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ABSTRACT. Because hydrotreating (HDT) of FCC gasoline is one of the important processes used to prepare such gasoline for
blending, the development of a catalyst for this process is of great interest. Currently, the industrial HDT of FCC gasoline con-
sists of two stages and the creation of a new catalyst for one-stage HDT will make this process more efficient. Recently, our
group has developed the CoMo/Al,O3-ASA catalyst and studied the influence of Si/Al ratio on the target reactions of HDT pro-
cess. Despite the high selectivity and activity, the catalyst with ASA is not applicable in industry because of its low strength. The
present work moves forward to study the influence of the ASA content in the catalyst support and clarify the possibility to
develop the catalyst that combines high activity and selectivity in HDT reactions with successful performance. Here we show that
the CoMo catalyst with ASA/A1,0; molar ratio 1/1 in the support is the best combination for FCC gasoline hydrotreatment due to

exceptional properties of the catalyst composition.
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INTRODUCTION

Hydrotreating is one of the most large-scale oil refining
processes.'? The predecessors of modern hydrotreating
catalysts were bulk catalysts based on various sulfides.
Numerous researches showed that the combination of
molybdenum/tungsten sulfides doped by cobalt/nickel
has the high activity in hydrotreating reactions.>* It was
later discovered that the highest activity in hydrotreating
process was achieved when the CoMoS or NiMoS phase
was formed on the catalyst surface.>®

Currently, the vast majority of hydroprocessing cata-
lysts consist of the sulfide active phase supported on a
porous carrier.””” Gamma-aluminum oxide is usually used
as a support due to its almost complete inertness to reac-
tions occurring in the process, relatively low cost and the
ability to adjust its textural and strength characteristics.'®
However, quite a lot of attention has recently been paid to
the search for alternative supports capable of increasing
the activity of catalysts due to their own properties. Thus,
the addition of Si-containing components, such as amor-
phous aluminosilicates'* or zeolites,'>'® to alumina support
is quite common.

Amorphous aluminosilicates (ASA) are becoming widely
used due to the presence of a certain set of acid sites that
can catalyze various reactions, and also due to their rel-
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atively low cost. For example, it is shown in'*'"""° that
ASA could promote isomerization and aromatization
reactions. The use of ASA in hydrotreating catalysts allows
the improvement of catalytic activity in hydrodesulfur-
ization and hydrodenitrogenation reactions.?’ %

The increased ability of hydrotreating catalysts to isom-
erization reactions is a distinct advantage in a process such
as catalytic cracking gasoline hydrotreatment. It was recently
found that isomerization activity of aluminosilicate com-
ponent to olefins provides conversion of low-octane com-
ponent to its high-octane derivative, as well as the reduction in
contribution to hydrogenation reaction of olefin.'” " These
effects make it possible to preserve the octane number of
the product, which is one of the most important indicators
for this type of catalyst. At the same time, high activity in
the conversion of sulfur-containing components is achieved
due to the presence of the CoMoS phase in such catalysts.
This makes it possible to obtain high-octane ultra-clean
fuel.

Previously, our group investigated the variation of the
Si/Alratio in ASA and the effect on the activity and selec-
tivity of ASA-containing catalysts in hydrotreating of
FCC gasoline." It has been established that the CoMo cat-
alyst containing ASA with the ratio Si/Al = 0.25 has the
best properties. However, ASA-containing catalysts are
forced to contain composite supports consisting of ASA
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and Al,O; components. This is because the ASA powder
itself cannot be molded even with the use of a plasticizer.
Therefore, the introduction of an alumina precursor
during molding is a required parameter of the synthesis.
Despite the fact that the ASA component of the support is
very important, the properties of the alumina component
must be taken into account since it in fact determines the
kneading properties of the paste and the strength charac-
teristics of the support and catalyst. The main question in
this case is how much alumina can be incorporated in
order to create a sufficiently strong catalyst without los-
ing the activity advantage.

The present work studies the effect of the AL,Os/ASA
ratio in the composition of the support in CoMo/Al,Os-
ASA hydrotreating catalyst in order to find the key param-
eters that are required to achieve high activity and selec-
tivity of the catalyst in the conversion of FCC gasoline
while obtaining good performance.

EXPERIMENTAL

Preparation of ASA, Pseudoboehmite, Support and
Catalyst

An amorphous aluminosilicate (ASA) powder was pre-
pared by the coprecipitation method described in."* The
aluminum sulfate and sodium silicate solutions were used
as aluminum and silicon precursors. The Si/Al mass ratio
in ASA was 0.25. A pseudoboehmite (PBe) powder was
prepared by hydrothermal treatment of CTA product as
described in.”

The ASA and PBe powders were used to prepare sup-
ports with different AlL,O;/ASA weight ratios: 100/0, 90/
10, 70/30, 50/50, 30/70, 10/90, and 0/100. The supports
were designated as Sup-(ratio). An aqueous solution of
nitric acid was used for peptization. The HNO;/Al,O; molar
ratio was 0.03 for supports with 50-100 wt.% ALOs.
When Al,O; content was less than 50 wt.%, the HNOs/
AlL,O3 molar ratio was 0.06—0.15 in order to achieve plas-
ticity and formability of a kneading paste. Preliminary dry
mixing of the PBe and ASA powders took place. After
that, an aqueous solution of a peptizing agent was added to
the mixture of dry components, and stirring continued
until a plastic mass was obtained. Kneading pastes were
extruded using a fluoroplastic spinneret with trilobe holes.
The diameter of circumscribe circle of the support gran-
ules in all cases was 1.5 mm. Granulated supports were dried
at 110°C for 2 hours and calcined at 550°C for 4 hours in
an air flow.

