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Abstract

In this article, I want to introduce new methods for calculating the hydrodesulfurization

process of diesel fuel.

Mathematical models for the interpretation of the feed stock and reaction rate constants for

multicomponent systems are considered. Taking into account these models, the operation of

industrial reactor blocks of hydrotreatment units is analyzed and new options for their pro-

spective implementation are presented. It has been shown that these options will make it

possible to reduce the amount of catalyst in the reactors.
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1. Introduction

Hydrotreating of diesel fuel is one of the
most large-scale catalytic processes in oil re-
fining. Mathematical modeling of this process
is complicated by its implementation in a
three-phase system: liquid feed stock, hydro-
gen-containing gas and bifunctional solid cat-
alysts that provide hemolytic and heterolytic
hydrogenation reactions of numerous organo-
sulfur compounds, which significantly com-
plicates the formation of mathematical mod-
els of the process [1-5]. In industry, hy-
drotreater process flowsheets are conserva-
tive in terms of the hardware of the reactor
plant and usually represent a complex of two
to four reactors operating in series. The re-
quired loading of the catalyst into the reac-
tors is proportional to the productivity of the
installation and increases extensively (several
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times) with an increase in the purification
depth. For Euro 5 vehicles, the sulfur content
is limited to 10 ppm, which is achieved by
increasing the contact time of the feed stock
with the catalyst in the hydrotreating reac-
tors.

The degree of activity of sulfur com-
pounds in hydrogenolysis reactions is differ-
ent and decreases in the following order: mer-
captans > sulfides > thiophenes > benzothi-
ophenes > dibenzothiophenes. At the same
time, the most difficultly hydrogenated com-
pounds of the thiophene series are concen-
trated mainly in heavy fractions boiling
above 330°C [6-9]. It is characteristic that
the quality and depth of diesel fuel hy-
drotreatment, the cleaning process as a
whole, is determined by the interaction with
hydrogen of a relatively small amount of
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hardly hydrogenated organic sulfur impuri-
ties, while easily hydrogenated components
have already undergone hydrogenolysis. In
this situation, the assessment of the compo-
sition of the initial purified diesel fuel by hy-
drogenated components, which is necessary
for mathematical modeling of the process, is
of particular importance [6, 7, 10, 11]. The
large number of these components, their dif-
ferent nature and reactivity complicate ade-
quate mathematical modeling and calcula-
tion of the reaction blocks of hydrotreatment
units.

2. Computational procedures and
programs

Since in this work we had solved the
problem of comparing different variants of
hydrotreatment reactor blocs from the point
of view of removing organosulfur impurities
under identical technological conditions, the
need for a complex hierarchical model of cat-
alytic hydrotreating was no longer needed.
Due to this, the operation of the reactor was
studied on the basis of the following assump-
tions:

e quasi-homogeneous reaction stream
within the reactor;

e constant velocities of local flow jets
and hydrodynamic model of ideal displace-
ment in the reactor;

e isothermicity of the process;

e stationary nature of the process;

e constant activity of the catalyst in
time T;

e the content of total organosulfur in
the feed stock or in its narrow fractions is
considered as an organosulfur pseudo-compo-
nent and its concentration in the stream is
determined by analysis for total sulfur;

e the rate constants of the hydrodesul-
furization reactions of the pseudo-compo-
nents are effective.

Under these assumptions, the mathemat-
ical model of a hydrotreating reactor, when
analyzing the process by N organosulfur

pseudo-components, takes the following form
of a system of equations:

dr = —k1Cs1n
dCs,
dt = —k;Cs,
, (1)
dCe;
—= = —kC;
dt
= —kyC
dt NUsn

where Csg; and k;j are the concentration of the
organosulfur component and the effective re-
action rate constant of the i pseudo-compo-
nent, respectively.

The numerical values of the concentra-
tion of organosulfur components in the hy-
drotreating feed stock and the effective rate
constants of the hydrodesulfurization reac-
tions were taken from independent literature
sources.

The mathematical model was calculated
by the Runge-Kutta method, and the calcu-
lation program made it possible to determine
the change in the concentration of pseudo-
components during the process, the residence
time of the reaction mixture in the reactor
until a given degree of purification of feed
stock was achieved, and the required volume
of catalyst in the reactor. The same assump-
tions were used when comparing different
configurations of reaction units. It is the spe-
cific features of the hydrodesulfurization
chemistry in these units that made it possible
to quickly compare them in terms of the ef-
fectiveness of the hydrotreating process using
a fairly simple calculation program instead of
complex programs that fully take into ac-
count the system of hierarchical modeling of
the catalytic process from the catalyst grain
to the reactor taking into account its place-
ment in the reaction unit scheme.

