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Abstract

Catalytic hydrotreating is widely used in secondary petroleum refining industry. The main purpose of
this process is to significantly lower sulfur content in the petroleum products. Currently, there is a lack
of industrially applicable mathematical models of diesel hydrotreating, especially the models which
take into account the reaction kinetics and catalyst deactivation.

In this paper, research is focused at processing of experimental data from laboratory equipment and
industrial hydrotreating unit and developing mathematical model, which adequately describe industrial
data of hydrotreating industrial unit with the use of current view of chemical mechanism and catalyst
deactivation.

Keywords: Mathematical modeling; programming; hydrotreating process; diesel fradion; benzothiophene; dibenzo-
thiophene; reaction rate constant; activation energy.

1. Introduction

Hydrotreating of diesel fractionis used to remove heteroatoms (including atoms of sulfur,
nitrogen and oxygen), polycyclic aromatic hydrocarbons and metals [*-41, Concentration of these
compounds is rising accordingly with a boiling temperature of the fraction 571, The industrial
process of hydrotreating is performed in relatively mild conditions but yet should be effective -
conversion rate of the diesel fraction should not be lower than 98-99% [8-1°1, The most general
purpose of this process is to significantly reduce a sulfuramount in a wide range of petroleum
products including naphtha, diesel, gas-oil, kerosene and heavy oil fractions which conse-
quently are used as a raw material for catalytic processes [11-12], This prevalence of catalytic
hydrotreating have such origins as, firstly, introduction of more high-sulfur crude oils extraction
into petroleum refining industry all over the world in the last years [*3-1%] and, secondly,
economically disadvantageous catalyst poisoning in consequent of refining processes, such as
gasoline reforming and catalytic hydrocracking [*¢1. The third main reasonis the introduction
of strict environmental requirements to the content of heteroatomsubstancesin fuel, as well
as aromatic hydrocarbons amount 171, All these reasons dictate the necessity not only for a
wider use of hydrotreating process, but also more complex research of deep heterocatalytic
mechanisms, including mathematical modeling, which could help in optimization of the process,
development of new catalysts and proposal of new reactor construction concepts [*8], Use of
mathematical modeling method allows researchers to predict new conditions and product
quality, develop new proposals forindustrial process optimization [9-211,

The aimof this research is to develop a dynamic mathematical model of diesel hydrotreating
reactor with non-stationary material balance and thermal balance including calculation of coke
formation.

2. Object of research

Technological scheme of the typical hydrotreating unit is shown in Figure 1. In the most
general case the raw material arrives to the hydrotreating reactor™R” after being pre-heated
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in the furnace “F”. Reactor is the major part of the whole process, where the catalytic
hydrotreating of diesel fraction is performed. A group of reactions of hydrogen sulfide
formation from sulfur compounds are occurring on the surface of the hydrogenation catalyst.
The hydrogen-containing gas (HCG) is separated from the vapor-liquid mixture in the sepa-
rators "S-1" and “S-2" and enters the column “C-2" for recovery of pure hydrogen. Colurm
“C-1"is used for separation of vapor-liquid mixture to a gas fraction and the main product -
hydrotreated diesel fuel [22],
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Fig. 1. Scheme of the typical hydrodesulfurization unit. Note: circles with arrow faced upwards are
heaters; downwards - coolers

The plant uses catalyst HR-538 manufactured by Axens (France). Properties of the catalyst
are given in Table 1. The catalyst activity towards certain sulfur-containing compounds is counted
as part of the effective rate constants, which was calculated previously [23-241,

Table 1. HR-538 catalyst properties

Diameter of catalyst particles, mm 1.2; 1.6; 2.5
Composition:

Nickel (NiO), % mass. 3.5
Molybdenum (Mo0O3), % mass. 17.0
Surface, m%/g 210

The data whichwas used to calculate kinetic parameters for developed model was obtained
both from laboratory equipment and from industrial hydrotreating and deparafinization unit.
The laboratory experiment was performed with use of such equipment as gas-liquid chroma-
tograph unit “Kristal-2000M” to measure sulfur-containing substances concentrations in diesel
product.

