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Abstract—The review presents an analysis of the scientific and technical level and tendencies in the develop-
ment of modern imported and Russian catalysts for the main hydroprocesses of oil refining—hydrocracking
of vacuum gas oil and hydrotreatment of various distillates (catcracked gasoline, diesel fuel, vacuum gas oil).
Forecasts were made on prospects for the industrial production and mass use of Russian catalysts for hydro-

Processes.
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INTRODUCTION

More than 90% of industrial oil refining technolo-
gies are based on catalytic processes. The catalysts of
oil refining is the second largest segment (29%) of the
world market of catalysts, estimated at $23.4—24.6 bil-
lion in 2014 [1]. According to data from various
sources, the market size varied from $5.4 billion in
2014 (Fig. 1a) [2] to $6.8 billion in 2015 [3] and 2017
[4]. The differences in the values and estimates of its
annual growth rates until 2020—2022 from 2.8 to 4.1%
may be explained by the difference in the types of pro-
cesses included in these calculations. The majority of
the most popular types of oil refining catalysts are pro-
duced by approximately 10 leading companies, with
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more than 50% of the market provided by BASF SE
(18.1%), WR Grace (7.0%), Johnson Matthey (5.9%),
Albemarle (9.3%), Haldor Topsee (3.0%), and Hon-
eywell (9.8%) [3].

The total demand of Russia for oil refining catalysts
in 2015 was ~80 thousand tons with growth prospect of
1.8% /year |3, 4]. The data on changes in the market of
catalysts for the main processes until 2022 are shown
in Fig. 1b [4].

The growing demand for motor fuels under condi-
tions of changing sources and quality of feedstocks and
stricter environmental requirements is provided with
the appearance of new processes and catalysts for deep
processing of vacuum gas oils (VGOs) and heavier
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Fig. 1. (a) World and (b) Russian markets of catalysts for the major oil refining processes for 2020—2022.
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Table 1. Composition of HC catalysts for the synthesis of various desired products [16]. The number of “+” signs corre-

sponds to the frequency of use of the given component

. Process Hydrogenating function Acid function
Desired product . :
configuration Pt,Pd | NiW | NiMo | zeolite | amorphous aluminosilicate | Al,O3
Gasoine One-stage + + ++
Two-stage ++ ++
Kerosene One-stage + ++ ++
Two-stage + + + + +
DE One-stage + ++ ++ +
Two-stage + + + +
Oils One-stage + + + + +

fractions and improvement of the existing ones. Cata-
Iytic cracking (CC) and hydrocracking (HC) are the
main processes developed specifically for this pur-
pose. Hydrotreating (HT) processes, consisting in the
removal of various impurities and compounds from
processed distillates, are designed to increase the ser-
vice life and efficiency of CC and HC catalysts and to
bring the quality of diesel or gasoline fractions to the
level determined by the environmental standards. That
is why the catalysts of CC, HC, and HT are dominant
on the world market in terms of both mass (71—78%)
and cost (69—80%) in any forecast [2]. The need for
these catalysts in Russia is also constantly growing
(Fig. 1b), and the growth rates for catalysts of HC and
HT are significantly higher than the average rates in
both absolute and value terms. However, the demand
for CC catalysts is satisfied by more than 50% due to
the Russian brands, while the share of imported cata-
lysts of hydroprocesses is 90—95%. In this review, we
analyzed the main characteristics and development
trends of modern catalysts for hydroprocesses, includ-
ing HT of various distillate fractions and the produc-
tion of low-freezing fuels and HC. The scientific and
technical level of research and development in this
area performed in Russia over the past 10 years was
evaluated, and prospects for providing oil refineries
with Russian catalysts were determined.

1. CATALYSTS OF HYDROCRACKING
OF VACUUM GAS OIL

1. 1. Main Factors Governing the Activity, Selectivity,
and Stability of Hydrocracking Catalysts

The catalysts used in the HC of VGO should have
two combined functions: hydrogenation—dehydroge-
nation and cracking. The first function is performed
by nanosized layered structures of molybdenum or
tungsten sulfides promoted by nickel sulfide [5, 6], or
noble metals (Pt, Pd) [7, 8]. Systems based on sup-
ported transition metal sulfides are most widely used
due to their high stability against sulfur and nitrogen
compounds contained in raw materials. Noble metals
have a higher hydrogenating activity, but these cata-

lysts are much more expensive and strongly poisoned
by any sulfur and organonitrogen compounds [9].
Therefore, their application is limited to the second
stage of hydrocracking.

The cracking function is performed by the acid sites
of the catalyst support, which contains alumina,
amorphous aluminosilicate [10, 11], and/or zeolite [8,
12, 13]. The choice of the composition of the support
depends on many factors: characteristics of feedstock,
process configuration, desired products, etc. The
presence of strong acid sites in zeolites promotes sec-
ondary cracking, which forms gasoline fraction hydro-
carbons and gases [9]. Dealumination of the zeolite
matrix, leading to a decrease in the number of acid
sites, an increase in the distance between them, and
formation of mesopores as a result of severe hydro-
thermal treatment, makes it possible to vary the selec-
tivity of hydrocracking from gasoline toward middle
distillates: kerosene and diesel fuel [14]. In this
respect, they approach amorphous aluminosilicates in
their characteristics. On the other hand, the lower
activity of catalysts based on amorphous aluminosili-
cates [5] requires higher temperatures of the process,
which leads to a decrease in the quality of the hydroc-
racking product and a decrease in the catalyst service
life [15]. Low-acid alumina catalysts are effective only in
mild hydrocracking, but can be used for hydroprocessing
of heavy oil residues. Table 1 shows the preferable combi-
nations of the two functions of the hydrocracking catalyst
for different variants of the process [16].