3. Results and discussion
3.1. Methods of characterizing hydrotreating
raw materials by the content of organosulfur

impurities
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The identification of an extremely com-
plete set of dozens of organosulfur compo-
nents in diesel fuel (figure 1a) and the devel-
opment of a database of numerous reaction
paths is practically impossible due to the
scale of the task, the high cost of the neces-
sary reagents, the complexity of analysis
methods, the need to use expensive precision
equipment to determine the concentration of
individual organosulfur impurities in frac-
tions in ppm [12, 13]. Instead, the total sulfur
content of the feed stock is often used in cal-
culations as characterize the raw materials.
In many cases, in the experimental study of
the hydrotreatment process, there was used
a feed stock model, in which dibenzothio-
phene was presented as the only generalizing
hydrogenated component instead of a set of
organosulfur impurities [14-17| (figure 1b).

Most  often,
grouping of organosulfur impurities of the

researchers consider the

same homologous series as a kind of condi-
tional pseudo-component (figure 1c¢) or two-
lump, three-lump, four-lump kinetic model

which
higher, high, low and lower reactivity por-
tions of feed stock [18-20], but they do not
take into account the fact that homologues

includes corresponding groups of

or groups with significantly different boiling
points also have different reactivity. In addi-
tion, in this situation, the selection of frac-
tions of various homologues from the hy-
drotreating feed stock is also very laborious.

In this regard, we propose to consider the
feed stock of the hydrotreatment process as a
set of several narrow fractions, in each of
which a set of organosulfur impurities is con-
sidered as a conditional pseudo-component
(figure 1d). Their content in the narrow frac-
tion is determined using the simplest and
most accessible analysis for total sulfur [21],
which makes it possible to significantly sim-
plify the constructed mathematical models
for a comparative analysis of various hy-
drotreatment schemes. Subsequent studies
have shown that it is most expedient to di-
vide the raw material into 16 or 8 equal nar-

row fractions.

Figure 1 — Models characterizing hydrotreating raw materials by the content of organosulfur

impurities: a — the totality of many different components with specific concentrations in a single raw

material; b — characterization of this set by a single analysis for total sulfur; ¢ — combination of

homologues as pseudo-components, for example, three; d — separation of raw materials into several

narrow fractions with analysis of each of them for the content of total sulfur, for example, three.

® O and A — homologues, e.g. disulfides, with successively increasing boiling points and decreasing

reactivity
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3.2 Reaction rate constant or kinetic
characteristic?

The development of an experiment to de-
termine the rate constants of hydrodesulfuri-
zation reactions for diesel fuel is very differ-
ent from classical experiments on monoreac-
tions. If one component enters into the reac-
tion, then according to the law of action of
the masses, at any time of contact of the re-
action mixture with the catalyst, the calcu-
lated value of the effective reaction rate con-
stant is constant. With the simultaneous
course of many reactions, the reactivity of
various components differs significantly from
each other. In this regard, at the beginning
of the process, with a short contact time, the
highly active components of the raw material
with a high value of the reaction rate con-
stants react intensively. At the end of the
process low-active components react slowly,
with a low value of the reaction rate con-
stant.

To calculate the effective reaction rate
constant k; ¢ kieffor a particular ™" compo-

nent of the reaction system (or pseudo-com-
ponent), it is necessary to take a sample and
determine the concentration of this compo-
nent in it at the time of contact of the reac-
tion mixture with the catalyst v and deter-
mine the amount of decrease in the concen-
tration of this component compared to the
initial C;, — C;;; then

Kir = —in (S0 (2)
Lef T Ci,'r .

The processing of a number of materials
for the calculated hydrotreating of model raw
materials and experiments on desulfurization
of real diesel fuel showed that the effective
reaction rate constants decrease as the reac-
tion depth increases, that is, the duration of
the hydrodesulfurization process. For exam-
ple, the performed processing of data [22| on

the study of the diesel fuel hydrotreating pro-
cess at the pilot plant (fraction 160-360 °C,
total sulfur content 1.17%), as well as two
fractions that make up this raw material
(light fraction 160-360 °C, total sulfur con-
tent 0.92% and heavy fraction 300-360 °C,
total sulfur content 1.47%), on a co-catalyst
showed (table 1) that for all three fractions,
the numerical values of the effective reaction
rate constants ker decrease 4-5 times with an
increase in the duration of the hydrotreating
process, expressed in conditional hours (<, h).

