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Abstract: A kinetic model of the heavy oil feedstock hydroconversion performed in continuous flow reactor in
the presence of in-situ synthesized dispersed nanosize catalyst Molybdenum disulfide (MoS,) has been pro-
posed. The kinetic parameters of heavy oil feedstock with different properties have been determined for the two
process versions: with coke formation and without appreciable coke formation. It has been stated that
hydroconversion in the presence of in-situ synthesized dispersed MoS, (C(Mo) = 0.05% wt. (per feed)) corre-
sponds to a first-order reaction for all studied feedstock samples. The rate and activation energy constants have
been determined. It has been shown that the conditions of polycondensation products (coke) formation result
in increasing process rate and decreasing activation energy.
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Introduction

The observed tendency of heavier oil production displays the problem of heavy feedstock (residues of oil, bitumen
and heavy feed distillation) processing. The methods based on traditional solid support stabilized hydrocracking
catalysts for such feedstock have been proved to be inefficient. Catalysts quickly lose activity because of deposited
polymerization products from thermal degradation of resins and asphaltenes — coke, vanadium and nickel
compounds [1, 2]. The use of ultrafine and nanosize dispersed catalysts, which are hydrocarbon-stabilized
unsupported suspensions of particles of molybdenum, nickel, cobalt, iron sulfides uniformly distributed in the
feed volume, has made significant progress in developing the heavy oil feedstock (HOF) processing technology.
However, despite numerous publications confirming the high dispersed catalysts efficiency for hydroconversion
of various HOF, the kinetics of the process in flow reaction systems has been less studied.

Several publications address the kinetics of HOF hydroconversion in the presence of ultrafine and
nanosize dispersed catalysts. In [3, 4], the authors studied the hydroconversion of Belayim oil residue after
vacuum distillation in the presence of a suspension of nanosized MoS, particles synthesized from molybde-
num naphthenate. The experiments were performed in an autoclave at 410-450 °C. The initial hydrogen
pressure was 9 MPa. The authors concluded that the dispersed catalyst had little effect on the distillate product
yield, but stabilized radical fragments of resin and asphaltene molecules preventing coke formation. The
process corresponds to a first-order reaction.
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The activation energy for the hydrocracking process was 147 kJ/mol.

It should be noted that the results of stationary autoclave experiments do not reflect the nature of the
reactions in flow reaction systems, since the hydrogen pressure decreases almost three times during the
experiment [4].

In Ref. [5], the kinetic parameters of heavy feedstock hydroconversion in the presence of a dispersed MoS,
suspension synthesized in situ in the feed from the reverse emulsion of an ammonium paramolybdate aqueous
solution are given. The experiments were carried out in a flow reactor of an upward flow unit at a temperature
of 440-460 °C, a hydrogen pressure of 7.0 MPa and a feed space velocity of 1-3 h™". The authors found that the
500 °C+ distillation residue conversion to reaction products corresponded to a first-order reaction. The acti-
vation energy was 216.8 kJ/mol. The SARA hydroconversion rate increases for asphaltenes, resins, aliphatic
hydrocarbons and aromatic hydrocarbons, and the activation energy increases for paraffin-naphthene, aro-
matic hydrocarbons, resins, asphaltenes. The results obtained are consistent with the SARA conversion
principles stated in [6].

The studies of the kinetic characteristics for HOF hydroconversion allow to evaluate the influence of the
reaction time on the conditional components yield at the established parameters (temperature, pressure,
hydrogen supply, composition, and amount of the catalyst), and can be used to predict data for the process
calculation.

Methods and experimental part
Kinetic study

To describe the kinetics of HOF hydroconversion processes in the presence of ultrafine and nanosize dispersed
catalysts, various models can be used with different composition, properties, and amount of components.
Thus, to describe the hydrocracking kinetics of petroleum distillate fractions as components of the system,
phases (gas, liquid product, and coke), technical fractions (vacuum gas oil, diesel, and gasoline fractions),
group composition elements, narrow distillate fractions with different boiling point were used in addition to
feedstock [7].