CoMo/Al,05-ASA catalysts were prepared by wetness

impregnation technique. The impregnating solution was
synthesized by sequential dissolution of citric acid mono-
hydrate CsHgO-H,0, ammonium heptamolybdate tetra-
hydrate (NH4)sMo070,4-4H,0 and cobalt hydroxide Co(OH),
at 50°C. Concentrations of reagents were chosen to obtain
6.0+0.2 wt.% Mo and 2.0+0.1 wt.% Co in the final cat-
alysts. Molar ratio of Co/citric acid was 1:1.1. The wet-
ness impregnation was carried out with slow rotation for
60 minutes at a temperature of 50C. Catalysts were dried
at 120°C for 2 hours followed by calcination at 550C for
4 hours in an air flow. Calcined catalysts were crushed by
hand to obtain a fraction of 0.5-0.25 mm.

Catalytic Tests

The catalyst fraction was sulfided in a H,S flow (500 h™") at
atmospheric pressure. Sulfidation was performed in two
stages —2 h at 200°C and 2 h at 400°C. The H,S flow was
in exceed to the content of active metals in the catalysts.
To avoid oxidation, the catalysts were cooled and stored in
a He flow before catalytic tests.

Catalytic tests of hydrotreating of a model feedstock
were carried out in a fixed bed reactor. Sulfided catalyst
fraction (1 cm®) was uniformly mixed with SiC fraction
(1 em®) and placed in the isothermal zone of the reactor.
The model feedstock contained 40 wt.% toluene, 40 wt.%
cyclohexane, and 20 wt.% 1-hexene. Thiophene was used
as a sulfur-containing compound (250 ppm S). The testing
conditions were as follows: P=2.5 MPa, LHSV=10.0h ™!, H,/
feed ratio = 200 nm*/m?, T = 220 and 240°C.. Catalysts were
previously handled in the feedstock flow at 200°C for 24 h
at the beginning of the test. Then, the temperature was raised
to 220°C. Upon reaching the operating temperature, the
catalyst was running for 12 hours without sampling. Then,
3 liquid and 2 gas samples were taken for each regime.

Composition of the model feedstock, gas and liquid
products was analyzed using an Arnel 4050 Clarus (Perki-
nElmer, United States) chromatograph analyzer equipped
with a capillary column Rtx-DHA (100 m, 0.25 mm ID,
0.5 um). Sulfur content in the model feedstock and liquid
products was determined with an XPLORER TN/TS (TE
Instruments, Netherlands) according to ASTM 5453. Density
measurements of the liquid products and model mixture
were carried out using a Densito 30PX Portable Density
Meter METTLER TOLEDO, United States) according to
ASTM D 7777.

Characterization

Chemical composition of samples was determined by
inductively coupled plasma atomic-emission spectros-
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copy on an Optima 4300 DV spectrometer (PerkinElmer,
United States).

Textural properties of the catalysts, supports, ASA and
PBe were determined by nitrogen physisorption using an
ASAP 2400 (USA) instrument as described in.>* Prior to
the analysis, samples were heated in a N, flow at 200°C for
2 h.

Thermoprogrammed desorption of ammonia (NH; TPD)
was made on a ChemBET Pulsar TPR/TPD instrument
(Quantachrome Instruments, United States) equipped with a
thermal conductivity detector. 100 mg of a sample (the
0.25—0.50 mm fraction) were loaded to a quartz U-shaped
tube. The position of the sample in the tube was fixed with
quartz wool. The sample was blown with a 20 cm®/min He
flow while heating to 550°C with a rate of 20°C/min and
kept at this temperature for 30 min to remove moisture.
Then, the temperature was lowered to 100C and a blank
experiment was carried out. For this, the sample was heated
to 550°C with a rate of 10°C/min in the 20 cm*/min He
flow and kept at this temperature for 30 min. Then the
sample was cooled to 100°C and purged with ammonia for
15 min with a rate of 20 cm*/min. The sample was purged
with the 20 cm?/min helium flow at 100C for 30 min in
order to remove physisorbed ammonia. For NH; TPD, the
sample was heated to 550°C with a rate of 10°C /min in the
20 cm*/min helium flow and kept at this temperature for
30 min. The amount of desorbed ammonia was calculated
by integrating the signal area and using instrument cali-
bration with a standard ammonia amount.

IR spectroscopy of adsorbed pyridine (Py-IR) was car-
ried out on a Varian Scimitar 1000 FTIR spectrometer
equipped with a high-temperature flow cell with CaF,
windows. FTIR measurements were performed on self-
supported wafers with a density of 15 mg/cm? and acti-
vated in a vacuum at 150°C. Pyridine adsorption was car-
ried out by dropwise injections of purified pyridine (up to
10 IL) using a microliter syringe into the gas line through a
septum injection port at 150°C followed by desorption of
the pyridine in a vacuum at 150, 250, 350 and 450°C.. The
relative amount of Brensted acid sites (BAS) was estimated
from the squares of corresponding signals in IR spectra in
the range of 1400-1600 cm™' using the integrated molar
absorption coefficients reported by Emeis.>

HRTEM images were obtained on a JEM-2010 elec-
tron microscope (JEOL, Japan) with a lattice-fringe res-
olution of 0.14 nm at an accelerating voltage of 200. Local
energy-dispersive X-ray analysis (EDXA) was carried out
on an EDAX spectrometer (EDAX Co.) fitted with a Si
(Li) detector with aresolution of 130 eV. The size of MoS,
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particles and the average number of layers in the package
were determined using four different fragments of the
sample under study, a total number of characterized par-
ticles being equal to 500.