Thus, the analysis of the chemistry of hy-
drotreatment indicates that the hydrotreat-
ment process as a whole with the integral
method for determining sulfur should be
characterized not by essentially degenerate
effective reaction rate constants, but by var-
iable kinetic characteristics K, which
naturally change during the process. It can
be assumed that the kinetic characteristic
can also be used to describe other multi-reac-
tion systems, the patterns of which are deter-
mined as a result of the analysis of the group
composition.

Regularly, the kinetic characteristic
K(t)=f(t) reflects the observed change in the
effective rate constant of the reaction of a
complex multicomponent system as a whole.
Both for model systems and for real diesel
fuel K(t)=f(1) are qualitatively similar. The
form of the dependence of the reaction kinetic
characteristic K on the contact time of the
reaction mixture with the catalyst t is a char-
acteristic of a hyperbolic type function of the
form

k() = f(r) = M/(1 + N1), (3)
where N and M are empirical approximation
coefficients of the kinetic characteristic of the
experimental data set by values of the effec-
tive rate constants.
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Table 1 — Change in the values of sulfur concentrations at the exit from the reactor C

and the effective reaction time constants kef in the process of hydrotreating fractions

160-300°C, 160-360 °C and 300-360 °C

Tem- Fraction 160-300 °C | Fraction 160-360 °C | Fraction 300-360 °C
mho| per % | keb' | C% | kebh' | C % | kb
ture, °C

340 0.020 3.8 0.15 2.1 0.19 2.0
1 350 0.017 4.0 0.13 2.2 0.16 2.2
360 0.015 4.1 0.11 2.4 0.14 2.4
340 0.035 6.5 0.18 3.7 0.35 2.9
0.50 350 0.030 6.8 0.16 4.0 0.29 3.2
360 0.025 7.2 0.13 4.4 0.25 3.5
340 0.050 8.7 0.22 5.0 0.46 3.5
0.33 350 0.044 9.1 0.19 5.5 0.41 3.8
360 0.040 9.4 0.16 6.0 0.37 4.1
340 0.068 10.4 0.25 6.2 0.62 3.5
0.25 350 0.060 10.9 0.22 6.7 0.55 3.9
360 0.050 11.6 0.18 7.5 0.5 4.3
340 0.080 12.2 0.28 7.2 - —
0.20 350 0.071 12.8 0.25 7.7 — —
360 0.060 13.7 0.22 8.4 — —
340 0.095 13.6 0,30 8.2 — —
0.16 350 0.080 14.7 0.27 8.8 — —
360 0.070 15.5 0.25 93 — —
340 0.110 14.9 - - - —
0.14 350 0.097 15.7 — — — —
360 0.090 16.3 — — — —

Let us consider mathematical modelling
of the diesel hydrotreating process using the
concept of ‘kinetic characteristic’ and ex-
pressing the composition of feed stock by sul-
phur-organic impurities as the total sulphur
content Cs. For a steady-state process, the
simplest mathematical model of a hy-
drotreating reactor, assuming quasihomoge-
neous reaction and ideal displacement mode

for the flow, is expressed as

dcs M c WdCS 0
ATeona 14 NTeona ° dl ’

(3)

where W is flow rate, 1 is catalyst bed height
in the reactor.

The advantages of using kinetic charac-
teristics over the application of the only ones

IIpomwviuunermvie npouecco, v mexrnoso2uu. 2023

natural values of reaction rate constants in
mathematical modelling of hydrotreating ki-
netics of fractions 160-360 °C are clearly il-
lustrated in figure 2.

When calculating the kinetic curves for
complex multicomponent reaction systems
on the basis of effective rate constants, the
calculated concentration of the reactant in
the reaction mixture corresponds to reality
only in the vicinity of a kinetic time point, in
which the effective rate constant of the pro-
cess ket was determined earlier (for example,
the black points, which belong to curves 1-5
in figure 2), whereas the group of white
points, which belong to the kinetic response
(curve 6 in figure 2) covers the entire hy-
drotreating process and equation (4) is more
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informative than just a set of reaction rate
constants.
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Figure 2 — The change in the total sulfur con-
tent in the hydrogenate over time for hy-
drotreating diesel fuel fractions 180-360 °C, cal-
culated from the unit reaction rate constants de-
termined from experimental data [22] for reac-
tion time » 0.2 h (1), 0.25 h (2), 0.33 h (3), 0.5
h (4), 1.0 h (5), and with kinetic characteristic
(curve (6) and O).
® — experimental data on [22]

a)

