6H2O) and
titanium (TiOSO4·2H2O) salts. The resulting samples were dried at 105 ◦C and cooled to room
temperature. The samples were then aged in a muffle furnace at 550 ◦C for 2 h. The amount
of nanocatalyst added to the vacuum residue was 1 wt%.
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Experiments to study the kinetic patterns of thermal degradation of vacuum residue
and its mixture with nanocatalysts were carried out on a LabsysEvoSetaram thermal
analyzer (Caluire, France) at linear heating rates (β) of 10, 20 and 30 ◦C/min in non-
isothermal mode. For each of the destructive experimental sessions with vacuum residue
and its mixture with nanocatalysts, we took about 10 mg of the sample and placed it in a
crucible that was made of alumina and connected to a weight system. The temperature of
the sample was monitored using a thermocouple. The thermal decomposition process was
carried out using a flow of nitrogen gas at a constant flow rate of 100 mL/min. The samples
were heated from room temperature to 700 ◦C at different constant heating rates (β) of 10, 20
and 30 ◦C/min. During the experiment, changes in sample weight and furnace temperature
were recorded. The volatile components formed during the thermal decomposition process
were removed via nitrogen pumping, while the non-volatile products remained as solids
on the alumina crucible. All thermal analysis tests were performed two or three times at
each heating rate, and the results showed a high degree of repeatability.

Non-Isothermal Kinetics Method

The rate of loss of the vacuum residue mass and its mixture with nanocatalysts can be
described by the kinetic equation of the form [38]:

dα

dT
=

A
β

e(
−Ea
RT ) f (α), (1)

where α is the degree of conversion of the feedstock; β is the linear rate of sample heating,
◦C/min; A is the pre-exponential factor, c−1; T is the absolute temperature, K; E is the
activation energy, kJ/mol; R is the universal gas constant, J/mol, K; f (α) is the mathematical
model of a dimensionless kinetic function, depending on the type and mechanism of
reaction. The α value in Equation (1) is the relative degree of the conversion of the vacuum
residue and its mixture with nanocatalysts, defined as α = ms−m

ms−m f
, where ms and mf

are the initial and final mass of the substance and m is the mass of the substance at the
measurement point.

According to the principles of the Ozawa–Flynn–Wall method for non-isothermal
kinetics described in [39], by integrating Equation (1) and then applying a logarithm,
Equation (2) can be obtained:

lnG(α) = ln
(

AE
R

)
− lnβ + lnp(z). (2)

For a first-order reaction, G(α) is

α∫
0

dα

f (α)
=

α∫
0

dα

1 − α
= −ln (1 − α); (3)

p(z) =
e−z

z
−

z∫
−∞

e−z

z
dz; z =

E
RT

(4)

The application of the Doyle approximation [40] allows us to derive Equation (3),
which can be used as a substitution for expression (2):

lnp(z) = −5.3305 − 1.052z. (5)
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The Ozawa–Flynn–Wall method is based on the assumption that the reaction rate at a
constant α value depends only on temperature. The following equation [41,42] is used in
the analysis of non-isothermal kinetics:

ln β = ln
[

AE
RG(α)

]
− 5.331 − 1.052

E
RT

(6)

Substitutions (2) and (3) result in the equation of the OFW (4) for calculating the
temperature-inverse ratio of the heating rate of the vacuum residue and its mixture with
the nanocatalysts. Activation energy and pre-exponential factor were calculated. Using the
Ozawa–Flynn–Wall method, we evaluated the kinetic parameters of the process of thermal
decomposition of vacuum residue and a mixture of vacuum residue with nanocatalysts
under non-isothermal conditions. Analysis of the literature sources [22,41] showed that
the Ozawa–Flynn–Wall method is more effective than the known methods for determining
kinetic parameters of heavy hydrocarbon raw materials destruction since simple computa-
tionally effective integration methods are used. Therefore, we used the Ozawa–Flynn–Wall
method to determine the kinetic parameters of thermal degradation of vacuum residue and
its mixture with nanocatalysts.

5. Conclusions

1. For the first time, an analysis of the physicochemical characteristics of binary nanocat-
alysts was carried out. Using X-ray phase analysis, the phase structures of the original
chrysotile and nanocatalyst were determined. Using X-ray fluorescence analysis,
the quantitative contents of elements on the surface of the nanocatalyst were de-
termined. TEM microphotographs showed the distribution of nickel and titanium
particles in sizes from 5 to 70 nm. The presence of acidic properties was confirmed
in a nanocatalyst prepared from leached chrysotile with supported metals. Using
the BET method, the specific surfaces of the samples of the starting chrysotile and
nanocatalyst were established.

2. Thermogravimetric mass loss curves of vacuum residue and a mixture of vacuum
residue and binary nanocatalysts were obtained for each sample. The curves showed
the maximum weight loss of a sample consisting of a mixture of vacuum residue and
a nanocatalyst obtained from leached metal-supported chrysotile. High weight loss
appeared to be associated with high acidity of the prepared nanocatalyst.

3. The study using the isoconversion of the Ozawa–Flynn–Wall method revealed that
the values of activation energy of sample 1 with an increase in the conversion degree
(α) increased from 0.1 to 0.8. For sample 2, there was a decrease in activation energy at
a α conversion of 0.1 to 0.3 compared to sample 1. Non-leached chrysotile, which was
a carrier for the nanocatalyst, showed a relatively high rate of thermal decomposition
of the vacuum residue. With an increase in the conversion degree from 0.4 to 0.7,
the activation energy was increased to 249 kJ/mol at a conversion degree of 70%. It
is important to take into account the complex chemical composition of the vacuum
residue and the change in the activation energy of thermal decomposition at different
stages of the process. These changes may be due to parallel reactions with different
activation energies. For sample 3, there was a gradual increase in activation energy
values with an increase in α conversion from 0.1 to 0.7. Low activation energy values
were associated with the high acidity of the prepared nanocatalyst. The maximum
mass loss in sample 3 was due to the activity of the binary nanocatalyst, which was
confirmed by the average activation energy (82.83 kJ/mol) and the pre-exponential
factor (2.15·1019 min−1).

4. The conducted studies were aimed at determining the kinetic characteristics of the
processes of thermal decomposition of vacuum residue and a mixture of vacuum
residue with binary nanocatalysts, and the results can be used in the creation of models
for the analysis of thermal destruction, the catalytic hydrogenation of fuel assemblies
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and the development of reactor designs for the processing of fuel assemblies (oil
residues, oil sludge and high-viscosity oils).
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