The fixed-bed mini-reactor was used to simulate industrial hydrotreating process in the
laboratory. Fraction of diesel fuel (boiling range is 180-320 C) with a total sulfur content of
1.4%wt. was used as the feed for the reactor. Al-Ni-Mo catalyst was used in the laboratory
setup which consists of a flow systemwith an evaporator, reactor with a special metal grid where
the catalyst was placed onto. The products of reaction were received into a condenser. The
hydrotreating process was carried out with 10 mL of the Al-Ni-Mo HR-538 catalyst loaded onto
a metal grid of mini-reactorin the form of granules with a diameter of 1-2 mm.

The feed and hydrogen ran through a reactor from the top to the bottom. Diesel fraction
was fed to the reactor with a high pressure dosing pump. Pure hydrogen supply was controlled
with automatic dispenser. The temperature in the reactor was supported on desired level by
an air thermostat. Temperature controller provides heating accuracy not worse than £0.5°C.
Thermocouple was used to measure the temperature in the catalyst bed. Catalyst was placed
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in a pocket at the center of the reactor. The system pressure was set with a high-pressure
reducer at the end of product flow.

In current laboratory setup the water-cooled condenser is used to gather products of
hydrotreating fromthe reactor. Then, liquid products were gathered to thereceiver for further
analysis. Unlike liquid products, gases were released to the atmosphere through six-way valve.

Before an experiment the process of catalyst sulphidation was performed in the reactor.
This process involved a straight-run diesel fraction as a sulphiding feed. Sulphur concentration
in the feed was approximately 0.4%mass. Sulphidation was performed with the next steps
and conditions:

. Catalyst drying using nitrogen gas stream with the temperature of 120°C;
. Increase of the pressure in the reactorto 3.5 MPa and start of hydrogen feed;
. The catalyst wetting by raw diesel fraction;
. Increase of the temperature to 240°C;
. 2-hour sulphidation process under 240°C (phase of low temperature);
. Increase of the temperature to 340°C;
. 2-hour sulphidation process under 340°C (the phase of high temperature);
Feed ran through the reactor with 2 h*! volume velocity. Volume ratio of hydrogen to the
diesel was: H,/feed=300/1. After being sulphided the catalyst is ready to operate in
hydrodesulphurization process under the next conditions:

Nouih WN ~

Table 2. In-laboratory hydrodesulphurization conditions

Volumetric flow rate of feed 2 h'1 (relatively to catalyst’s volume)
Pressure 3.5 MPa
Hydrogen/Diesel volume ratio 300/1

Temperatures 340°C, 360°C, 380°C

Spectral photometer “Spectroscan-S” was used to determine and measure the initial
containment of sulfurin diesel fuel.

The method of gas-liquid chromatography was used to measure concentrations of sulfurin
the products according to their homologue groups. Method of GLC was performed using a
“Crystal-2000M” chromatograph. It has a quartz column with 25 m x 0,22 mm dimensions.
Helium is used as a carrier gas. Under a temperature increase in the column of “Crystal-2000M"
with a 4 degree/minute rate the flame photometric detector was used for analysis of sulfur
compounds in products of desulfurization.

3. Experimental
3.1. Thermodynamics and chemical mechanism

Sulfur compounds are present in diesel fractions mainly in the form sulfides, homologues
of thiophenes and, in lesser amounts, by mercaptanes and disulfides. In general, the initial
stage of mathematical model development is the thermodynamic calculation. This stage is
based on the physical and chemical laws and ensures a high degree of model’s accordance to
the real hydrotreating process.