Since the mathematical modeling of the
hydrotreating process using only the one re-
action rate constant leads to an incorrect
value of hydrotreating duration, this puts ad-
ditional requirements on the method of con-
ducting experiments. In order to increase the
accuracy of the kinetic dependence for-
mation, it is recommended to carry out at
least three experimental determination of the
kefr, Tespectively, for three positions of the t.
At the same time, it is recommended to work
in the area of sufficiently large values of <
Teong, although this significantly complicates
the experiment. So, when only 5-10 cm® of
the catalyst is loaded into the microreactor it
is difficult to ensure the supply of reagents
(raw material and hydrogen-containing gas)
in micro quantities (for example, with a vol-
ume ratio of raw materials/catalyst equal to
0.5 h™' and a reaction time of 2 hours, it is
necessary to ensure the consumption of diesel
fuel 2.5-5 cm’ per hour in the reactor while
guaranteeing the stationarity of the process).

Mathematical
drodesulfurization process based on kinetic
characteristics has been successfully applied

modeling of the hy-

to analyze this process on model systems and

real diesel fuels.

III
L

c)

Figure 3 — Concepts for reactor units of the process of hydrotreating of diesel fuel:

a — single-reactor system; b — block double-reactor with parallel the supply of raw materials;

¢ — double-reactor unit with a consistent supply of raw material.
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Table 2 — Results of mathematical modeling of various reaction units of diesel fuel hy-

drotreating plants for different systems (figure 3, a, b, ¢)

Concentra- Final concen- . . The volume of the catalyst
. i Duration of reaction, h : 3
tion of sulfur | tration of sul- in the system, m
in feed stock, | fur in purified
a b ¢ a b ¢
ppm fuel, ppm
6000 2000 0.550 0.550 0.550 68.8 68.8 68.8
6000 500 1.245 1.245 1.245 155.6 155.6 155.6
6000 350 1.420 1.420 1.420 177.5 177.5 177.5
6000 50 2.395 2.395 2.395 299.4 299.4 299.4
6000 10 3.199 3.199 3.199 400.0 400.0 400.0

3.3. Analysis of efficiency of indus-
trial reactor units of diesel fuel hy-
drotreating plants

The variety of types of layout for the re-
actor unit of hydrotreating plants (figure 3)
requires their comparison from the stand-
point of minimizing the loading of the cata-
lyst to obtain highquality diesel fuel. Since
the reactors are structurally the same in all
schemes, when solving the problem, it was
assumed that in the reactors, with the as-
sumptions made, the temperature and con-
centration profiles in the height of the cata-
lyst layer should be practically the same.

To compare different hydrotreating reac-
tor systems (figure 3), mathematical model-
ing of the hydrodesulfurization process of
250 m”/h of diesel fuel with a sulfur content
of 6000 ppm, the volumetric feed rate of feed-
stock 2 h™ and the accepted effective rate
constant of the hydrodesulfurization reaction
2 b was performed [12]. The efficiency of the
reaction system in ensuring the final concen-
tration of sulfur in purified diesel fuel from
500 to 10 ppm was estimated by the total
volume of the catalyst in the industrial reac-
tion systems. Calculations have shown (table
2) that the volume of the catalyst in a single
reactor and in a parallel and sequential reac-
tor system required to achieve a given resid-
ual sulfur concentration in diesel fuel is the
same and the configuration of the installation
technical

scheme is determined by

Hpomvrunernovie npovyecev, u mexnonsozuu. 2023. T. 3. M 3(10)

limitations. This conclusion is valid t also for
a four-reactor [23], as well as for a combined
parallel-serial circuit, allowing us to assume
that all actual industrial reactor units, re-
gardless of their configuration and number of
reactors, are equivalent to the operation of a
single big reactor.

3.4. Development of perspective
schemes of the reactor blocs of the die-
sel fuel hydrotreating unit

The representation of the model of hy-
drotreating raw materials in the form of sev-
eral narrow fractions (figure 1d) with differ-
ent boiling points and, accordingly, different
reactivity of the organosulfur components in-
cluded in these fractions made it possible to
consider differential hydrotreating, that is, to
purify not all raw materials, but some of its
parts separately [24].

The advantages of this approach to car-
rying out a diesel hydrotreating process can
be easily demonstrated by the following ex-
ample.