In industrial catalysts for HC of VGO, ultrastable Y
type zeolite is used [ 15—17], whose acid characteristics
and lattice parameter are controlled by thermal-vapor
and/or acid dealumination. Despite the great number
of publications on other types of zeolites as compo-
nents of hydrocracking catalysts (B, [IZM-2, ZSM-5,
ITQ-21, etc.), their large-scale use for the production
of industrial catalysts has not yet been confirmed.

The relationship between the cracking and hydro-
genation functions is an important parameter that
determines the activity, selectivity, and stability of HC
catalysts. Secondary cracking processes can occur on
catalysts with low relative contents of hydrogenating
CATALYSIS IN INDUSTRY  Vol. 13
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Table 2. Maximum yields of desired products on modern HC stacked-load catalyst configurations in a fixed bed [31, 32]

Processing conditions
Desired product Yield of desired product, wt %
T,°C feedstock consumption, h™!
One-stage HC*
Middle distillates/DF >410 0.7-1.0 75—80/40
<410 0.7-1.0 60—65
Two-stage HC
Naphtha (65—177°C) 365—380 1.5-2.0 65
Middle distillates 390—410 0.7-1.0 70—-80
Product flexibility
Naphtha/middle distillates — — 30—40/45-55
Middle distillates/naphtha - — 60—65/15-20

*Most probably, one-stage HC with recycling of the residue.

centers or at their low activity. As a result, light hydro-
carbons are formed, and coke is deposited on acid
sites, which leads to quick deactivation of catalysts. At
the same time, when the hydrogenating activity is
dominant, the cracking is suppressed, and isomeriza-
tion of hydrocarbons predominantly proceeds. This
relationship can be regulated by the distance between
the hydrogenation—dehydrogenation centers and acid
sites [18—22], the strength of centers, and their quan-
titative ratio [15, 23, 24].

In addition to the required chemical composition,

the catalyst supports should have textural characteris-
tics that provide:

—uniform distribution of the supported catalyti-
cally active components and their possibly smallest
particle size;

—good availability of active sites for high molecular
weight reagents; and

—facilitated diffusion of products, which mini-
mizes the secondary cracking and polycondensation
of aromatic compounds and (dehydro-)cyclization of
high molecular weight olefins, which ultimately lead
to the formation of coke and catalyst deactivation.

Minimization of polycondensations and (dehy-
dro-)cyclizations is especially important when pro-
cessing vacuum residues. For this purpose, hierarchi-
cal porous materials are used in the preparation of sup-
ports and catalysts, including zeolites, which have a
developed “transport” network of meso- [25—28]
and/or macropores [29, 30] in addition to micropores.

1.2. Industrial Catalysts of Hydrocracking
and Trends in their Development

Chevron Lummus Global (CLG)—Advanced
Refining Technologies (ART), Honeywell UOP,
Axens, Criterion Catalysts & Technologies, Haldor
Topsee A/S, and Sinopec Corporation are the world’s
leading manufacturers of HC catalysts. The compa-
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nies generally offer catalysts for all stages of HC,
including guard bed, pre-hydrotreatment of HC feed-
stock, and HC proper. In addition, for each desired
product (gasoline/kerosene, middle distillates, diesel
fuel (DF), base oils), its own brands of hydrocracking
catalysts are offered. New generations of catalysts,
characterized by higher selectivity and/or activity, are
introduced on the market every 5—10 years. This pro-
vides an increase in the yield of desired products
and/or lifetime of catalysts between regeneration
cycles, and processing of heavier feedstock becomes
possible. According to the data of [31, 32] (Table 2), in
single-stage HC on the best stacked-load catalyst con-
figurations based on amorphous aluminosilicates, the
yield reaches 75—80% for middle distillates and ~40%
for DF. However, because of the high process tem-
perature at the start of the cycle (>410°C), the catalyst
cycle length is very low. The addition of zeolites to the
support increases the activity of the catalyst layer, but the
yield value does not exceed 60—65% because of lower
selectivity.

In two-stage HC, the highly active stacked-load
catalyst configurations designed for obtaining the
maximum yield of the light gasoline fraction (Cs—C,
hydrocarbons) with a low octane number further sent
to reforming generally completely convert VGO at
space velocities of 1.5—2.0 h~! and temperatures of
365—380°C. The yield of the desired product is 65%.
On packages with a lower overall activity, the yield of
middle distillates, as in the case of single-stage HC,
does not exceed 70—80%. The products can be directly
used for the preparation of jet kerosene and qualified
DF with high cetane number and low contents of sul-
fur and aromatic compounds.

Some manufacturers also offer packages on which
it is possible to obtain products with different frac-
tional compositions depending on the process condi-
tions. Thus, when using the HC-140LT -catalyst
recently announced by UOP, in different modes the
dominant product can be naphtha (30—40 wt % yield
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Table 3. Catalytic characteristics of the KGK-2ST pilot catalyst (IC, SB RAS) and its industrial analogues in HC in the
mode of the second stage of the process (content in feedstock: S < 5 ppm, N =5 ppm) [32]

Characteristic KGK-2ST (IC, SB RAS) Analogue
VGO conversion 57.8 554
Product yield, wt %
Gas 2.0 2.3
Naphtha 9.3 8.0
Middle distillates (kerosene + DF) 46.6 45.3
HC residue 42.2 44.6

with 45—55 wt % middle distillates) or middle distil-
lates (60—65 wt % yield with 15—20 wt % naphtha)
[31]. The Criterion company offers a similar catalyst
(Zeolyst Z-FX10) [34]. As is known, highly aromatic
heavy naphtha or pure fuel products (diesel fuel CN-V
or its mixture with jet fuel) can be obtained on the FC-32
(SINOPEQC) catalyst with high selectivity. Stable oper-
ation of this catalyst during the processing of feed-
stocks of various compositions, including those with
high nitrogen contents, is possible due to the forma-
tion of an open system of pores with a wide size distri-
bution [31, 33]. The product flexibility provided by
this catalyst allows adaptation to quickly changing
market requirements without reactor reloading.