In the frame of current research the thermodynamic parameters were calculatedincluding
Gibbs energy and enthalpy for each individual reaction of hydrodesulfurization of sulfur-
containing-compounds 251, In this work, the thermodynamic parameters of the hydrotreating
process, including enthalpy, entropy, Gibbs energy were calculated using a computer program
packages “GaussianView"” and “Gaussian 09”. The calculation method of DFT (Density Func-
tional Study) was used. B3LYP model was chosen as a theoretical approach, as well as density
functional theory (B3) and the electronic correlation (LYP). Basis is the set 6-311G. There
were also the hydrotreating process conditions under which the calculation was performed,
including a temperature of 340°C and a pressure of 3 MPa. Results of thermodynamic
calculations of hydrogenation and hydrocracking reactions of several sulfur-containing
compounds representatives are presented in Table 3.
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Table 3. Values of enthalpy and Gibbs energy of sulfur compounds’ hydrogenation reactions

Sulfur compounds Reaction AH, AG,
group kJ/mole kJ/mole
Sulfides CgHySH+H, — CgH s +H,S -67.66 -77.45
CsH1,SCsHy, +2H, — 2CgHy, +H,S -133.26  -158.77
Mercaptan C,HsSH+H, > C,Hg +H,S -67.29 -78.35
CH4SSC,Hg +H, — CHSH+C,H,S _38.39 5774
. . CH3SH+H; - CH4 +H,S -78.46 -76.61
Disulphides
C4HgSH+H, — C,Hyy +H,S -55.41 -70.00
CH4SSC,Hg +3H, —> CH, + C4Hyo + 2H,S -172.25  -204.35
Cc,H,S+2H, - C,H; +H,S
474 2 4762 -78.56 -52.47
Thiophenes C,Hg+H,; > CyuHg -121.06 -62.89
C,H,S+4H, - C,H,, +H,S ~310.66 ~162.29
CqHS+H, —>CoH,S
8’6 2 8’8 -78.97 -17.96
Benzothiophenes CeHeS+H, > CgH,S -50.61 -13.21
(BT) CgHyS+H, — CgH, o +H,S -72.00 -84.16
CoHeS+3H, —> CgHyp+H,S -201.58  -115.33
(DDitI’S‘:':rr;mthiOPhe”es Ci,HgS+H, — CpoHg +H,S -94.79 ~64.99

On the basis of the data presented in Table 3 the next law is predicted: therate of hydro-
genation of sulfur compounds decreased in the series: sulfides > benzothiophenes > dibenzo-
thiophenes, which is also confirmed by related data in the literature [26-28],

Like any process of secondary refining, hydrotreating of diesel fuel involves a large amount
of chemical reactions which occur simultaneously. The so-called aggregation of different
sulfur-containing components to the homologue groups is made to reduce the number of
individual reaction components and, thus, reduce the amount of calculations. Any mathema-
tical model must keep predictive power 291, In addition, it must to remain being sensitive to
the feed composition changes through hydrotreating unit’s operational cycle.

MDST# BT* DBT*
K1 K2 K3
Saturated K5 Aromatic P
hvdrocarbon hvdrocarbon N
K4 K7
, K6
Olefin N Coke

Fig. 2. Formalized kinetic scheme of hydrodesulfurization reactions* MDST -mercaptan, sulfide, disulfide,
thiophene; BT - benzothiophene; DBT - dibenzothiophene
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On the basis of thermodynamic parameters calculations a formalized kinetic scheme of
substances transformations had been created (Fig. 2.).

All sulfur-containing substances (including mercaptanes, sulfides, disulfides, thiophenes,
benzothiophene and dibenzothiophene) were joined together into separate groups (or “pseudo-
components”). Therule of isobaric-isothermal potential of hydrogenation was used. Additional
data on the role and kinetic parameters of saturated hydrocarbons, arenes and olefins in the
process of hydrogenation was gathered fromliterature [30-341,

3.2. Mathematical model

The basis of the developed mathematical model is built on the hydrotreating reaction of
individual groups of organic sulfur compounds such as sulfides, benzothiophene, dibenzo-
thiophene. Also, the model takes into account hydrogenolysis reaction products: saturated and
aromatic hydrocarbons.