As the main purpose of HOF hydroconversion is to obtain distillate fractions, two kinetic models are
considered in our study. The first one is the conversion of residual 520 °C+ HOF fractions to products (including
gas and the wide distillate initial boiling point (IBP)-520 °C fraction) described by the equation:

520°C + —products @
G6
coke
A
klz
ki Gl
feed
kz k3 k4
A A A A
k5 k7 k9
G2 > G3 . G4 G5
Fr. 350-520 °C Fr. 180-350 °C | mp-180°C " gas
-Kk¢ X - kg
| Ky 4t Fig. 1: Kinetic model 2 for HOF
Kio hydroconversion.
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This model does not include coke as a hydroconversion product (the coke yield is assumed less than 0.5% wt.
per feed).

The second model describes the feed conversion to individual components: gas, gasoline, diesel and gas
oil fractions, and polycondensation products (coke). The proposed 12-parameter kinetic scheme with partial
consideration of secondary reactions is shown in Fig. 1.

It should be noted that secondary reactions can be excluded from consideration by setting the corre-
sponding rate constants to zero (constants k¢ and kg in Fig. 1).

The kinetic scheme in Fig. 1 corresponds to a system of linear differential equations describing the rates of
first-order reactions:

dG1/dt = -R1 - R2—-R3 - R4 - R12 dG4/dt = R3+R7 - R8 - R9
dG2/dt=R1-R5+R6-R10 dG5/dt = R4 +R9 + R10 + R11 3)
dG3/dt=R2+R5-R6-R7+R8-R11 dG6/dt = R12

where: R1 = k*GI; R2 = k,*G1; R3 = k;*G1; R4 = k,*G1; R3 = k3*Gl; R4 = k3*Gl; R5 = ks*G2; R6 = ke*G3;
R7 = k,*G3; R8 = kg*G4; R9 = ko*G4; R10 = k;0*G2; R11 = kj;*G3; R12 = k;»*G1.
The initial conditions for solving the differential equation systems are:
Gl=a;G2=b;G3=c;G4=d;G5=¢e; G6 =f; wherea, b, c, d, e, and f, are the fraction content in the initial
feed (%wt.):

a+b+c+d+e+f=100 (@)

To solve the differential equation systems, it is assumed that all reactions have pseudo-first order due to
excessive hydrogen in the reaction medium. Moreover, a nanosized catalyst is used with a large number of
nanosized particles uniformly distributed in the reaction volume. This minimizes diffusion restrictions, since
small catalyst particles homogenized in the reaction medium are used.
The differential equation system is solved in two stages:
— solving the reverse problem, which includes finding all the rate constants based on experimental data;
— solving the direct problem, which includes calculating the kinetic parameters using the obtained rate
constants.

Experimental part

For the dispersed MoS, synthesis, an aqueous precursor (ammonium paramolybdate) solution was emulsified
in the feedstock. The formation of a suspension of catalyst particles proceeded with heating the feedstock
(in-situ) as a result emulsion dehydration and sulfidation of the catalyst particles with the feed sulfur [8-10].
MoS, particles synthesized from the reverse emulsion of an aqueous APM solution have layered contrast with
interplanar distance values of 0.62-0.65 nm. Catalyst particles are represented by monoslabs as well as by
stackings of 30-500 nm [9]. The experiments were carried out on a pilot upward flow plant with a flow reactor
at a pressure of 7 MPa, the volume hydrogen/feedstock ratio of 1000 nl/1, the temperature range of 425-460 °C,
and a feed space velocity (V) of 0.7-3.3 h™.

The feed conversion efficiency was evaluated by the 520 °C+ conversion (Q) and by the amount of coke
formed during the hydroconversion and deposited on the reactor walls (G).

Q =100 (m, - mr)/mm % 5)

where m, and m, are the masses of vacuum distillation residues (520 °C+) of the initial feedstock and hy-
drogenate, respectively.

G= (M, -M,)-100/Mc, % 6

where M; and M, are the reactor masses before and after the experiment; M is the feed mass in the experiment.
The conditional contact time (T) was calculated by the equation:



1114 —— A. L. Maximov et al.: Kinetic patterns of heavy oil feedstock hydroconversion DE GRUYTER

7=60/V, min @)

where V is the feed space velocity, h™.

Results

To determine the formal kinetic parameters, we used the hydroconversion results for several HOF samples, the
compositions of which are given in Table 1.