In the long term, the decrease in the demand for
DF in the United States and China, the ban on the use
of diesel cars in many cities, and the announced rejec-
tion of internal combustion engines in motor cars in
Europe can lead to a decrease in the demand for the
key products of HC [33]. In this case, those catalysts
will get advantage that provide for high yield of jet ker-
osene, heavy naphtha with high contents of aromatic
compounds used for the production of hydrocarbons
of the benzene—toluene—xylene (BTX) fraction, and
feedstock for high-quality oils. In particular, a signifi-
cant increase (by 6.7 million tons/year from 2018 to
2020) in the production of oils of the second and third
groups and an increase from 30 to 50% in their share
in the total volume are caused by more stringent
requirements for engine emissions and fuel efficiency.
The development of catalysts with stable and selective
work with feedstocks of various compositions is an
especially important challenge. The patent landscape
over the last 5 years given in [33] fully confirms the
observed trends in the development of research on HC
catalysts. The integration of HC with reforming in
order to obtain high-octane gasoline or the involve-
ment of HC products in petrochemical processing
(pyrolysis, production of BTX) at modern refineries
under construction has stimulated the development of
catalysts for these purposes by Chevron (ICR 214,
ICR 215) [35], Albemarle (KC 2715), Axens (Craken-
Flex series), Criterion (Z-863), and Haldor Topsee
(TK-971). One of the latest new-generation catalysts
HC-320 from UOP allows variation of the product
composition in the range from feedstock for ethylene

production by pyrolysis and jet fuel A-1/kerosene to
high-quality feedstock for base oils [33].

1.3. Studies and Development of HC Catalysts in Russia

At present, there is no industrial production of HC
catalysts in Russia. Several publications reported on
methods for the preparation of various zeolites used in
HC catalysts developed at Moscow State University
[36, 37] and the Institute of Petrochemistry and Cataly-
sis, Russian Academy of Sciences (Ufa) [38, 39]. System-
atic studies of HC catalysts and methods for their prepa-
ration are underway at the Institute of Catalysis, Siberian
Branch, Russian Academy of Sciences (Novosibirsk)
[32, 40—50] within the framework of the project for the
development of catalysts by Gazprom Neft.

Detailed studies of the effect of the micro-meso-
porous structure formed as a result of postsynthetic
treatment of zeolite Y [47, 48] and its acid characteris-
tics [46] on the composition of the products of hexadec-
ane and VGO HC on NiMo/Y-Al,O; catalysts were used
as the basis for the development of formulations for real
catalysts. The pilot samples of NiMo/Y-Al,O; catalysts
have catalytic characteristics comparable to those of
the industrial samples used under the single-pass
cracking conditions (Fig. 2). The developed hydroc-
racking catalyst for the second stage of the process is
also comparable in activity and selectivity to its mod-
ern industrial analogue (Table 3) [32]. The character-
istics estimated based on the results for the two-stage
HC with recycling allow us to predict the yield of mid-
dle distillates (up to 80 wt %) with minimal (2—3 wt %)
gas generation.

The technological capabilities for industrial pro-
duction of ~3,000 tons of HC catalysts capable of sat-
isfying the demand of nine existing VGO HC units
(total feed capacity is ~14 million tons) and 17 units
under construction (35 million tons/year) for HC in a
fixed bed are available at Novokuibyshevsk Catalyst
Plant (owned by NK Rosneft) and the catalyst pro-
duction plant currently constructed by Gazprom Neft
(Omsk). This makes it possible to predict the indus-
trial application of domestic catalysts for the next five
years.

CATALYSIS IN INDUSTRY  Vol. 13
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Fig. 2. (a) Conversion of VGO and (b) yield of middle distillates (M Ds) per pass on the pilot stacked-load catalyst configuration of IC
SB RAS and industrial imported catalysts (analogues 1—3). 390—410°C, 16.0 MPa, H,/feed = 1500 normal L/L, 0.7—1.0 h! (per
catalyst package). Feedstock: a mixture of straight-run VGO and heavy coker gas oil (5= 0.85wt %, N =0.19 wt %) [32].

2. HYDROTREATMENT CATALYSTS
FOR VARIOUS FRACTIONS
OF HYDROCARBON FEEDSTOCK

The constant toughening of requirements for the
contents of harmful and undesirable impurities in fuel
and engine emissions (primarily sulfur, aromatic
hydrocarbons, olefins, nitrogen oxides) in countries
with the highest gasoline and diesel fuel consumption
dictates the development of hydrotreatment (HT) of
various hydrocarbon fractions over the last 10 years.

2.1 Catalysts for Hydrotreatment of Gasoline Fractions

2.1.1. Main trends in the development of HT cata-
lysts of for catcracked gasolines (CCGs). In motor gas-
olines, the main source of sulfur (=95% and more) are

CATALYSIS IN INDUSTRY  Vol. 13

No.2 2021

gasolines obtained during catcracking. The concentra-
tion and type of sulfur-containing compounds in
CCGs depend on the feedstock and the presence or
absence of hydrotreatment step for CC feedstock at
the oil refinery. The research octane number (RON)
of CCGs at the level of 92—93 is provided by olefins
that concentrate in light fractions, and its decrease
during HT should be minimised. The CCG is also
characterized by significant (several wt %) content of
diene compounds. Their polymerization under HT
conditions leads to increased pressure drop and
decreased catalyst activity.