NMR spectra were recorded on a Bruker Avance-400
spectrometer equipped with a broad-band double-reso-
nance MAS probe (4 mm). The samples were saturated
with water vapor for 20 h prior to NMR measurements.
Afterwards, the powder was placed into a MAS NMR zir-
conia 4 mm rotor. *?Si MAS NMR spectra were recorded
at the resonance frequency of 79.49 MHz while the sam-
ples were spun at 8 kHz with dry compressed air. The
excitation pulse (n/2) length was 7.0 ps, and 1320 scans
were accumulated for a spectrum with a 60 s delay between
the scans. For ?Al MAS NMR spectra recorded at 104.31
MHz, the spinning rate was equal to 12—14 kHz. The total
number of scans was 2000 with a repetition delay of 0.5 s,
and a 0.8 ps pulse (n/12) was used. ?°Si and ?’Al chemical
shifts were determined with an accuracy of £0.1 ppm
using TMS and a 0.1 M aqueous solution of AI(NOs); as
external standards.

The optical properties of the materials were studied by
diffuse reflectance electron spectroscopy using a Shi-
madzu UV-2501 PC spectrophotometer with an ISR-240
A diffuse reflectance attachment. Samples (the fraction
< 0.25 mm) were placed in a quartz cuvette with a 2 mm
optical path length. The spectra were recorded using the
BaSO, reflectance standard in the range of 190-900 nm
(11000-54000 cm™") with a 2 nm step. Reflection coeffi-
cients were converted using the Kubelka-Munk function
F(R) = (1 —R)%2R, where R is the diffuse reflection coef-
ficient depending on the wavenumber (cm™). The data
obtained are given in the coordinates: Kubelka-Munk
function F(R) — wavenumber.

X-ray photoelectron spectra (XPS) were recorded using
a SPECS spectrometer with a PHOIBOS-150 hemispher-
ical energy analyzer and Aly, radiation (hv = 1486.6 eV,
200 W). The binding energy scale was preliminarily cal-
ibrated against the position of Auye, (84.0 €V) and Cuyys
(932.67 eV) core level peaks. For spectra recording, the
samples were deposited on a conductive scotch tape. The
method of internal standard was used for correct calibra-
tion of photoelectron peaks. The peak of Ci; with E, =
284.8 eV was used.

Precalcined initial powders of PBe and ASA were stud-
ied by laser diffraction on a SALD 2101 instrument (Shi-
madzu Corp., Japan) (the measurement range of 0.03—
1000 pm). The previously prepared suspension of a sam-
ple was subjected to ultrasonic treatment and stirred inten-
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sively for 5 minutes before being placed in the measuring
cell. The measurement method conforms to ASTM D
4464-15.

Powder diffraction patterns were obtained on a Bruker
D8 Advance instrument (Bruker, Germany) using Cuy,
radiation (. =1.5418 A) and Bragg-Brentano focusing
geometry. A one-dimensional LynxEye detector with an
angular range of 2.9° on the 20 scale was used for signal
recording. Measurements were performed by scanning in
the range of angles 10—70° with a step of 0.05° on the 26
scale and with 3 s accumulation time.

The bulk crushing strength (BCS) was measured by
means of SMS 1471 or a similar ASTM method 7084-04
using a bulk crushing strength instrument (VINCI Tech-
nologies, France).

Calculation of Catalytic Activity
Catalytic activity in HDS reactions has been estimated
as thiophene conversion (Conv(S)) according to equation

(1):

c:
Conv(S) = (I—ES)XIOO% )]
where C| is the sulfur content in the liquid product; C; is
the sulfur content in the feedstock.
Conversion of 1-hexene (designated as Conv(1-hex-
ene)) was calculated according to Eq. (2):

Conv(l - hexene) = (1— Croserne )x100% | )
1-hexene
where C'\_jexene 18 the summary content of 1-hexene in the
liquid and gas products; C_pexere 1S the content of 1-hex-
ene in the initial model feedstock.
Catalysts’ activities in hydrogenation reactions (desig-
nated as HYD_pex.ne) Were calculated according to Eq. (3):

- - n—hexane - x100% , (3)
a)lfhexene + a)nfhexzme + Z w[*hexene

HYD @

hexene—1 —

where @;,exane 1 the content of n-hexane in the liquid and
gas products; @ sevene 18 the content of 1-hexene in the lig-
uid and gas products; and 2@ e 1 the total content of
1-hexene isomers in the liquid and gas products.

The isomerizing activity (designated as ISO) was cal-
culated according to Eq. (4):

’
;
_hexene
- Z,: 1—hexene - « 1 00% (4)
a)l—hexene + a)n—hexane + Z a)i—hexene

RON values were calculated according to Eq. (5):

1SO =

RON =", X RON,, (5)

where w; is weight portions of each component in the
feedstock or liquid product; RON, is a research octane
number of each component. The RON values of each
component in the feedstock and liquid products were
taken from data in.?

RESULTS AND DISCUSSION

Chemical compositions of the synthesized supports and
catalysts are given in 7able 1. The data of ICP-AES anal-
ysis fit in well with theoretical calculations. Si, Al, Mo and
Co contents coincide with expected values. An increase in
Al,O3/ASA ratio in the support also increases its water
capacity from 0.5 to 2.8 cm®/g. Such great values could be
useful in the case when solutions with high concentration
of active metals are used. In our case, the water capacity
values are much higher than needed.