Assume that diesel fuel in the amount of
G=100 t/h goes to the hydrotreatment unit
for deep desulfurization. Let us consider two
options for treatment of this fuel to remove
organosulfur impurities from this fuel. First,
this feedstock can be desulfurized in the tra-
ditional way in one reactor. Second, the raw
materials can be preliminarily divided into
two fractions (distillate and residue) if there

is a reserve distillation column in the

v
v
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hydrotreating unit, and then these fractions
can be hydrogenated and purified from sulfur
individually in two reactors:

a) a light (low boiling) fraction in quan-
tity G = 80 t/h which contains sulfur-or-
ganic components easily fully hydrogenated
within 1 hour;

b) a heavy (high-boiling) fraction of
G = 20 t/h containing organosulfur compo-
nents which are difficult and slow to react
with hydrogen within 3 hours.

For deep hydrotreating of diesel fuel, the
required loading of the catalyst into the reac-
tors Grar can be calculated as

Gk'at — (3)

where GF — the feed of raw materials, t/h,
TR — the duration of the reaction, h.

GF - TR,

If all the feedstock was in contact with
the catalyst for 3 hours for complete removal
of both easily and slowly hydrated sulfur-or-
ganic components, the required loading of
catalyst in the reactor Giar will be equal to
300 tons (100 t/h, 3 h) (figure 2a). If we carry
out the hydrogenation of two fractions of feed
stock separately in two reactors, then we can

Cl  G=100th,t=3h
&\ G=80th.
t=1h
[ G=20 t/h, t=3h .

achieve the necessary loading of the catalyst
in the first reactor 80 t (80 t/h, - 1 h) and in
the second reactor — 60 t (20 t/h - 3 h) (fig-
ure 2b); that is the total loading of the cata-
lyst in two reactors of the reactor block will
make only 140 t instead of 300 t in one reac-
tor.

In mathematical modeling of hydrotreat-
ing process of diesel fuel pre-fractionated into
light and heavy broad fractions in separate
reactors, calculation of hydrodesulphuriza-
tion of several variants of model fuel as feed-
stock was performed. In each variant of cal-
culation, the distribution of sulfur-organic
components in each broad fraction at the
time of chemical process with achievement of
concentration of total sulfur at the outlet of
corresponding reactor being 10 ppm and nec-
essary volume of catalyst in each reactor and
as a whole in both reactors were determined.
The feed stock (fraction 180-360 °C) was di-
vided into 16, 8 or 4 narrow fractions, from
which wide fractions were formed. Eight vari-
ants of various (linear, non-linear and extreme)
non-distribution functions of sulfur over narrow
fractions were considered (figure 5).

Geo=300 t

8 s

1

G=80 t/h,

t=lht

T

G =80+60=140 t

wﬂh, w=3h

-

b

Figure 4 — Tlustration of the principle of differential hydrogenation of diesel fractions:

a — usual hydrotreating; b — differential hydrotreating
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Figure 5 — Options distribution of total sulfur by hydrotreating raw materials

(1-8 is the number of the raw material variant according to table 3)

Calculations showed (table 3) that in all
cases of mathematical modeling of the pro-
cess, the loading of the catalyst into two re-
actors during differential hydrotreating of
diesel fuel is much lower than during conven-
tional one. An increase in the number of nar-
row fractions increases the level of calculation
accuracy. Thus, there is such boundary of di-
vision of two fractions at which the hy-
drotreating process can be realized at mini-
mum catalyst loading in two reactors.

Since calculations have shown that the
hydrotreating is largely

o

efficiency  of

T

6 ViA )

L

a)

negatively affected by the overloading of the
reactor R-1 with heavy narrow fractions, and
the reactor R-2 with light narrow fractions
(figure 4), there is no doubt that it is expedi-
ent to combine a part of these fractions into
the third stream of the medium wide fraction
subjected to hydrotreating in a separate third
reactor R-3. This fraction can be obtained in
the distillation column of the hydrotreater
plant (figure 6) as a side stream. The reactor
R-3 becomes additional equipment of the

unit.

b)
Figure 6 — Basic technological schemes of reactor units: a — two-reactor; b — three-reactor.
Apparatuses: 1 — reactor R—1; 2 — reactor R—2; 3 — reactor R-3; 4 — separator; 5 — stabilizer,
6 — distillation column. Streams: I — raw materials; II — hydrogen-containing gas (HCG);
IIT — light fraction of raw materials; IV — heavy fraction of raw materials; V — medium fraction of
raw materials; VI — recirculate HCG; VII — hydrocarbon gas; VIII — purified diesel fuel
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Table 3 — Summary data on the dependence of the total volume of the loaded catalyst in

two reactors for different variants of the distribution of total sulfur in the feedstock