To achieve the required level of sulfur in motor gas-
oline (10 ppm), the conversion of sulfur-containing
compounds in CCG should generally exceed 98%. In
accordance with the peculiarities of its composition,
the overwhelming majority of industrial processes that
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Table 4. Main industrial technologies for HT of CCG [51—-55]

PINAEVA et al.

Number of units/volume of feedstock
Decrease or market share
HT strategy Technology (company) in ON, units
World Russia
Prime G + (Axens/IFP) 1-2 >190/50% 6/~6.5 min t/year
Prime G + (Axens/IFP)+ OATS™(BP) 0-2 3/— -
SCANfining II (ExxonMobil) 5 —
— 43/68 min t/year
SCANfining I + Zeromer 1.5 —
Selective HT Select-Fining (UOP) 2.5 19/— -
RSDS-II (RIPP/Sinopec) 1.8-2.1
- 19/9.3 min t/year —
RSDS-III ((RIPP/Sinopec) 1.0
HOT™ (Haldor Topsoe) <4 No data -
CDHydro + CDHDS (CB&I) ~0.4—0.5% 40/— 2/—
Nonselective HT (deep |Octgain (Exxon Mobil) 2.5-3.0 2/— —
HT, compensation of the
decrease in ON by isom- |[SAL (UOP, INTEVEP (PDVSA)) No data 5/— —
erization or HC)

*At 100 ppm sulfur in the feedstock.

afford products with less than 20 ppm sulfur at a min-
imum decrease in ON (Table 4) [51—55] use a selective
HT strategy and work according to the schemes
including:

—preliminary hydrogenation of diene hydrocar-
bons under mild conditions on a Pd(Ni)/support cat-
alyst; and

—separation of CCG into light/heavy or light/
medium/heavy fractions and separate purification of
the obtained fractions.

For desulfurization of the light fraction (7, <
70°C), the industry often uses extraction, in particu-
lar, the well-known alkaline purification methods
with conversion of mercaptans into disulfides (Merox
and Minalk processes at UOP (United States) or Sul-
frex, Sweet’nK, and Sweet’nG at Axens (France)), as
well as oxidative processes that do not affect the olefin
content. Attempts to use ionic liquids based on
alkylimidazole cations and various anions (hexafluo-
rophosphate, tetrafluoroborate, ethyl sulfate, octyl
sulfate, diethyl sulfate, etc.) for selective removal of
various higher-boiling thiophene derivatives, which
are very difficult to remove from CCG, have failed.
This is explained by the insufficient efficiency of
extraction of thiophenes and easy decomposition of
many ionic liquids in the presence of moisture, lead-
ing to a release of HF and other halogen-containing
wastes, and also by their high cost.

Therefore, selective hydrogenation of higher-boil-
ing thiophenes is performed on Co-Mo/Al,O; sys-
tems; hydrogenation of the most stable sulfur-con-

taining compounds is performed under conditions
with H, deficiency on Co(Ni)-Mo/Al,O; catalysts.

The main problem with the use of Co—Mo/Al,O,
catalysts is that olefins are also hydrogenated on the
coordinatively unsaturated Mo sites that are active in
the hydrogenolysis of the sulfur-containing compo-
nents of feedstock. Numerous studies showed that in
catalysts that are optimum from the viewpoint of the
activity : selectivity ratio, the particles of the active
CoMoS phase are characterized by a Co : Mo molar ratio
of 0.3, the stacking degree of MoS, is =2, and the average
length of slab is 3 or 4 nm [16, 56, 57]. The active com-
ponent particles having uniform composition and
required morphology and interacting with the support
to a minimum extent are usually obtained by impreg-
nation with solutions containing precursors of active
metals in the presence of chelating agents. The acid-
base properties of the support, which determine the
stability of the catalyst against coke formation, in turn,
also affect the characteristics of the active component.
They are most often varied by addition of MgO, vari-
ous hydrotalcite-like compounds, aluminosilicates,
alkali metals, P, and B [16].

All the suppliers of HT technologies generally offer
their own highly selective Co(Ni)Mo/Al,O; catalysts.
Axens (Prime G+ process) developed catalysts of the
composition Co—Mo/Al,O; with a specific surface
area of 150—300 m?/g (HR 806, HR 846) and Ni—
Mo/Al, O, with a surface area of 50—150 m?/g (HR 841).
ExxonMobil uses Albemarle’s RT-225™ and RT-235™
catalysts with an MCM-41 type support based on alu-
minosilicates with low acidity and ordered meso-
CATALYSIS IN INDUSTRY  Vol. 13
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porous structure in its and

ZEROMER processes.

In recent years, progress in solving the problem of
decreased CCG octane number has been achieved
mainly due to the removal of mercaptans from the
fraction with 7, < 100—130°C by converting them into
higher boiling sulfur-containing compounds by reac-
tions with (di-)olefins simultaneously with or imme-
diately after hydrogenation of dienes. This allows the
fractionation temperature between the light and mid-
dle CCG fractions to be shifted to higher values, thus
minimizing the hydrogenation of olefins. On the Axens
HR 845 catalysts with a proposed composition of
Ni-Mo/Al,O;, some part of mercaptans are converted
into higher-boiling thiophenes as a result of the reac-
tion with (di-)olefins [58, 59]. Mercaptans and thio-
phenes are alkylated with C;,—C 5 olefins in the absence
of H, within the framework of the Prime G+ (Axens)
and OATS™ (BP) joint technology on the TA801 cat-
alyst based on ion-exchange resins. The resulting
high-boiling (7, > 200°C) alkyl-(benzo)thiophenes
are concentrated in the heavy fraction of naphtha [58, 60].
As a result of the use of these catalysts, the decrease in
the CCG octane number after HT does not exceed
2 units. Simultaneously with hydrogenation of dienes,
the TK-703™ catalyst (Haldor Topsoe) converts light
mercaptans into heavy high-boiling sulfides, which
are separated from gasoline by fractionation [61, 62].
It cannot be ruled out that the insignificant (=1 unit)
decrease of ON in the hydrotreated CCG after the
RSDS-III process (Sinopec) related to optimization
of fractionation conditions, which makes it possible a
significant part of olefins to get into the light naphtha
fraction [63], is also achieved using such catalysts.