The developed mathematical model based on the law of mass action and is a system of
differential equations, which reflect changes in the concentrations of the reactants. Thus, the
mathematical model performs a material balance calculation of sulfur compounds during hydro-
treating.

Table 4. Material and thermal balance

BERtde s e Differential equations

equations
ICmpsT dCwpsT
* g%. + =+ acﬂv = _Ai * I‘Vi
* BT-'—G* BT:—Aztl'Vz
Wy =k, CMDSTC;-/[ oz av
2 dCper dCper
W2 = kZCBTCI]I/Z G * + G * ﬂ'[f == _2‘1.3 * 11"’3
Ws; = ksCDBTCﬂ{/2 9Cshc 9Csnc
VV4 — k4CSHCCI1_/IZ G * az_ + G * a"[HT = Ai * n"?i + AE * I'FE - A.]_ * 11-"-4
_ aC ac
Ws = ksCaromCh, G 5‘;"‘ + G — IO A Wy + Ag x Wy — Ag = W5 — A7 + 1y
W6 - kGCOIeﬁns CIY[Z acﬂ]efins Iﬁ"!I-r'-{ﬂf_lf“ins
W7 == k7CArCI1‘/IZ G * az + G * a"[f = Aq_ * I'l'{‘_ - AE * 'I.1-"'E,
ac ac
G ;;“E +G+ ;;"E =Ag *We + 47 s Wy

(there: Arom — aromatic hydrocarbons)
Thermal balance

Initial conditions
Z=0;t=0
V=0;C,=Cy
T=T,

there: Z - the volume of total refined feed, m3; V - volume of catalyst, m®; ki — chemical
rate constant, h'; C; - the current concentration of the substance /i, mole/m?; v - the
stoichiometric ratio; A - relative catalyst activity towards certain route /; t — reaction time, h;
p — amount of pseudo-components; W, - chemical reaction rate on the route j; Qi - thermal
effect of chemical reaction on the route j, kJ/mole; G - feed flow rate, m*/h.

3.3. Experimental data

Experimental data was obtained both from laboratory equipment and industrial hydro-
treating unit monitoring database. The excerpt of laboratory datais shownin the Table 5
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Table 5. Laboratory experiment results:

in diesel fraction

initial and final concentrations of sulfur-containing compounds

Temperature, °C

Component Initial 340 360 380
Mass concentration, % mass. "10-3

MDST 218.00 17.46 17.52 14.74
C1-BT 35.00 1.87 1.72 2.07
C2-BT 200.00 12.47 12.70 15.16
C3-BT 351.00 21.95 22.34 22.90
(C4+C5)-BT 372.00 22.01 23.50 18.72
DBT 40.00 3.00 3.56 2.77
C1-DBT 87.00 7.05 9.52 6.49
C2-DBT 82.00 7.77 10.32 7.29
C3-DBT 19.00 4.72 4.72 3.87
Total sulphur 1404.00 98.30 105.93 94.01

The industrial data includes operational conditions for each day of unit operation. These
conditions include diesel fraction feed flow rate, initial sulfur content, pressure, temperature

of the feed and products, as shown in the Table 6.

Table 6. Excerpt from “LG-24/7" hydrodesulphurization unit's monitoring data

Density of

Sulphurin

Feed flow diesel diesel Initial Product Sulfur in

Date Day rate f . f - temperature, temperature, product,
m3/h raction raction, oC oC ppm

t/m?3 %m

26.01.2014 153 110.138 0.796 0.40 330.146 338.216 4.0
24.04.2014 241 115.339 0.798 0.38 325.107 332.149 11.0
12.05.2014 259 109.835 0.797 0.42 328.085 335.097 9.0
20.08.2014 359 100.073 0.798 0.50 341.712 349.556 2.0
02.02.2015 525 84.810 0.790 0.35 320.069 327.103 1.9
24.04.2015 606 90.853 0.791 0.30 313.942 319.845 12.0

Experimental data was used in the calculation of the rate constants (Table 6) for the
conversion of individual sulphur componentsin the industrial unit. The process of finding the
kinetic parameters was performed by comparing the calculated sulfur content with the expe-
rimental total yield of sulfurusing the method of least squares.