The ASA powder itself has very poor plasticizing abil-
ity. If aqueous solution of nitric acid is added to the ASA
powder, the granulated support will have a bulk crushing
strength value less than 0.3 MPa because of bad proper-
ties of the kneading paste. The addition of 30-50 wt.%
aluminum hydroxide to the kneading paste increases the
BCS value up to 0.4 MPa. Greater amounts of PBe (more

Table 1. Chemical composition and physical parameters of supports and catalysts

Supports Catalysts
AlLOs/ASA Si, Al, BCS, Water capacity, Bulk density, Co, Mo, BCS, Bulk density,
ratio wt.% wt.% MPa cm’/g g/em’ wt.% wt.% MPa g/em’
100/0 - 52.9 1.4 0.5 0.7 2.1 6.1 1.6 0.8
90/10 1.1 51.8 1.2 0.6 0.6 2.1 6.1 1.4 0.7
70/30 29 49.7 0.8 1.0 0.5 2.1 6.0 0.9 0.5
50/50 4.8 47.8 0.5 1.7 0.3 2.0 6.1 0.7 0.4
30/70 6.7 46.0 0.4 2.0 0.3 2.1 6.1 0.6 0.3
10/90 8.6 43.6 <0.3 2.8 0.2 2.1 6.0 0.35 0.3
0/100 9.9 41.8 <0.3 2.5 0.2 2.1 6.1 <0.3 0.2
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than 90 wt.%) provide strong supports with BCS values
above 1.2 MPa. Small quantities of active metals do not
provide high BSC values for the catalysts with less than
90 wt.% of alumina, but the catalysts with 30—-50 wt.% in
a granular shape are strong enough to endure storage and
overloading from one container to another.

The synthesis of the composite support requires studies
of its phase composition. After thermal treatment at
550°C, aluminosilicate did not transform to another phase,
as it was evidenced by the ’Si MAS NMR spectrum of
Sup-0/100 (Fig. SI1). Deconvolution of the Sup-0/100
spectrum reveals the presence of five overlapping signals
in the region from —70 to —110 ppm. These signals can be
assigned to tetrahedrally bonded silicon atoms neighbored
by a varying number of aluminum atoms, i.e. Q4(nAl)
units where n=0+4." The integral intensities of the
observed signals were used to calculate Si/Al ratio of 2.0
for the Sup-0/100 sample.

2’Al MAS NMR spectroscopy enables one to distin-
guish reliably aluminum atoms with different coordination
numbers, which are present in aluminosilicate materials.”’
The Sup-0/100 support (100% ASA) contains three types
of Al atoms located in A1O,4, AIOs and AlOg¢ units with the
relative intensities of 26, 15, and 59%, respectively (Fig.
SI2). The spectrum of the Sup-100/0 sample (pure vy-
Al,O;) reveals two signals corresponding to tetrahedrally
and octahedrally coordinated Al atoms. The AlO,/AlO¢
ratio is 0.5 (Fig. SI2). The ??A1 MAS NMR spectrum of
the Sup-50/50 sample (Fig. SI2) is a superposition of the
spectra of its constituents. All three types of AlO,, units
(m=4, 5, 6) are present in the spectrum. The relative con-
tent of different Al atoms is 31, 8 and 61% for four-, five-,
and six-fold coordinated aluminum, respectively.

To understand the state of Al,O;, the supports were
studied by XRD (Fig. SI3). The diffraction pattern of the
Sup-100/0 sample corresponds to a metastable low-tem-
perature phase of y-Al,O; with the spinel cubic structure
(PDF#00-029-0063). Parameters of the crystal lattice are
a=b=c=7.907(2) A, the average size of CSRis D =5.5nm.
The diffraction pattern of the Sup-0/100 sample does not
contain clear maxima because of the X-ray amorphous
properties. The broadened peak at 20 = 65.5° cannot be
ascribed to a poorly crystallized phase of alumina because
it is shifted to smaller angles. Diffraction patterns of the
samples with different Al,Os/ASA ratio show an increased
contribution of metastable y-Al,O;5 in the samples with
high alumina content.

Based on the data obtained, it can be concluded that the
supports with Si/Al ratio 90/10, 70/30, 50/50, 30/70 and
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10/90 are the mixture of ASA and Al,O; and do not
include other phases.

If we have two separate phases in supports, it can be
suggested that textural properties will be a superposition
of the texture of individual components. Indeed, specific
surface area of the supports increases with an increase in
their ASA content. It is noted that the most drastic increase is
observed when the ASA content grows from 0 to 50%
(Fig. 1(A)). Further increase in the content of ASA does
not lead to such strong changes. The same tendency is
observed for pore volume values of the supports (7able
S14).

Because the catalysts contained low amounts of active
metals and further testing of the catalysts included only
testing in the model feedstock, such high SSA values and
great pore volume are more than enough for great diffu-
sion of the feedstock molecules through pores of the cat-
alysts. However, we considered changes in pore size
distribution of the supports with changes of ASA content
(Fig. 1B). It was not expected that a gradual increase in
ASA content would change the pore size distribution in a
strange manner. When ASA content becomes higher, the
portion of pores with diameters <50 A and 50-100 A
becomes lower. The portion of pores with diameters > 200 A

(a) 500
— SUPPOITS === Catalysts
400
20300
£
-
Z 200
100
0
100/0 90/10 70/30 50/50 30/70 10/90 0/100
Al,O,/ASA ratio
(b) 70

=100/0

| .-
! -l Wi
1

00-200 A >2004

Portion of pores of different diameters, %

<50A 50-100 A

The range of pores diameters in supports

Figure 1. Specific surface area of supports and catalysts (a) and
pore portion of different diameters in supports (b).
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increases with the amount of ASA. The changes concern-
ing pores with diameters 100-200 A show a volcanic
dependence. The greatest amount of such pores is observed
for the Sup-70/30 and Sup-50/50 samples.

After supporting active metals, the SSA and pore vol-
ume values become lower; however, the textural proper-
ties change in a similar manner with the ASA content in
the corresponding supports.

A quick glance at the pore size distribution curves of
supports and catalysts (Fig. SI5) confirms the wide pore
size distribution for the ASA-containing supports. The
amount of wide pores becomes greater with the ASA con-
tent, but the addition of ASA also contributes to small
pores (with diameters <40 A).