2.1.2. Research and development of CCG hydrotreat-
ment in Russia. The annual demand of Russian refineries
for CCG hydrotreatment was ~130 t/year in 2017,
including more than 77 t/year for the Prime G+ pro-
cess. For 2020 and beyond, the demand for Axens cat-
alysts will increase to 143 t/year as units are commis-
sioned at the Angarsk Petrochemical Complex and
Ryazan Refinery (Prime G+ process). At present,
there is no industrial production of Russian brands.

Currently, several groups are engaged in the devel-
opment of the CCG hydrotreatment catalysts. The
most active studies are underway at Samara State
Technical University on the effect of the composition
and morphology of the CoMo phase and preparation
procedures on the catalyst activity and selectivity used in
conventional processes [64—69]. This research group
patented CoMo/y,0-Al,0; modified with K and P(B)
[70, 71] and (Ni—Fe)W/Al,O; [72] catalysts, and a
method for their activation [73]. An increase in the
selectivity of the CoMo/Yy,5-Al,05 catalysts (at close
extents of feedstock desulfurization, ON decreases by
2 units instead of 4.5) is achieved due to the predomi-
nant suppression of the hydrogenating activity when
using K,MoS, as an additives containing both the

SCANfining II
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modifier (K) and the active metal (Mo). To form sites
not affected by the modifier, on which hydrodesulfur-
ization predominantly proceed, a Co—Mo bimetallic
complex and stabilizing organic modifier are used.

In 2019, the Rosneft company patented diolefin
hydrogenation catalysts consisting of a highly porous
cellular material with a grafted y-Al,O; layer on which
bimetallic Co(Ni)Mo complexes are deposited [74].
There is no information on the production and use of
Russian CCG hydrotreatment in open sources.

At the Boreskov Institute of Catalysis, CoMo/ASA—
Al,O; systems (ASA is amorphous silica—alumina)
were proposed for use as promising catalysts for
hydrotreatment of the entire CCG flow without sepa-
ration into fractions. The high efficiency of hydroge-
nolysis of sulfur-containing compounds and isomeri-
zation of linear terminal olefins on such systems makes
it possible to achieve the required sulfur content in the
product (Fig. 3) [75, 76]. The addition of Mg, espe-
cially at the stage of support formation, leads to the
formation of finely dispersed particles of the active
component with the maximum number of layers in the
package. This significantly increases the degree of
desulfurization and further reduces the decrease in
ON as a result of a decrease in the rate of hydrogena-
tion of olefins [77]. The authors patented this catalyst,
a method for its preparation, and a method for per-
forming the process using this catalyst [78—80]. The
process parameters using this catalyst provide HT of
CCG to residual sulfur of less than 10 ppm with mini-
mum reconstruction of the currently available equip-
ment at Russian refineries [75].

Process capabilities for the industrial production of
such catalysts are available both at the operating cata-
lyst plants and the catalyst plant under construction at
Gazpromneft (Omsk).

2.2. Diesel Fuel Hydrotreatment Catalysts

2.2.1. Main requirements and development trends
for diesel fuel hydrotreatment catalysts. The main
trends in the development of DF purification pro-
cesses and catalysts over the past 10 years were deter-
mined by:

—the sharp increase in the market demand for DF,
including winter and arctic brands, which is over 30%
of its total consumption in Russia;

—stricter requirements for the contents of sulfur in
DF (<10 ppm in EURO-5, -6); polycyclic aromatic
hydrocarbons (PAHs) (<11 wt % for Euro-5 and <8 wt %
for Euro-6); and nitrogen oxides in vehicle emission
(<0.18 g/km for Euro 5 and <0.08 g/km for Euro 6);

—constant increase in the amount of secondary
distillates involved in the processing, such as cat-
cracked light gas oils (CCLGs) and light coker gas oils
(LCGOs) characterized by increased contents of
alkyl-substituted thiophenes, which are difficult to
convert; nitrogen-containing heterocyclic com-
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Fig. 3. Reduction of RON after HT of CCG on a commer-
cial catalyst (CoMo/Al) and the catalyst developed at
Boreskov Institute of Catalysis (GO-FCC) [75].

pounds; and PAHs; and by lower cetane numbers
(CNs) than for straight-run fractions.

In the early 2000s, all major licensors of HT pro-
cesses/catalysts (Haldor Topsge, Grace, Axens, UOP)
performed studies on the use of various sorbents (includ-
ing ionic liquids) for selective extraction/adsorption of
polar nitrogen-containing compounds from gas oil
fractions, which could protect basic HT catalysts,
especially in the case of processing heavier feedstock
and feedstock with secondary distillates. However, this
method has not become widespread because of signif-
icant loss of hydrocarbons due to low selectivity of
adsorption and the unresolved problem of regenera-
tion of sorbents and extractants.