Table 7. Effective reaction rate constants and relative error based on laboratory experiment data, h!

Identified component 340°C 360°C 380°C Relative error, %
S 1.907 1.971 2.036 0.002
C1BT 2.191 2.153 2.114 0.006
C2BT 2.104 2.030 1.956 0.006
C3BT 2.094 2.080 2.065 0.006
(C4+C5)BT 2.140 2.201 2.262 0.007
DBT 1.877 1.907 1.937 0.007
C1DBT 1.907 1.938 1.969 0.006
C2DBT 1.761 1.786 1.810 0.006
C3DBT 0.968 1.043 1.118 0.007
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4. Results discussion
Table 8 shows the results of calculations used the developed model.

Table 8. Product temperatures and sulfur concentrations

Day Calculated sulfur in Calculated temperature of
product, ppm product, °C
153 4.0 341.4
241 11.9 336.2
259 9.4 339.8
359 2.1 354.8
525 2.0 327.5
606 11.1 320.6

Activity of the catalyst in the beginning and the end of examined period (3 years) of unit
functionality, linear functional relation between total productivity and the activity of the catalyst
are calculated and introduced in the mathematical model. Thus, the model takes the catalyst’s
activity loss into account. The regression functional equation (1) was formed to adequately predict
the catalyst activity due to coke formation after specified time period of hydrotreating unt
functioning:

A=0.1-107-Z + 0.8948 (1)

where: A - relative catalyst activity; Z - tons of refined feed.
5. Conclusion

General calculation of the main process parametersis satisfyingly accurate. Relative error
of ending temperature calculation does not exceed 1.5%. Thermal effect of the hydrotreating
process varies between 60-80 kl/mole. The results of the sulphur-containing compounds
material balance calculation with use of developed mathematical model are demonstrating
high accuracy in accordance tothe data which was obtained fromindustrial hydrotreating unit.
The relative difference between monitored and calculated total sulfur concentrations in hydro-
treated products does not exceed 4-8%.

HR-538 Al-Ni-Mo catalyst shows high activity with removal of sulfur up to 98-99%mass.
fromdiesel fraction when performing diesel hydrotreating. Chemical activity of sulfur-containing
compounds increases in the row from dibenzothiophenes, benzothiophenes to sulfides. Rate
of hydrotreating decreases when the number of alkyl substituents in BT and DBT homologues
is increasing, consequently, hydrogenation rate of DBT is much lower than that of BT.

The conclusions made based on calculated data. Thus, the catalyst’s activity loss by nearly
1/3 of its beginning activity is observed. This could be caused by imperfections in diesel fuel
fraction composition and in technological parameters at hydrotreating reactors of industrial unit.

Developed mathematical model allows making conclusions on initial reasons which influence
the overall process quality and helps in making a decisions in the questions of process optimization.

Acknowledgements

The research is carried out at National Research Tomsk Polytechnic University and within
the framework of National Research Tomsk Polytechnic University Competitiveness Enhan-
cement Programgrant.

References

[1] Kholod N, Evans M. Reducing black carbon emissions from diesel vehiclesin Russia: An asses-
sment and policy recommendations. Environ. Sci. Policy. 2016; 56: 1-8.

[2] Barla P, Gilbert-Gonthier M, Kuela JT. The demand for road diesel in Canada. Energy
Economics. 2014; 43: 316-322.

[3] Melikoglu M. Demand forecast for road transportation fuels including gasoline, diesel, LPG,
bioethanol and biodiesel for Turkey between 2013 and 2023. Renewable Energy. 2014; 64:
164-171.