The dependences In [520 °C+] = f(t) for all studied feed samples were linear (R* > 0.98), which indicates the
first order of the hydroconversion reaction. Table 2 displays the kinetic characteristics of HOF hydroconversion
for model 1 (Equation (2)).

As can be seen from the results obtained, the reaction rate constants at 440 and 450 °C are within 0.0048—
0.0295 min™ and 0.0082-0.041 min™, respectively, and the activation energies are within 137-260 kJ/mol.
Fluctuations in the values of the rate constants and activation energies are due to differences in the feedstock
properties — viscosity, hydrogen solubility, elemental, and group composition.

The listed parameters can affect the rate and activation energy of hydroconvertion in differently; therefore,
it is not always possible to explain fluctuations in the values of k and E, for different types of feed. For
example, the solubility of hydrogen in hydrocarbon media decreases with increasing degree of aromaticity in
the series: alkanes, cycloalkanes, arenes. The diffusion rate of hydrogen and feed components, all other things
being equal, is determined by the viscosity of the medium, which in turn depends on the content of high
molecular weight components - resins and asphaltenes. Natural bitumen (sample 7) is characterized by a high
content of asphaltenes, has a highest viscosity, which leads to a high activation energy and relatively low
values of the rate constant.

The hydroconversion rate constants of individual SARA components are different and grow in the series:
asphaltenes, resins, and hydrocarbons [5]. This is confirmed by comparing the rate constants of the conversion
of asphaltenes isolated from feed (sample 5), and the rate constant in the case of feed (sample 5) as a whole
(Table 2).

The reaction rate is affected by the presence of distillate hydrocarbon fractions with a boiling point below
the experimental temperature in the feed. As a result of the evaporation of distillate fractions, the catalyst

Table 1: Physical and chemical characteristics of heavy oil feedstock.

# Parameter Feed sample No.*
1 2 3 4 5 6 7
1 Density at 20 °C, kg/m’ 941 991 1030 957 1003 1028 1100
2 Cinematic viscosity at 100 °C, mm?/s 5.25 466 1417 28 394 1796 22 000
3 Coking ability, % wt. 1.5 15.1 17.6 9.01 16.2 16.8 32.3
4 Fractional composition, % wt.
IBP, °C 190 376 385 42 354 403 345
IBP-180 °C 0 0 0 5.5 0 0 0
180-350 °C 14.8 0 0 17.2 0 0 2.1
350-520 °C 74.0 15.1 8.9 36.5 16.6 16.3 15.3
520 °C+ 11.2 84.9 91.1 40.8 83.4 83.7 82.5
5 SARA-composition, %wt.
Paraffin-naphthene 52.8 14.7 12.0 36.4 14.8 3.3 19.5
Aromatics 42.0 54.1 53.5 34.3 41.4 53.8 47.9
Resins 3.6 26.5 22.0 25.1 30.4 33.9 10.2
Asphaltenes 1.6 4.7 12.5 4.2 13.4 9.0 22.4

*Sample 1 — atmospheric residue of gaseous condensate; Samples 2, 3, 5, 6 — vacuum residues from different oils; Sample 4
- heavy bituminous oil; Sample 7 — natural bitumen.
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content in the liquid phase of the reactor becomes higher and the partial pressure of hydrogen becomes lower
than during the hydroconversion of other feed samples with a reduced content of distillate fractions. This may
explain the difference in the reaction rate constants for feed samples 1 and 4 from others.

The experimental results showed that the activation energy of hydroconversion rises with increasing
content of asphaltenes in the feed (Fig. 2). This pattern is consistent with previously obtained results of heavy
oil hydroconversion in the presence of dispersed MoS,, according to which, the activation energy increases for
the HOF components including: aliphatic hydrocarbons, aromatic hydrocarbons, resins and asphaltenes [5, 6].

According to the experimental results, the Vacuum residue (sample 5) had the dependence of In k on 1/T
(Fig. 3). High values of activation energies and the curve slope in Fig. 3 suggest that the reaction proceeds in the
kinetic area.