Most attractive in the introduction of ASA into support
are changes in the support acidity. If we talk about isom-
erization and hydrogenation reactions, the most pronounced
effects will be obtained for catalysts prepared from the
supports with higher acidity than alumina. According to
TPD-NH; data, the total concentration of acid sites of the
parent Al,O; sample is by 40% lower than that of the ASA
powder (7able 2). Indeed, the initial Al,O; contains a
much lower amount of weak and medium acid sites, while

sites. It was also noted that the addition of 10-50% of
ASA into the support led to a decrease in the concentra-
tion of acid sites per m? of a sample from 2.0 to 1.2 (Table 2).
Further increase in the ASA content to 100% resulted in a
slight increase in this parameter to 1.5. This tendency is
not observed for the catalysts that show a gradual decrease
in acidity with the ASA addition. Changes in the concen-
tration of acid sites per m” of a support, as will be seen
below, correlate with changes in hydrogenation and isom-
erization activities of the catalysts.

The TPD-NH; method cannot identify LAS and BAS.
So we used the IR of pyridine adsorption to measure the
concentration of BAS sites (7able 3). ASA in the supports
contribute to the formation of BAS. The formation of weak
acid sites is observed for the supports with ASA. More-
over, an increase in the ASA content from 50 to 100%
doubles the amount of Brensted acid sites in the supports.
It is noted that the total amount of BAS sites is not much
higher than the amount of weak sites. Then, the contribution
of medium and strong BAS is not significant. Besides, the

Table 3. Acidity data obtained by IR of pyridine adsorption

Bronsted acid sites, pmol/g

Cy e AlLO3/ASA ratio Sample
the amount of strong acid sites is similar. Weak Total
The amount of acid sites of different strength in sup- 100/0 Support 0 0
ports is not an algebraic sum of their components multiplied Catalyst 0 0
by the content of each component. The concentration of 50/50 Support 1 15
weak acid sites significantly increases after peptization of Catalyst 14 18
supports by nitric acid. There is no clear tendency in the 0/100 Support 21 25
change of the concentration of medium and strong acid Catalyst 2 29
Table 2. NH;-TPD data
ALOVASA rafio Samble Concentration of acid sites, pmol/g Concentration of acid sites
o P Weak Medium Strong Total per 1 m” of the sample
Parent ASA 183 362 76 621 1.3
PBe calcined at 550 C 92 237 54 384 1.7
S 113 251 72 432 2.0
100/0 P
Cat 138 258 93 489 2.7
S 122 257 61 440 1.6
90/10 up
Cat 154 276 81 505 22
Sup 137 271 54 462 14
70/30
Cat 173 315 83 571 2.1
Sup 160 280 47 488 1.2
50/50
Cat 179 370 87 636 2.0
Sup 170 355 84 608 1.5
30/70
Cat 203 389 86 678 2.0
Sup 174 369 70 613 1.4
10/90
Cat 225 383 74 682 1.9
S 201 390 73 664 1.5
0/100 up
Cat 219 416 69 704 1.8
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Figure 2. X-ray diffraction patterns of the catalysts with 100-70
wt.% of alumina in the support.

observed gradual increase in the amount of BAS of dif-
ferent strength allows us to conclude that the uneven change
in strong acid sites seen in TPD-NH; data is caused by
strong LAS sites.

The addition of ASA to the support and catalyst is
expected to change the interaction between active metals
and a support. The XRD data of catalysts show no struc-
tural changes of the supports after supporting active met-
als. XRD patterns of the catalysts with 100-70 wt.% of
alumina in the support contain additional narrow peaks
with a low intensity at 20 = 20.8, 22.1, 23.4 and 26.3°
(Fig. 2), which correspond to the Aly(MoO,); phase
(PDF#00-023-0764). The formation of Al,(M0Qy,); is not
observed for the samples with the ASA content higher
than 50 wt.%. Therefore, the interaction between active
metals and a support weakens when ASA content in the
support exceeds 70%. Then, changes in the oxidation state
of active metals can occur.

The oxidation state and coordination numbers of Co and
Mo cations were determined from the absorption spec-
trum obtained by DRS (Fig. 3). The energy values of the
adsorption bands of Co and Mo cations were related to the
values of d-d transitions common for Me cations. In all
cases, the spectra could be divided into three areas: the
area from 13000 to 22000—23000 cm ™!, the area at 22000—
23000 cm™" with high intensity, and the area from 11000
to 13000 cm™" with the lowest intensity.

It is established that intensity of the bands in the range of
11000-13000 cm™' grows with ASA content in the sup-
ports, which is caused by the presence of trace components
in the initial ASA powder. According to chemical anal-
ysis data of the supports, the ASA powder contains about
0.08 wt.% of Na and 0.05 wt.% of Fe.
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Figure 3. DRS spectra of calcined CoMo/Al,O;-ASA catalysts.

Adsorption bands in the range of 13000 to 22000—
23000 cm ™" are characteristic for Co®" cations in the tetrahe-
dral Co®'1q and octahedral Co*'q; oxygen surrounding.
Shifts of adsorption bands for all the cations significantly
depend on the strength of crystalline field formed by ligands
of the first and second coordination spheres. For all the
studied catalysts, three bands at 15800, 17200 and 18300
cm™! appear in this range. These bands correspond to Co*'14
stabilized in CoAl,Oy. It is caused by the d-d transition of
*A,(F)-*T,(P). In this case, the spinel can be reversed by
20% and also contains Co*’ ¢y, cations, which appear as a
low-intensity band with the position of 21000 cm™'. An
increase in the ASA content in supports results in a gradual
drop in intensity of the bands at 15800, 17200 and 18300
cm™, which indicates a decrease in the amount of Co*' 14
cations and formation of Co* oy. In addition, adsorption
bands in the range of 20000 cm™" appear for the samples
with more than 30 wt.% of ASA in the support. Most likely,
these bands correspond to the formation of Co®’y, stabi-
lized in the ASA layers. Broadening of the band maxi-
mum at 18000 cm ™' and its slight shift to 19300 cm™" are
clearly seen for the samples with 90% and 10% ASA in
the support. Such band is common for stabilization of
Co* oy, cations in zeolites.