= 4 c% % o .The total vol.um_e of _the loaded catalyslt in two reactors, m3, With op-
eQ = S tions for the distribution of total sulfur in the feedstock according to fig-
§ § i% kS —i o ure 5
3,EE| E2it
sEEE| 2%l
ZERF| =& Z 1 2 3 4 5 6 7 8
1/2...16 252.4 | 247.0 | 375.8 184.6 | 331.8 | 332.0 | 514.0 434.6
1,2/3...16 239.9 | 239.8 | 358.6 181.4 | 318.8 | 319.0 | 488.8 414.6
1...3/4...16 227.3 | 2324 | 343.2 177.8 | 305.6 | 305.8 | 463.0 394.0
1..4/5...16 214.7 | 224.6 | 3244 174.2 | 292.2 | 292.2 | 437.2 373.0
1...5/6...16 202.0 | 216.6 | 310.6 170.4 | 278.8 | 278.6 | 411.2 351.8
1..6/7...16 189.4 | 208.4 | 2894 166.6 | 265.4 | 265.0 | 385.2 330.2
1...7/8...16 176.9 | 200.2 | 278.6 162.8 | 252.2 | 251.4 | 359.6 308.8
16 1...8/9...16 164.6 | 192.0 | 254.6 159.2 | 239.2 | 238.0 | 334.2 2874
1...9/10...16 152.8 | 184.0 | 249.0 156.0 | 226.8 | 225.0 | 309.8 266.4
1...10/11...16 1415 | 176.4 | 2214 153.6 | 215.2 | 212.8 | 286.6 246.6
1...11/12...16 131.5 | 170.0 | 226.0 | 152.4* | 205.2 | 202.0 | 265.8 228.6
1...12/13...16 123.5 | 165.0 | 194.6 153.2 | 198.0 | 193.8 | 2494 214.0
1...13/14...16 119.4 | 163.2 | 224.0 157.8 | 195.8 | 190.0 | 240.8 | 206.0
1...14/15, 16 123.5 | 168.0 | 192.4 16.0 203.4 | 196.0 | 249.4 212.2
1...15/16 149.5 | 188.0 | 3164 192.6 | 234.8 | 225.6 | 3024 256.0
1/2..8 268.9 | 335.6 | 535.6 332.2 | 413.0 | 402.4 | 545.8 470.2
1,2/3..8 239.9 | 307.6 | 477.8 304.2 | 373.8 | 364.8 | 487.2 421.8
1...3/4..8 211.1 | 279.0 | 420.4 276.2 | 334.8 | 326.6 | 428.2 3724
8 1..4/5..8 182.9 | 250.6 | 364.4 249.0 | 296.6 | 289.4 | 370.4 323.0
1..5/6...8 156.7 | 224.0 | 312.2 224.4 | 261.8 | 254.8 | 316.6 276.2
1...6/7..8 136.5 | 203.8 | 272.0 | 207.4 | 235.8 | 228.4 | 275.2 | 239.4
1...7/8 137.1 | 205.8 | 273.0 215.0 | 240.0 | 230.6 | 276.0 2384
1/2..4 263.7 | 399.0 | 525.2 414.8 | 459.6 | 443.4 | 533.8 466.4
4 1,2/3..4 199.9 | 314.8 | 3984 325.6 | 356.8 | 344.8 | 404.0 355.8
1...3/4 148.8 | 247.0 | 375.8 | 184.6 | 331.8 | 332.0 | 514.0 | 434.6

* The positions of the minimum loading of the catalyst are highlighted in bold; calculations of the
hydrotreating process and loading of the catalyst into the reactors were performed by V.A. Zhilina
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Figure 7 — Kinetics of hydrodesulfurization of pseudo-components contained in narrow fractions

forming reactor feedstock: a — R—1; b — R-3; ¢ — R-2 (NNF — number of narrow fraction, average

sulfur content in a wide fraction)

The kinetics of one of the variants of hy-
drodesulfurization of 16 pseudo-components
of the feedstock of the process divided into
three broad fractions is shown in figure 7.

Mathematical modeling of a three-reac-
tor scheme of a hydrotreating unit, all other
things being equal, showed that when a set
of narrow fractions forming a medium narrow
fraction sent to the reactor R-3 is formed, a
rather diverse variability of solutions appears
on the selection of temperature boundaries
for the beginning and end of boiling of the
middle fraction. It is characteristic that the
transition from a two-reactor to a three-reac-
tor hydrotreating scheme is accompanied by
an additional decrease in the total volume of
catalyst loading into the reactor unit due to
the elimination of the previously discussed
factors that negatively affect the operation of

the reactors R-1 and R-2 of the two-reactor
scheme.