The obtained values of the kinetic hydroconversion indicators are close to those of the thermal HOF
cracking. Thus, during thermal cracking of the vacuum residue of the Arabian oil mixture within 430-445 °C,
the reaction rate constant (2) was 0.014—0.028 min ™, and the activation energy was 163-262 kJ/mol [11]. For the
thermal cracking of Colombian heavy oil, the activation energy was 220 kJ/mol [12]. The proximity of the kinetic
parameters of HOF hydroconversion and thermal cracking can be explained by the low catalyst content in the
reaction volume indicating that a major feed amount is converted by the thermal cracking mechanism. A
similar conclusion was made in the study of thermal and catalytic hydrocracking of Maya heavy oil in the
presence of dispersed MoS, [13].

The coke formation is shown schematically in Fig. 4 under the assumption that the sizes of the catalyst
nanoparticle associates are larger than the average size of the asphaltene molecules. The primary reactions of
the transformation of the structure of asphaltenes are hydrogenolysis of ordinary C—C bonds, which bind the
side substituents to the aromatic nucleus of asphaltenes molecules. As a result, due to intermolecular
interaction between aromatic layers, ordering occurs with the formation of a supramolecular structure, which
is a coke nucleus (Fig. 4b). During hydroconversion in the presence of a catalyst, active hydrogen is generated,
which inhibits the process of structuring of aromatic fragments with the formation of coke nuclei.

To clarify the effect of catalyst in the HOF hydroconversion, we should compare the results of experiments
on thermal hydroconversion and on catalytic hydroconversion. For this purpose, hydroconversion experi-
ments were conducted with several samples of feed at the same temperatures and different values of the space
velocity with the introduction of the catalyst and without catalyst. Based on the change in the amount of the

Table 2: Kinetic parameters of HOF hydroconversion in the presence of in-situ synthesized dispersed nanosize catalyst (MoS,)
(P =7 MPa).

Feed T, °C k, min™ E.c, kJ/mol

Atmospheric residue, sample 1 445 0.0130 195.3
450 0.0163

Heavy oil, sample 4 440 0.0108 201.9
450 0.0173

Vacuum residue, sample 2 440 0.0156 175.6
450 0.0235

Vacuum residue, sample 5 440 0.0232 223.7
450 0.0391

Asphaltenes from vacuum residue (sample 5) 440 0.0048 229.5
450 0.0082

Vacuum residue, sample 3 440 0.0128 190.1
450 0.0200

Vacuum residue, sample 6 440 0.0156 231.9
450 0.0268

Natural bitumen, sample 7° 440 0.0078 259.7
450 0.014

*80% wt. of natural bitumen + 20% wt. of gas-oil.
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520 °C+ fraction in the feed and hydrogenate, taking into account the first order of the reaction, the rate
constants k were calculated (similar to the calculation of k in Table 2). As can be seen from Table 3 the rate of
feed conversion into products in thermal hydroconversion experiments (without a catalyst) is significantly
higher than in catalytic hydroconversion in the presence of MoS,. This seems to be associated with that in
experiments without a catalyst, one of the main products after HOF conversion is coke (toluene-insoluble
polycondensation product). Coke precursors in the thermal HOF processing are asphaltenes that formed
radicals under reaction conditions [14]. The presence of polycyclic aromatic fragments in asphaltene molecules
(identical to graphite structure) determines easy formation of radical and then polycondensation products
during the thermal HOF processing. The coke yield from other SARA components is several times lower than
from asphaltenes, and decreases for vacuum residue, aromatic hydrocarbons, saturated hydrocarbons [15].
The polarity of asphaltene molecules determines their high sorption properties with respect to various solid
surfaces [16]. The sorption results in much higher asphaltenes concentration in the sorption layer than that in
the feedstock. This leads to an increased aggregation and ultimately accelerates coke formation on a solid
surface of coke precursors, including the capture of catalyst particles. It was experimentally proven that the
addition of small amounts of graphite powder to HOF doubles the coke formation rate [17].