Accordingly, the characteristics of modern diesel
fuel hydrotreatment catalysts should provide increased
activity in denitrogenation and hydrogenation of aro-
matic and unsaturated hydrocarbons in addition to
desulfurization reactions. Therefore, the industry uses
both conventional CoMo/Al,O; catalysts of hydroge-
nolysis and systems based on NiMo with HT predom-
inantly occurring via preliminary hydrogenation of
aromatic compounds depending on the composition
of feedstock. With high interdependence of all reac-
tion rates and different routes of purification reactions
from S and N on the Co(Ni)-Mo active component
[81], however, it is rather problematic to combine all
the necessary functions in one catalyst. Therefore, to
obtain DF with the required characteristics, many
companies suggest stacked-load catalyst configurations.
The choice of catalysts for each reactor zone (or each
reactor) and their ratio are based on clear understanding
of the reactivities of various sulfur- and nitrogen-con-
taining feedstocks [81—84]. Accordingly, companies usu-
ally offer different catalysts characterized by the maxi-
mum activity in each of the target reactions. A separate
group is dewaxing catalysts required to obtain low
freezing fuels.

PINAEVA et al.

Modern diesel fuel deep hydrotreatment catalysts
from the leading manufacturers on the market including
Albemarle (STARS series), Criterion (Centinel/Centinel
Gold, Ascent/AscentPlus, Centera), and Haldor Topsae
(BRIM/HyBRIM series) are characterized by [81, 85—
94]:

—close chemical compositions of the active com-
ponent (10—15% Mo, 3—4% Co or Ni), which forms
completely sulfidized Co(INi)—Mo—S phases of types 11
and III;

—the use of y-Al,O; modified with B or P as a
support;

—uniform particle distribution of the Co(Ni)—
Mo—S phase of the required shape, size, and crystal
morphology (the average length is no more than 5 nm;
no more than 2.5 layers) over the support surface;

—specific surface area of 150—200 m?/g with an
average pore diameter of 8—11 nm and total pore vol-
ume of at least 0.35 cm?/g.

Further increase in the catalyst activity is consid-
ered by manufacturers to be associated with:

—an increase in dispersion of particles of the sul-
fide active component,

—optimization of the texture and acid-base char-
acteristics of the support,

—an increase in the coating “density” of the active
component.

According to the data of Criterion, a sequential
decrease in the length of sulfide particles from 4—4.5
nm (Centinel, Acsent series) to 3—3.5 nm (Centinel
Gold, Acsent Plus series) and ultimately to 2.5—3.5
nm (Centera) resulted in a decrease in the starting
temperature of HT by 10°C and a twofold increase in
the catalyst cycle length [90, 95]. Haldor Topsge noted
the importance of further reducing the number of lay-
ers in a stack of active particles [96]. Regarding an
increase in the coating density, Albemarle implies the
deposition of a larger amount of the active component
with the required particle size of Co(Ni)MoS (KF770,
KF772, KF880), including the use of Nebula and
Celestia bulk NiMo catalysts [97, 98] (Fig. 4a) charac-
terized by the maximum activity in all target reactions
(Fig. 4b). Studies on optimization of support texture
are aimed at obtaining a monomodal pore structure
with a narrow size distribution determined by the size
of the largest molecules of the feedstock and by the
requirements to minimization of accumulation of car-
bon deposits.

2.2.2. Level of production for the diesel fuel hydro-
treatment catalysts in Russia. The demand for DF HT
catalysts in 2015 in Russia was ~2000 t/year with 40%
growth prospects by 2020. Of these, the volume of
grades that can be used for HT of feedstocks with a
heavy composition and/or with addition of secondary
distillates (primarily, CCLGs and LCGOs) can
amount to 1100 t/year. Imported catalysts were used at
all HT units until 2019. In 2018, the Ht-100RN cata-
CATALYSIS IN INDUSTRY  Vol. 13
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lyst developed at the Joint Research and Development
Center of Rosneft oil company (RN-TsIR) was suc-
cessfully tested in a pilot reactor and then in an indus-
trial reactor at Bashneft-Ufaneftekhim; the catalyst
provides the production of diesel fuel of Euro-5 stan-
dard even when using up to 40% of components of sec-
ondary origin in HT. The Russian-made -catalyst
enables stable work at temperatures 5—10 degrees
lower than its imported analogues and is characterized
by longer (two to three times) run duration. Its indus-
trial batch was produced at AZKiOS [99—101]. As the
available capacities of RN-Kat for the production of
hydrotreatment catalysts amount to 4 thousand t/year,
Rosneft is ready to start export deliveries in 2020 [100].
Gazpromneft is creating new production of HT cata-
lysts with a capacity of 4 thousand t/year. It will use
the developments of the Boreskov Institute of Cataly-
sis, Siberian Branch, Russian Academy of Sciences.
The catalysts for HT of middle distillates make it possible
to obtain a product fully complying with the Euro-5 stan-
dard and have successfully passed industrial tests at Gaz-
promneft-Omsk Refinery.
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2.2.3. Catalysts for the production of winter/arctic
fuel. Today winter/arctic diesel fuel is obtained by cat-
alytic dewaxing of previously hydrotreated feedstock.
There are two variants of dewaxing, which are based
on mild hydrocracking of heavy and resinous paraffins
or hydroisomerization of normal paraffins to obtain
iso-paraffins. Hydroisomerization allows higher yields
of the desired product (DF) without any significant
decrease in its CN (Tables 5 and 6) [102, 103]. The use
of catalysts operating under the mild HC principle
may be recommended when processing feedstocks
with increased end boiling points. In addition, due to
their higher resistance to the presence of sulfur and
nitrogen in the feedstock, they can be introduced at
the inlet or in the middle zone of the HT reactor,
which facilitates the HT and allows variation of prod-
uct composition over a wide range.