In the UV area of DRS spectra, there are only bands from
the charge transition between metal and ligand (CTML)
for the metal’s cation. The CTML can appear for both the
Co?" and Mo®" cations in the range of 22000-23000 cm™".
Since CTMLSs for Co*'q and Co** o, are higher than 40000
ecm™',*® it can be assumed that there is only the CTML
from Mo®" in the range of 22000-40000 cm™" in the studied
samples. An increase in the ASA content in supports results
in a decrease in the CTML intensity from Mo®" and its
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shift to UV range of the spectra. Thus, there is the blue shift
that can indicate a decrease in the particle size of the active
component precursors.

In the present work, the oxide state of CoMo catalysts is
a precursor of the sulfide active component. Obviously,
the weakening interaction between the oxide precursor
and support should alter the morphology of sulfide active
component particles.

Examples of HRTEM images of ASA and alumina frag-
ments of the CoMo-50/50 catalyst are shown in Fig. SI6.
Noteworthy are the remarkable differences in location of
the active component particles on alumina and ASA sur-
faces (Table 4). CoMoS particles on the alumina surface
have higher stacking numbers, higher amount of slabs per
surface unit and shorter particles compared to those over
the ASA surface. About 40% of all CoMoS phase slabs on
alumina have a multilayered structure (7able 4). The ASA
surface preferentially contains long monolayer particles
with the average length of 2.8-3.0 nm and the average
stacking number of 1.6—1.7.

The morphology of the active component particles over
ASA and Al,O; constituents of supports contradicts the
literature data. It is often observed that the stacking of the
crystallites is enhanced when silica is incorporated into
alumina support, while the particle length is similar or
shorter.”>*° However, the data in®® also show that the pro-
motion of the W/Si0,-Al,O; catalyst by Ni leads to a decrease
in the particle length and stacking of the sulfide active
component. Then, we can suggest a similar effect for our
catalysts: the weakening interaction between active met-
als and support (especially detected by XRD and UV meth-

Table 4. HRTEM data for CoMo sulfide catalysts

ods for Co) could result in the lowering stacking number
in CoMo catalysts doped by ASA due to the improved
promotion of sulfide active component.

Mosq4, Coap, Sas, Sap, Alkrr and Sip, XPS spectra of sul-
fide CoMo catalysts are shown in Fig. SI7. The XPS spec-
tra of Si and Al contain a wide peak at 102.5-102.7 eV,
which corresponds to Si in the oxygen surrounding. Dif-
ferent Si and O bonding and possible formation of Si-O-
Al bonds account for a great width of the peak. It is con-
sistent with the *Si NMR data. The decreasing ASA con-
tent results in a decrease in the intensity of the peak.

Mosq spectra show that the ASA content in supports has
a significant impact on the Mo state. The peak at 228.9 eV
is characteristic for Mo*" ions in the sulfur surrounding
(Fig. SI7)in the composition of CoMoS phase.'**'*? Decon-
volution of the peak into individual components shows the
presence of Mo in the form of Mo>* and Mo®" (Fig. SIS).
Concentrations of various molybdenum states in sulfide
catalysts are given in Table 5. There is a gradual reduction
in the Mo*" content and an increase in Mo®" with increasing
ASA content in supports, while the portion of Mo®" is sim-
ilar (8—10%). It was noted that the Mo/S ratio on the sur-
face increased when more than 30% of ASA was added to
the support.

Co,, spectra of the catalysts contain a peak with the
binding energy 779.0 eV. It corresponds to cobalt II in the
sulfur-oxygen surrounding.*® The presence of a peak at
162.0 = 0.2 eV, which is common for S>~ ions, and a peak
at 779.0 eV in Co,, spectra indicates the formation of the
CoMosS phase in sulfide catalysts.**** It was impossible to
make deconvolution of Co,, spectra because of their low

Location of Average slabs Average Average Portion of active component particles with different
Sample active number per stacking slab length, stacking numbers,%
component 1000 nm? number nm 1 layer 2 layers 3layers 4+ layers
CoMo-100/0 AL Os 33 22 2.2 35 30 25 10
ASA — — — — — — —
AlLOs 27 2.3 2.3 27 33 29 11
CoMo-90/10 ASA 12 1.6 28 54 31 12 3
AlLO, 26 2.3 23 25 35 30 10
Mo-
CoMo-70/30 ASA 13 1.6 2.9 54 3 1 3
AL O, 25 2.3 24 22 34 33 11
Mo. )
CoMo-50/50 ASA 14 1.7 2.8 50 33 14 3
AlLO4 26 2.3 2.3 24 37 29 10
Mo-
CoMo-30/70 ASA 14 1.7 2.9 49 35 12 4
AlLOs 27 24 2.3 24 38 28 10
CoMo-10/90 ASA 13 1.6 3 52 33 12 3
AlLO3 - - - - - - -
CoMo-0/100 ASA 19 1.7 3 48 34 15 3
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Table 5. XPS data of sulfide CoMo/ASA+AlLO; catalysts
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AlL,O3/ASA ratio 100/0 90/10 70/30 50/50 30/70 10/90 0/100
Mo*, % 82.8 75.9 73.4 713 69.5 68.9 66.8
Mo, % 11.5 14.1 16.8 19.7 22.9 232 243
Mo®, % 5.7 10.0 9.3 9.0 7.7 7.9 8.9

Co/Mo 0.38 0.36 0.35 0.40 0.46 0.49 0.44
Co/S 0.11 0.09 0.09 0.11 0.13 0.14 0.13
Mo/S 0.30 0.28 0.35 0.45 0.4 0.44 037

BE S2p— 1622 eV

BE Mo3d —228.9 eV

BE Co2p—779.0 eV

intensity and high noise level. However, the Co/Mo sur-
face ratio could be estimated from intensities of the peaks.
The data show an increase in the Co/Mo ratio for the cat-
alysts doped with ASA. The higher the ASA content, the
higher the Co/Mo ratio. These data confirm the previous
assumption on the improvement of promotion of MoS,
slabs.