Pet Coal (2018); 60(1)104-112
ISSN 1337-7027 an open access journal

110



Petroleum and Coal

[4] Grudanova Al, Gulyaeva LA, Krasil'nikova LA, Chernysheva EA. A catalyst for producing diesel
fuels with improved cold flow characteristics. Catal. Ind. 2016; 8(1): 40-47.

[5] Zhang M, Fan ], ChiK, Duan A, Zhao Z, Meng X, Zhang H. Synthesis, characterization, and
catalytic performance of NiMo catalysts supported on different crystal alumina materials in
the hydrodesulfurization of diesel. Fuel Process. Technol. 2017; 156: 446-453.

[6] Méndez FJ, Franco-Lépez OE., Bokhimi X, Solis-Casados DA., Escobar-Alarcon L, Klimova TE.
Dibenzothiophene hydrodesulfurization with NiMo and C oMo catalysts supported on niobium-
modified MCM-41. Appl. Catal., B. 2017; 219: 479-491.

[7] Liu H, Yin C, Li X, Chai Y, Li Y, Liu C. Effect of NiMo phases on the hydrodesulfurization
activities of dibenzothiophene. Catal. Today. 2017; 282(2): 222-229.

[8] PalmerE, PolcarS, Wong A. Cleandiesel hydrotreating. Design considerations for clean diesel
hydrotreating. Digital Refining. 2009.

[9] Mochida I, Choi K. An overview of hydrodesulfurization and hydrogenation, J. Jpn. Pet. Inst.

2004; 47(3): 145-163.

[10] Stanislaus A, Marafi A, Rana MS. Recent advances in the science and technology of ultra low
sulfur diesel (ULSD) production. Catal. Today. 2010; 153(1-2): 1-68.

[11] Schuit GCA, Gates BC, Chemistry and Engineering of Catalytic Hydrodesulphurization. AIChE
Journal. 1973; 19(3): 417-438.

[12] Marafi M, Stanislaus A, Furimsky E. Chapter 3 - Hydroprocessing Technology. Handbook of
Spent Hydroprocessing Catalysts, 2nd ed.; Elsevier, 2017; p. 27-66.

[13] Davudov D, Moghanloo RG. A systematic comparison of various upgrading techniques for
heavy oil. J. Pet. Sci. Eng. 2017; 156: 623-632.

[14] Fedyaeva ON, Vostrikov AA. The products of heavy sulfur-rich oil conversion in a counter
supercritical water flow and their desulfurization by ZnO nanoparticles. J. Supercrit. Fluids.
2016; 111: 121-128.

[15] Yin C., Lia H, Liu H, Zhao L, Bai Z, Wang Y, Zhang S, Liu C. Study on the formation,
determination, and removal of elemental sulfur in ultra-low sulfur gas oil. Fuel Process.
Technol. 2014; 120: 16-21.

[16] Schuman SC, Shalit H, Hydrodesulfurization. Catal. Rev. 1970; 4: 245-270.

[17] Control of Air Pollution From New Motor Vehicles: Heavy-Duty Engine and Vehicle Standards
and Highway Diesel Fuel Sulfur Control Requirements: Final Rule, in 40 CFR Parts. 2001.

[18] Rana MS, Samano V, Ancheyta ], Diaz JIA. A review of recent advances of hydroprocessing
of heavy oils and residua. Fuel. 2007; 86(9): 1216-1231.

[19] Belinskaya NS, Frantsina EV, Ivanchina ED, Popova NV, Belozertseva NE. Determination
of optimal temperature of catalytic dewaxing process for diesel fuel production. Pet. Coal.
2016; 58(7): 695-699.

[20] Frantsina EV, Belinskaya NS, Ivanchina ED. Intensification of the processes of dehydro-
genation and dewaxing of middle distillate fractions by redistribution of hydrogen between
the units. Korean J. Chem. Eng. 2018; 35(2): 337-347.