The presence of dispersed MoS, significantly decreases the coke yield and increases the distillate fractions
yield (Table 3). It was shown in [18] that more than 90% of molybdenum is bound to the feed asphaltenes
during the in situ catalyst synthesis. Sorbed asphaltenes are hydrogenated with the formation of lower mo-
lecular weight products under hydroconversion conditions (Fig. 5). Direct contact of asphaltenes with catalyst
particles contributes to the saturation of radical asphaltene fragments by catalyst-activated hydrogen and
reduces coke formation.
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Fig. 4: Scheme of the formation of coke nuclei during the interaction of asphaltene molecules with a MoS, catalyst nanoparticle:
(a) the stage of formation of the aromatic layer, (b) the formation of a supramolecular structure — coke nuclei due to - the
interaction between the layers.

To evaluate the accuracy of the kinetic model (Equation (3)), the hydroconversion results for several HOF
samples were used. The rate constants k; calculated according to the kinetic scheme on Fig. 1; the results are
given in Table 4.

Effective feedstock conversion rate constant ks:

ke =k +k + k3 + ks + kyp (8
Activation energy E,. is calculated by the formula:

RTiT,[In (ks ) - In(In (ks 2))]

E =
ak Tl — TZ

)

R = 0.008314 kJ/mol K;

The data analysis in Table 4 shows the following:
— As expected, the effective rate constant ks grows with increasing temperature; the initial feedstock con-
version proceeds at a higher rate with increasing temperature;
— Large values of the rate constants for sequential reactions k;, ks, and k; indicate that the most intense
sequential cracking reaction proceeds according to the scheme G; — G, — G5 — Gy;
— More gaseous products are generated from the G, fraction.

Table 3: The effect of in-situ synthesized dispersed catalyst (MoS,) on HOF hydroconversion results (P = 7.0 MPa, catalyst
concentration —0.05% wt. of Mo (per feed)).

Feed sample No. 3 5 4 1
Catalyst - MoS, - MoS, - MoS, - MoS,
Temperature, °C 450 440 450 445
Feed space velocity, h™ 2 2 1 1

Yield of products, wt. %

Gaseous products 3.5 1.97 3.76 2.37 4.35 2.19 3.95 2.38
Hydrogenation fractions IBP-180 °C 11.9 9.8 14.4 13.9 20.9 19.9 18.4 13.3
180-350 °C 19.7 19.3 19.3 20.5 40.2 37.4 52.6 56
350-520 °C 14.7 18.6 20.6 21 20.1 25.8 20.8 23.6
520 °C+ 45.1 50 36.2 41.7 8.42 14.6 3.8 4.7
Toluene insoluble (coke) 5.1 0.33 5.74 0.53 6.03 0.11 0.45 0.02
IBP-520 °C 46.3 47.7 54.3 55.4 81.2 83.1 91.8 92.9

Process parameters

Conversion of 520 °C+, % 50.5 45.1 56.6 50 79.4 64.2 70.8 63.8
Reaction rate constant, k107, min™ 2.37 2.01 3.5 2.31 2.63 1.71 2.23 1.67
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Fig. 5: Hydrocracking scheme for asphaltene molecule in the presence of MoS,.

Unlike vacuum residues (samples 2 and 5), heavy oil (sample 4) contains a significant amount of distillate
fractions with a boiling point of up to 520 °C, the decomposition of which increases the probability of reverse
reactions. Apparently, the high content of distillate fractions shifts the equilibrium of chemical reactions
towards heavier products. Therefore, the rate constants of the reverse reactions k¢ and kg for this sample of feed
are significantly higher than for vacuum residues.

Table 5 shows the experimental data on the vacuum residue hydroconversion product yield (sample 5)
with the contact time T at a hydroconversion temperature of 440 °C.

It is worth to be noted that in the process of hydroconversion, coke formation does not begin immediately,
but after some time from the start of the reaction. With a short contact time, the coke yield is close to zero, then
the coke yield increases exponentially (Table 5). The observed pattern is associated with the behavior of
asphaltenes during the thermal processing of HOFs. The hydroconversion process includes the formation of
distillate fractions, which leave the reaction zone in a gaseous state, resulting in the decreasing liquid phase
volume in the reactor and the growing concentration of asphaltenes [18]. Upon reaching the particular

Table 4: Calculated HOF hydroconversion rate constants: vacuum residue (sample 5 and 2) and heavy oil (sample 4).