Catalytic activity of the catalysts was estimated in two
reactions: hydrodesulfurization of thiophene and conver-
sion of 1-hexene. Fig. 4 depicts the thiophene conversion
obtained at 220 and 240°C . The introduction of ASA leads
to a decrease in thiophene conversion from 58 to 50% at
220C and from 80 to 68% at 240°C. The decrease in
hydrodesulfurization activity correlates with the decrease in
the amount of Mo*" state in XPS data and the increase in
Co/Mo surface ratio. Then, it can be concluded that this
reaction route is completely driven by the CoMoS phase.

The location of the CoMoS phase is also important for
hydrodesulfurization activity. A comparison of the active
component morphology for ASA and Al,O; constituents

100.0
81.3 81.2 79.1
80.0
S
g 58.9
z 60.0 54.7 55.5
@
>
=
S
2 400
E
=
7
20.0
0.0
100/0 90/10 70/30

71.8 /28
) 67.8 i
55.4
51.4 50.4 49.4 I
50/50

allows us to conclude that the amount of ASA does not
influence visibility, slab length and stacking number of the
active component particles. Then, the dispersion of active
metals is similar for the catalysts. If we increase the amount
of ASA in the catalyst and do not observe changes in vis-
ibility, we can suggest that catalysts with a greater amount
of ASA contain more monolayered slabs on ASA and
slabs on ASA that are located parallel to the support sur-
face. It is likely that such coordination of active component
slabs on ASA is less preferable for hydrodesulfurization
reaction of thiophene.

The presence of 1-hexene in the model mixture allows
estimation of hydrogenation and hydroisomerization
activities of the catalysts. It is known that 1-hexene trans-
forms to n-hexane, (Z)-3-hexene, (E)-2-hexene, (E)-3-
hexene and (Z)-2-hexene under the testing conditions. The
amount of branched isomers was less than 0.05 wt%. The
conversion of 1-hexene becomes slightly lower when ASA
is introduced into the support. The remarkable effects were
observed for the HYDj pexene parameter, which includes

30/70 90/10 100/0

AlLOy/ASA ratio

Figure 4. Conversion of S per 1 ml of CoMo/Al,O5;-ASA catalysts at 220 C (green columns) and 240C (blue columns).
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the conversion of 1-hexene to other isomers. The greatest
decrease in the HYD_pexene Value is detected for the cat-
alysts with more than 50% of ASA in the support. When
ASA content achieves 50% in the support, the HYD_pexene
value drops by a factor of 3.

Such changes in the HY D _pexene Value are caused by the
improvement in isomerization activity (ISO) of the cat-
alysts. Fig. 5 depicts the isomerizing activity of catalysts
at 220 and 240C . The drastic change in isomerizing activ-
ity is detected for the CoMo-50/50 catalyst, especially at
240°C. Further increase in the ASA content in supports
does not lead to a significant improvement in the ISO
activity.

If we talk about hydrotreatment of the hydrocarbon
mixture that simulates FCC gasoline, it is necessary to
take into account octane numbers of the products of 1-
hexene conversion because it is the most important con-

100 T

HYD, jexene activity, %

EAHYD 220°C W HYD 240°C -@-1SO 220°C -@-1SO 240°C

tributor to octane number of the feedstock. Research octane
number of hexene-1 is 76.4, while the products of its con-
version have the following RONs: n-hexane — 24.8, 3-
hexene — 94.0, and 2-hexene — 92.7. Therefore, the isom-
erizing products have much higher octane numbers than
the initial 1-hexene. We can expect an increase in the RON
number of the hydrotreated product for the case when the
amount of formed isomers is significant.

RON values of the initial feedstock and hydrotreated
products were calculated as the sum of RON values of the
components, every of which was multiplied by the weight
of the component in liquid and gas samples (Eq. 5). The
RON values of the components were taken from the data
in.?® The resulting data are given in Fig. 6. The allowed
value of the RON loss after hydrotreatment in industry is
about 1.5 point. This area is shown as shaded in the chart.
The RON number of the hydrotreated product grows with

9% ‘AJIAI}OE UOIjeZIIDWOS|

CoMo-100/0 CoMo-90/10 CoMo-70/30 | CoMo-50/50 § CoMo-30/70 CoMo-10/90 CoMo-0/100
N/

Figure 5. Hydrogenation and isomerization activities of CoMo/Al,O;-ASA catalysts.
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Figure 6. RON of hydrotreated products and the model feedstock (the shaded area indicates the maximum allowable level of RON

loss).
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ASA content in the support. A significant increase in the
RON value is observed for the catalyst with 50% of ASA.
It was noted that the isomerizing activity of catalysts con-
taining more than 50% of ASA was less sensitive to ele-
vation of the process temperature. The resulting octane
number of the hydrotreated product was in the range of
allowed values.

The RON values are proportional to the acidity of sup-
ports and catalysts and inversely proportional to the con-
centration of acid sites per 1 m* of the surface. The RON
values especially depend on the amount of medium and
weak acid sites. As it was mentioned above, the strong
increase in the content of medium acid sites was caused by
the contribution of LAS. The increase in the content of
weak acid sites could be caused by both the LAS and BAS
sites.