When selecting the temperature limits of
the medium wide fraction, the adopted set of
narrow fractions provides a monotonic
change in the volume of the catalyst loaded
into the reactor R-3 (figure 5), while the cal-
culated volume of the total load in all three
reactors also has a minimum (figure 6), like
for a two-reactor scheme. However, if a two-
reactor unit has a single minimum of catalyst
loading, many local extrema of the minimum
type are formed when calculating a three-re-
actor unit, and when searching for a global
extremum, it is necessary to use a scanning
method with a sequential change in the range
of narrow fractions that form a wide medium
fraction for the new reactor R-3.

An additional feature of the variability of

the problems being solved for optimizing a
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three-reactor hydrotreatment scheme is the
possibility of not only minimizing the cata-
lyst load in a separate variant of the distri-
bution of narrow fractions of diesel fuel over
light, medium and heavy wide fractions, but
also selecting such a variant of the simulated
scheme, so that at a volume sufficiently close
to the global minimum for the total loading
of the catalyst, the scheme included close in
size volumes of catalyst in all three reactors
of the scheme, which makes it possible to de-
velop the designed reactors as identical
equipment.

Considering the required volume of load-
ing an expensive catalyst into the reactor
unit as an optimality criterion R, we can as-
sume that each calculation option allows us
to determine the local optimum, and their
comparison allows us to identify the global
optimum for solving the problem (table 4).

The three-reactor scheme, compared
with the two-reactor scheme, makes it possi-
ble to reduce the catalyst loading, depending
on the option of forming the medium wide
fraction, from 7 to 13% and bring the reduc-
tion in catalyst loading to 50% from the cur-
rently used "one-reactor" variant of diesel
fuel hydrotreatment.

It can be assumed that a further increase
in the number of hydrotreating reactors to
the limit of the number of narrow fractions
will lead to a further decrease in the required
catalyst load in the reactor unit, but this will
most likely be inefficient from an economic
standpoint due to an increase in the cost of
numerous non-standard equipment. For ex-
ample, with 16 narrow fractions and their dif-
ferential hydrogenation in 16 reactors, the re-
actor loading will vary from 2.3 m® in the first
reactor to 23.1 m® in the sixteenth reactor,
totaling 108.5 m?’, which is only on 2.8 m® less
that global optimum of 111.3 m®.

A feature of the process scheme of differ-
entiated hydrotreatment is the need for com-
puter control of the process of distribution of
wide fractions in reactors with a change in
the flow rate and composition of the feed-
stock.

Conclusion

It is proposed to consider the feedstock
of the hydrotreating process as a set of sev-
eral narrow fractions, in each of which the
aggregate of organosulfur impurities is con-
sidered as a conditional pseudo-component.
Its concentration in a narrow fraction is de-
termined using the simplest and most acces-
sible analysis for total sulfur. It is recom-
mended to present hydrotreating raw mate-
rials in the form of 16 or 8 identical narrow
fractions, and, accordingly, organosulfur im-
purities — as 16 or 8 pseudo-components.

A chemical process involving a large
number of simultaneous reactions, and, ac-
cordingly, many components or pseudo-com-
ponents with varying degrees of activity (for
example, hydrotreating diesel fuel) is more
convenient and more accurate to calculate
not by reaction rate constants, but on the ba-
sis of kinetic characteristics.

The kinetic characteristic is formed as a
continuously changing set of reaction rate
constants, which gradually decrease during
the time when the reaction mixture moves
through the catalyst layer in the reactor. The
maximum value of the kinetic characteristic
of the process K(t) corresponds to the value
of the rate constant of the hydrodesulfuriza-
tion reaction of the most easily hydrogenated
organosulfur component of the raw material.
The minimum value K(zt) corresponds to the
value of the rate constant of the most diffi-
cult-to-hydrogenate organosulfur component
of feed.