Rate constant, min™* Vacuum residue, sample 5 Vacuum residue, sample 2 Heavy oil, sample 4

440 450 440 450 440 450
kq 0.01482 0.0171 0.01360 0.01960 0.00691 0.01810
k2 0.00560 0.0126 0.00194 0.00194 0.00210 0.00012
ks 0.00578 0.0065 0.00110 0.00150 0.00074 0.00001
ks 0.00007 0.0001 0.00006 0.00006 0.00015 0.00023
ks 0.01909 0.0184 0.02317 0.02917 0.01800 0.09678
ke 0.00001 0.0000 0.00012 0.00012 0.00933 0.06135
k7 0.00690 0.0120 0.01491 0.02151 0.00300 0.02202
ks 0.00092 0.0054 0.00000 0.00000 0.00002 0.03862
ko 0.00052 0.0005 0.00002 0.00002 0.00009 0.00011
k1o 0.00365 0.0050 0.00088 0.00088 0.00095 0.00013
k11 0.00001 0.0000 0.00046 0.00052 0.00005 0.00020
ki 0.00123 0.0021 0.00095 0.00095 0.00053 0.00134
ks 0.0275 0.0384 0.01764 0.02404 0.01043 0.01979

Eac kJ/mol 143.1 132.7 274.5
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Table 5: Experimental data on the HOF hydroconversion product yield (sample 5). P = 7 MPa, T = 440 °C, catalyst concentra-
tion —0.05% wt. of Mo (per feed).

Products Contact time t, minute

0.0 18.75 24 30 60
G1 83.4 53.8 45.6 42.4 14.6
G2 16.6 24.3 25.4 24.7 21.7
G3 0 13.8 17.2 18.2 32.4
G4 0 7.7 9.3 14.5 19.5
G5 0 0.33 2.45 2.11 4.41
G6 0 0.07 0.05 0.08 7.39

asphaltenes concentration in liquid phase asphaltenes aggregation and mesophase formation, resulting in
coke formation are observed [19].

Figure 6 shows the hydroconversion product yields depending on the reaction time calculated by solving
the differential equation system based on the obtained rate constants (Table 4). In Fig. 6, the calculated values
of hydroconversion product yields over time are compared with the experimental data from Table 5. As follows
from Fig. 6, correlation between the calculated data and the experimental data for gas and distillate fractions is
satisfactory (R* = 0.9903). Consequently, the correct linear model of the first-order HOF hydroconversion
reactions has been adopted, and it allows to characterize the component conversion over time and predict the
results of the hydroconversion process.

The calculations of the direct kinetic task with the obtained rate constants are shown in the graphic images
in Fig. 7, where the lines correspond to the calculated data, and the points correspond to the experimental
ones.

The presented data show how the kinetics of the individual component yield over time depends on the HOF
chemical nature and its initial fractional composition. Being an important research tool, kinetic modeling
allows to extrapolate the product yield for higher reaction time, establish the conversion mechanism for
macrocomponents, and determine the optimal yield for the target product.
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Fig. 7: Dependences of the vacuum residue hydroconversion fractions yield (sample 5) on the reaction time: dots are for
experimental data, lines are for calculated data: (a) at T = 440 °C, (b) at T = 450 °C.

Conclusion

A kinetic model of the hydroconversion process has been proposed. The kinetic characteristics of the HOF
hydroconversion process in the presence of in-situ synthesized dispersed nanosize catalyst (MoS,) have been
established. During the hydroconversion, transforation of fraction 520 °C+ can proceed in two ways: thermal
cracking and hydrocracking. It has been stated that hydroconversion in the presence of in-situ synthesized
dispersed nanosize MoS, (0.05% wt. Mo per feed) corresponds to a first-order reaction for all studied HOF
samples. Large values of the rate constants for sequential reactions k;, ks, and k; indicate that the most intense
cracking reaction proceeds sequentially from heavy fractions to gasoline. It has been shown that the poly-
condensation product formation results in increasing process rate and decreasing activation energy. It has
been proposed that the formed coke serves as the coke formation center and initiates the asphaltenes
adsorption followed by thermal polymerization into coke, as displayed by an increase in the rate constant with
the growing coke amount in the system.

Funding: This research has been carried out within the TIPS RAS State Program.
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