An increase in the amount of BASs in the studied cat-
alysts can facilitate the protonation reactions of converted
molecules. Weak BASs, which are mostly present in the
ASA powder and ASA-containing supports, contribute to
isomerization reactions, while alkylation and cracking reac-
tions preferentially occur with medium and strong BASs.*
In the present work, the introduction of ASA into support
influences migration of the double bond of 1-hexene fol-
lowed by the preferential formation of (Z)-3-hexene, (E)-
3-hexene and 2-hexenes. Migration of the double bond
can be implemented by both the BASs of supports and
CoMoS phase sites.

When BAS is located nearby the sulfide active com-
ponent particle, an olefin is first protonated over BAS fol-
lowed by the conversion at coordinately unsaturated site
(CUS) of the CoMoS phase. In this case, isomerization

reactions are more energetically profitable than the removal
of sulfur or hydrogenation.>*° This can explain consider-
able changes in HYD and ISO activities for the samples
with more than 50 wt.% of ASA (Fig. 7) due to the for-
mation of weak and medium BAS in catalysts. The intro-
duction of ASA into CoMo/Al,O; catalysts results in an
increase in the content of weak and medium LASs, which
could increase the catalyst’s activity in HDS of sulfur
compounds.’” Weak LASs also contribute to hydrogena-
tion of unsaturated bonds as well as HDS of sulfur mol-
ecules due to activation of hydrogen. Small amounts of
strong LASs in the studied samples can be responsible for
the increased interaction between active component and
support,®®**! which has a negative influence on HDS
activity.

It is interesting that some kind of a breaking point in
hydrodesulfurization, hydrogenating and isomerizing activ-
ities is observed for the catalysts with 50 wt.% of ASA
(Fig. 7). This sample demonstrates high isomerizing/low
hydrogenating activity along with insignificant drop of
hydrodesulfurization activity. This phenomenon can be
explained by a combination of the properties of active
component and support (Fig. 8). On the one hand, the
CoMo-50/50 catalyst has a lower amount of the sulfide
active phase compared to the catalyst without ASA. How-
ever, it is characterized by a higher promotion degree of
the active phase than CoMo-100/0 and does not contain
Co, which was separated from the CoMoS phase and inter-
acted with the support. Therefore, the drop in hydrodesul-
furization activity is not as drastic as it could be. Concerning
the hydrogenating/isomerizing activity, the presence of
the active phase along with the increase in the ASA con-
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Figure 7. The ratio of HDS activity to HYD and ISO ability of CoMo/Al,05;-ASA catalysts.

2022, Vol. 66, No. 5



360 E. A. Avdeenko, et al.

A Lewis acid site ‘ Brensted acid site  {Z) MoS, @ Co
tlnteraction /High»active process .

* Low-active process

Figure 8. A scheme of the processes occurring over surfaces of
CoMo/Al,O3-ASA catalysts.

tent in the support will block active sites that are respon-
sible for isomerization and hydrogenation. However, the
fact is that the enhancement in the amount of isomeriza-
tion active sites is more significant than of hydrogenating
ones, due to the addition of 50% ASA.

Why do we point out the CoMo-50/50 catalyst instead
of other catalysts with ASA content higher than 50%? The
reason is that the addition of more than 50% ASA to the
catalyst does not lead to considerable changes in hydrode-
sulfurization and hydrogenation properties, especially at
high temperatures, while its performance characteristics,
such as mechanical strength, become worse. The differ-
ence in mechanical strength between catalysts with 50, 70
and 90% of ASA is not very big, but the choice should be
made in favor of the catalyst with the highest value of the
characteristic. An increase in mechanical strength can be
achieved by changing the properties of boehmite; these
results will be reported in our next paper. It is known that
the strength properties of the support and catalyst are sig-
nificantly influenced by the morphology of alumina par-
ticles.'” However, this topic will be covered in the next
work.

CONCLUSION

The present paper studies the influence of the AL O/
ASA ratio in the support on physico-chemical and cata-
lytic properties of CoMo catalysts for FCC gasoline
hydrotreating. It is shown that the addition of ASA to the
support composition significantly changes textural char-
acteristics of the supports and catalysts. There is an increase
in specific surface area by more than 2 times and pore vol-
ume by more than 3 times for the supports, which also
increases the corresponding characteristics for the cata-
lysts.

The introduction of ASA into supports influences the

acid characteristics of supports and then catalysts. The ini-
tial ASA powder has weak Bronsted acid sites and a large
number of Lewis acid sites of weak and medium strength.
The introduction of ASA into the alumina support leads to
the formation of BAS and LAS, which have a noticeable
effect on the structural and catalytic properties of the cat-
alysts. First of all, there are changes in the morphology of
sulfide active component particles. The catalysts with 50-
100 wt.% of alumina contain active component particles
preferentially on alumina. If ASA content is more than 50
wt.%, active component particles are forced to be located
on the ASA compound. Then, there are changes in the
interaction of active component particles and support.

The increase in the ASA content in the support com-
position decreases the hydrogenating activity and increases
the double bond isomerization ability. The CoMoS phase
location on the ASA surface and the outcome of cobalt
from the active phase lead to blocking of some active sites
responsible for isomerization and hydrogenation reac-
tions. At the same time, the amount of active sites rises
due to the increase in the ASA content. The introduction
of more than 50 wt.% of ASA into supports allows the
HDS activity of the catalysts to be maintained. However,
this tendency is valid for the catalysts with the same vol-
ume. Recalculating the HDS activity to the catalysts weight
shows a significant difference between the samples.

It should be noted that the most pronounced effect on
hydrogenation and isomerization properties is observed at
ALO3/ASA =50/50. This sample exhibits an extremely
high isomerization capacity and a low hydrogenation
activity. Therefore, the RON value is maintained during
the hydrotreating process over this catalyst. However, the
catalyst with such Al,O3/ASA ratio has nonoptimal bulk
density and mechanical strength values. Then, additional
research is required to develop a catalyst with a higher
bulk crushing strength value.
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