[21] Zagoruiko AN, Belyi AS, Smolikov MD, Noskov AS. Unsteady-state kinetic simulation of
naphtha reforming and coke combustion processes in the fixed and moving catalyst beds.
Catal. Today. 2014; 220-222: 168-177.

[22] Harwell L., Thakkar S, Polcar S, Palmer RE, Desai PH. Study outlines optimum ULSD
hydrotreater design. Oil Gas J. 2003; 101: 50-57.

[23] Krivtcova N, Tataurshikov A, Kotkova E. Modelling of the Kinetics of Sulfure Compounds in
Desulfurisation Processes Based on Industry Data of Plant. MATEC Web of Conferences. 2016;
85. Article number 01028.

[24] Krivtcova NI, Tataurshikov AA, Ivanchina ED, Krivitsov EB, Golovko AK. Calculation of the
Kinetic Parameters of the Hydrofining Process of Diesel Fraction Using Mathematical Modeling.
Procedia Eng. 2015; 113: 73-78.

[25] Krivtcova N, Baklashkina K, Sabiev Sh, Krivtsov E, Syskina A. Changing the composition of
the group hydrocarbons of diesel fractions in the process of hydrotreating. IOP Conference
Series: Earth and Environmental Science. 2016; 43(1). Article number 012061.

[26] Wang FC, Robbins WK, Di Sanzo FP, McElroy FC. Speciation of Sulfur-Containing Compounds
in Diesel by Comprehensive Two-Dimensional Gas Chromatography. J. Chromatogr. Sci.
2003; 41: 519-523.

[27] Luna N, Zelong L, Songbai T. Identification and Characterization of Sulfur Compounds in
Straight-Run Diesel Using Comprehensive Two-Dimensional GC Coupled with TOF MS. China
Pet. Process. Petrochem. Technol. 2014; 16(3): 10-18.

Pet Coal (2018); 60(1)104-112
ISSN 1337-7027 an open access journal

111



Petroleum and Coal

[28] Sun F, Wu W, Wu Z, Guo ], Wei Z, Yang Y, lJiang Z, Tian F, Li C. Dibenzothiophene
hydrodesulfurization activity and surface sites of silica-supported MoP, Ni2P, and Ni-Mo-P
catalysts. J. Catal. 2004; 228(2): 298-310.

[29] Ancheyta J. Modeling and Simulation of Catalytic Reactors for Petroleum Refining, John Wiley
& Sons, 2011; p. 528.

[30] Satterfield CN, Modell M, Wilkens JA. Simultaneous Catalytic Hydrodenitrogenation of Pyridine
and Hydrodesulfurization of Thiophene. Ind. Eng. Chem. Process Des. Dev. 1980; 19: 154-
160.

[31] Hou G, Klein MT, Molecular Modeling Of Gas Oil Hydrodesulfurization. Paper presented at 2nd
International Conference on Refinery Process Proceedings. AIChE, Houston, TX, 1999.

[32] Rodriguez MA, Ancheyta J. Modeling of hydrodesulfurization, hydrodenitrogenation, and the
hydrogenation of aromatics in a vacuum gas oil hydrotreater. Energy Fuels. 2004; 18: 789-
794.

[33] Korsten H, Hoffmann U. Three-phase reactor model for hydrotreating in pilot trickle-bed
reactors. AIChE J. 1996; 42(5): 1350-1357.

[34] Bhaskar M, Valavarasu G, Sairam B, Balaraman KS, Balu K. Three-phase reactor model to
simulate the performance of pilot-plant and industrial trickle-bed reactors sustaining
hydrotreating reactors. Ind. Eng. Chem. Res. 2004; 43: 6654-6669.

To whom correspondence should be addressed: Dr. Anton A. Tataurshchikov, Department of Fuel Engineering
and Chemical Cybernetics, Tomsk Polytechnic University, 30, Lenin Avenue, Tomsk, 6340, krivtcovani@mail. ru

Pet Coal (2018); 60(1)104-112
ISSN 1337-7027 an open access journal

112


mailto:krivtcovani@mail.ru