Both reactions proceed on bifunctional catalysts
containing hydrogenating metals (Ni, Pt, Pd) sup-
ported on the acid component—medium-pore zeolite
(ZSM-22, ZSM-23) or silicoaluminophosphates
(SAPO-11, SAPO-41, SAPO -31) with a one-dimen-
sional pore system available mainly for normal paraf-
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Table 5. Composition of the final products of catalytic dewaxing on the Criterion catalysts working based on different prin-

ciples at 20°C cloud point improvement [102]

Yield (fractions)

C,—C,
From C; to the fraction with 7}, = 177°C (naphtha)

Diesel fraction
Total

wt %
Mild hydrocracking (SDD-800)| Hydroisomerization (SDD-821)
4.3 0.2
9.2 5.9
86.7 94.5
100.2 100.6

Table 6. Product composition for the summer and winter (with the MIDWT™ catalyst of HT (ExxonMobil) modes of oper-

ation of the HT unit [103]

S, ppm CN T cloud, °C Yield of naphtha, vol %
Summer mode
Feedstock 2500 49.5 —10
Product 1.6 52.2 —10 3.3
Difference, units 2.7 0
Winter mode
Feedstock 4800 48.6 -8
Product 0.5 51.2 =27 6.9
Difference, units 2.6 —19

fins. To further increase their selectivity with respect
to normal and weakly branched molecules, chemical
passivation or modification of acid sites located on the
outer surface of pores/channels and support particles
is often performed [104]. The predominant occur-
rence of mild hydrocracking or hydroisomerizations in
these catalysts is determined by the ratio between their
hydrogenating and acidic characteristics.

The main manufacturers of hydroisomerization
catalysts on the market are Albemarle and Criterion.
The Albemarle’s MIDW™ catalysts based on
Ni(Co)—W(Mo) or Pt(Pd) supported on beta zeolite
with modulus 30 and higher are used in the Unionfin-
ing (UOP) [105] and HDT/MIDW processes (Exxon
Mobil) [103, 106, 107]. The SDD-821 (Criterion) cat-
alysts with a composition Pt(Pd)/zeolite [104] are
used in Shell’s Catalytic Dewaxing technology. In
recent years, these catalysts appeared in SCCorp
(South Korea) and Haldor Topsee (TK-920 D-wax™,
TK-930 D-wax™) [108]. The catalysts operating under
the selective mild HC principle are produced by Topsoe
(TK-928, TK-932 for the HDS/DW process), Criterion
(SDD-800; Catalytic Dewaxing technology, Shell), and
Clariant (HYDEX-G, for Axens processes).

The demand for dewaxing catalysts in 2015 in Rus-
sia was estimated at ~100 t/year, and the imported
selective cracking catalysts SDD-800 and Hydex-G
were used in the overwhelming majority of cases. They
drove the SGK-1 and SGK-5 dewaxing catalysts from
the market, which were developed at VNIINP [109]

due to their higher activity, stability, and the yield of
the diesel fraction. In recent years, publications have
appeared on the development of hydroisomerization
catalysts based on Pt(Pd)/ZSM-23/Al,0; at IC SB
RAS [110, 111] and VNIINP [112]. An analysis of the
patents of Rosneft [113, 114] and Gazpromneft—
ONPZ [115] showed that one of the main components
(up to 60 wt %) of these catalysts are also zeolites with
a one-dimensional pore system (ZSM-23 or ZSM-12),
whose production in Russia is absent. It is logical to
believe that the appearance of hydroisomerization cat-
alysts on the market in the near future will become
possible only after the launch of industrial production
of zeolites and silicoaluminophosphates of the
required types in Russia.

2.3. Catalysts for HT of Vacuum Gas Oils (VGOs)

VGO and heavy VGO, as well as their mixtures
with heavy coker gas oils and asphalt-free-oil, which
serve as the main feedstock for CC and HC processes,
are characterized by higher contents of high-boiling
organic compounds of S and N and PAHs compared
to those in atmospheric gas oils. These distillates also
contain metals (mainly Ni and V), which are part of
porphyrin structures that form aggregates with resins
and asphaltenes, as well as Fe, Si, As, and Na. A
decrease in the contents of N, PAHs, and above-men-
tioned impurities in feedstock supplied for further pro-
cessing increases the activity and slows down the deac-
tivation of the CC and HT catalysts. In CC, the
CATALYSIS IN INDUSTRY  Vol. 13
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involvement of unhydrotreated VGO in the processing
leads to a significant decrease in the yield of CCG and
an increase in the content of hard-to-remove sulfur in
it. A decrease in the content of basic nitrogen-con-
taining compounds and PAHs is especially important
if the resulting CCLG is then used for purification in a
mixture with straight-run DF.

The efficient occurrence of principally different
reactions, which is necessary to obtain feedstock with
the required characteristics for HC and CC, necessi-
tates the use of multi-tiered loading of catalysts. In this
case, the characteristics of catalysts in the every layer
are optimized to achieve the maximum activity of the
HT reactor depending on the conditions and goals of
the process and the composition of the initial gas oil
distillates. The composition of the upper layers of cat-
alysts should be suitable to remove the metals and
asphaltenes, while the composition of the main layer
of the HT catalyst is optimum for deep hydrogenolysis
of sulfur- and nitrogen-containing compounds and
hydrogenation of aromatic compounds. The idea of
using multi-tiered loading of different HT catalysts
responsible for the decomposition of nitrogen-con-
taining compounds and the removal of aromatics
(mainly NiMo) and hydrodesulfurization (depending on
H, pressure, Co(Ni)Mo) is used by Albemarle [54, 116,
117]; Criterion (Centera series) [85, 118]; Sinopec
[119]; Axens (catalysts with high activity in hydrode-
nitrogenations (HDN) and hydrodesulfurizations
(HDS) of the HR 504, 508, 544 series and the new
Impulse™ HR 1058 catalyst, additionally capable of
catalyzing the HDAr reaction of VGO) [120]; and also
Topsoe (catalysts of the HyBRIM™ series: TK565,
TKS569, TK609, TK611) [121].