60 Hpomviunerrovie npouecco, u mexnosoeuu. 2023. T. 3. N 3(10)



Mathematical modeling of the process of hydrotreating diesel fuel from organosulfur impurities

Table 4 — Comparison of characteristics of one-, two- and three-reactor units of plants for

differentiated hydrotreatment of diesel fuel

3

Catalyst volume in reactor, m

Characteristics of reactor unit Reactors
R-1 | R-3 R-2
One-reactor unit (R= 231.7 m°)
Distribution of pseudo-components
. 3 1...16
Feedstock consumption, m”/h 100
Duration of contact of feedstock with cata- 931
lyst, h X
Catalyst volume in reactor, m’ 231.7
Optimal two-reactor unit (R= 134.2 m%)
Temperature limits of boiling of wide frac-
tions, °C 180-315 315-360
Distribution of pseudo-components 1...12 13...16
Feedstock consumption, m* /h 75 25
Duration of contact of feedstock with cata- 0.78 3.00
lyst, h 59.0 75.2
Catalyst volume in reactor, m®
Three-reactor unit
(option 1 — local optimum; R = 123.9m3)
Temperature limits of boiling of wide frac-
tions, °C 180-270 270-315 315-360
Distribution of pseudo-components 1...8 9...12 13...16
Feedstock consumption, m* /h 50 25 25
Duration of contact of feedstock with cata- 0.49 0.97 3.00
lyst, h 24.4 24.3 75.2
Catalyst volume in reactor, m®
Three-reactor unit
(option 2 — local optimum; R = 119.4m3)
Temperature limits of boiling of wide frac-
tions, °C 180-303.7 303.7-348.7 348.7-360
Distribution of pseudo-components 1..11 12...15 16
Feedstock consumption, m®/h 68.75 25 6.25
Duration of contact of feedstock with cata- 0.68 2.00 3.70
lyst, h 46.6 23.1 49.7
Catalyst volume in reactor, m®
Optimal three-reactor unit
(option 3 — global optimum; R = 111.3 m®)
Temperature limits of boiling of wide frac-
tions, °C 180-292.5 292.5-337.5 337.5-360
Distribution of pseudo-components 1...10 11...14 15...16
Feedstock consumption, m®/h 62.5 25 12.5
Duration of contact of feedstock with cata- 0.60 1.48 3.35
lyst, h 37.4 41.9 32.0
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It has been shown by mathematical mod-
eling that the reactor blocks of industrial die-
sel fuel hydrotreatment units are equivalent
to a single reactor, on the basis of which se-
ries or parallel reactor schemes with the same
total catalyst load are formed. Analysis of a
number of options for the hardware design of
the reactor blocks of the diesel hydrotreating
process showed that the only way to intensify
the process is a system of two or three sepa-
rately operating reactors with loading of
light, middle or heavy fractions of pre-frac-
tionated raw diesel fuel. Such a system pro-
vides the desired performance and quality of
diesel fuel purification from organosulfur im-
purities at a lower load of catalyst, while ac-
counting for 70 to 40% compared to other
traditional options. While maintaining the
loading of the catalyst into the reactors, this
scheme allows for a 1.5-2-fold increase the
productivity of the hydrotreating plant.
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MaTeMaTquCKoe MOOeJIMPOBaHUEe IIPOIIECCa THAPOOINCTKHA
JIM3eJILHOTO TOILIMBA OT CEPOOPraHUYCCKUX IIPUMecei

. * 1
H. A. CamoiiiosB ’

*Yhumerut 2ocydapemeennuil negmanot mexnuveckul ynusepcumem, Ypa, Poccus

Annoranua

B crarbe npecTaBiieHb HOBbIE METOIBI PACUYETa IIPOIECCa THAPOOOECCEPUBAHNUS TU3ETHHOTO
TOILJIVBA.

PaccMmorpenbl MaTeMaTudecKue MOIEIN [JIsi WHTEPIPETAINY KOHCTAHTHI CKOPOCTH MCXO/I-
HOI'O ChIPbS U PEAKIMI MHOIMOKOMIIOHEHTHBIX cucTeM. C y4eToM 3TUX MOJeIel IPOaHaIN31-
poBaHa paboTa IIPOMBIIILIEHHBIX PEAKTOPHBIX OJIOKOB yCTAHOBOK T'MIPOOYUCTKU M IIPEICTaB-
JIEHbI HOBBIE€ BapMAHTHI UX IIEPCIEKTUBHON peasm3anuu. Iloka3zaHo, 9TO 3TH BAPUAHTHI I03-
BOJISIT YMEHBIINTH KOJUIECTBO KATAJIN3aTOPa B PEAKTOPAX.

KuaroueBsble cjioBa

nsebHOE TOIIMBO, IMPOIECC TMAPOODECCePUBAHNUS, MATEMATHIECKOE MOJIEIUPOBAHUE, V-
3€JIbHOE ChIPbE, KOHCTAHTBI CKOPOCTH PEAKINiA, OJIOKU IMPOMBIIILIEHHBIX PEAKTOPOB.
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