Some common characteristics of modern VGO
hydrotreatment catalysts are as follows. The optimum
metal content in them varies in the range 8—12 wt %
Mo and 2—5 wt % Co(Ni) [122—124]; further increase
in the concentration leads to deterioration of the tex-
ture characteristics of the catalyst and dispersion of
the active component particles. In this case, all the
deposited metals are mainly in the form of the CoNi-
MoS phase of types II and II1, represented by particles
up to 3 nm long with up to two layers in a stack and the
maximum fraction of Co(Ni) atoms localized in the
upper part of the edges of MoS, particles. The diame-
ter of the main pores of the catalyst varies from 5—8
nm for HT of VGO [125] to 10—20 nm for HT of
asphalt-free-oil with low metal (<27 ppm) and asphal-
tene (<1%) contents [126] and of heavy feedstock with
high metal or asphaltene (=120 ppm) contents [127]).
At sufficiently high specific surface area of the catalyst
the diffusion of reactant molecules and removal of
reaction products are ensured by minimizing the con-
tents of bottle-shaped, blind, or slit-like pores. The
ongoing studies on methods for the preparation of
supports and catalysts are aimed at providing the opti-
mum combination of these characteristics.
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In 2017, the annual demand for the catalysts for the
hydrotreatment of VGO derived from CC feedstocks in
Russia exceeded 800 t/year with growth prospects of
more than 1100 t/year by 2030. If all the planned fixed
bed HC units are commissioned, the demand for HT
catalysts for them can reach 2000 t/year. Studies
aimed at the development of technology for the pro-
duction of a complete package of VGO hydrotreat-
ment catalysts are underway at the Institute of Cataly-
sis and are performed together with Gazpromneft. In
addition to the VGO hydrotreatment support and
catalyst, as well as methods for their preparation and
for performing the process using these catalysts [131—
138] reported in scientific publications [128—130] and
patents, catalysts for the guard layer [32, 139, 140] and
demetallization [32] have also been actively developed
in recent years. Life tests of a laboratory sample cata-
lyst for HT of HC feedstocks (straight-run VGO+heavy
coker gas oil) on a pilot plant showed that a product con-
taining 15 £ 5 ppm nitrogen can be obtained at tem-
peratures 3—6°C lower than on the commercial ana-
logue [32].

Patents for the P-modified catalyst for deep hydro-
treatment of VGO based on NiMoW/AL,O; and a
method for its preparation [141], demetallization cat-
alyst [142], and a package of protective layer catalysts
designed to reduce the deposits of asphaltenes,
organometallic compounds, resins, PAHs, and other
coke precursors in the upper layer of the catalyst for
HT of atmospheric residue or a mixture of VGO and
heavy coker gas oil [143] were obtained at Samara
State Technical University [141] and VNIINP [142,
143].

As the feedstock base and methods for the prepara-
tion of supports, VGO and DF hydrotreatment cata-
lysts, and guard layer are basically similar, it is realistic
to expect a relatively quick (~5 years) launch of their
industrial production.

CONCLUSIONS

The present analysis of the scientific and technical
level of modern imported and Russian catalysts for
hydroprocesses used to obtain the desired products
(Table 7) allows us to draw the following conclusions
and make predictions:

(1) The chemical compositions of hydroprocess
catalysts are similar for the majority of manufacturing
companies; their catalytic properties significantly
depend on the characteristics of the porous supports
used (alumina, zeolites, aluminosilicates, etc.).

(2) For the industrial production of HC and
hydroisodewaxing catalysts in Russia, it is necessary to
develop technology for the synthesis of synthetic zeo-
lites, primarily, zeolites of the types USY, ZSM-23,
SAPO-41, and ZSM-12.

(3) The level of research and development in Rus-
sia allowed the Rosneft and Gazpromneft companies
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to perform successful pilot and industrial tests of com-
petitive catalysts for hydrotreatment of mixed DFs
with different contents (10—20%) of secondary distil-
lates.

(4) The creation of a joint venture between Rosneft
and KNT Group (RN-Kat) and the completion of the
construction of a new catalyst production facility in
Omsk in the near future have created good prospects
for the transition of Russian refineries to the mass use
of Russian catalysts for DT HT within 3 or 4 years.

(5) Research and development of VGO hydroc-
racking and hydrotreatment catalysts, including those
in mixtures with secondary heavy gas oils, allow the
start of production of grand lots and pilot plant tests of
these catalysts. The results will determine the rate of
further development of the production of the VGO
hydrocracking and hydrotreatment catalysts in Russia.
In the upside case, the start of mass use of Russian-
made catalysts is estimated at 4 or 5 years.

(6) Taking into account the climatic features of
Russia, there is high demand for motor fuels and oils
of winter and arctic brands. The current trend in the
development of catalysts for the production of these
products is the use of hydroisodewaxing and catalytic
systems based on ZSM-23 and SAPO-41 zeolites. The
domestic demand for Russian catalysts for this pur-
pose seems to be quite possible taking into account the
available scientific developments, and will depend on
the activity of industrial manufacturers of catalysts.

(7) The Russian CCG hydrotreatment catalysts are
about ready for pilot and industrial plant tests; the
results can be expected in the next 2 or 3 years.

(8) Research in the field of control over the physi-
cal and chemical properties of alumina as a catalyst
support and the development of methods for the syn-
thesis of zeolites are considered priority directions in
research on catalysts for hydroprocesses in oil refining.

(9) The introduction of newly developed catalysts
for hydroprocesses in industry requires the develop-
ment of methods for predicting the process character-
istics based on methods of mathematical modeling
and catalytic models of oil refining processes.
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