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catalyst for the hydrotreating of feedstock SRGO?
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Abstract

In this work, the effect of using an additive of dawsonite NH,A1(OH).CO; or
scarbroite Al;(OH),3(CO)-5H-0 in the preparation of alumina supports on the
properties of CoMo/Al,O; catalysts was investigated. It was established that
the key factor influencing the composition and properties of the active com-
ponent of the catalyst was the phase composition of the support, which
changed depending on the added dawsonite and/or scarbroite powder. Ac-
cording to XRD and UV spectroscopy data, it was found that with the addition
of dawsonite, the amorphous phase predominated in the support, which al-
tered the nature of the interaction of the support and the active metals,
namely, it reduced the amount of inactive cobalt aluminate compared to the
catalyst sample based on the support with scarbroite. Furthermore, the
change in the phase composition of the support affected the formation of the
active component. For the sample prepared with dawsonite, XPS data showed
the formation of more reactive sulfide sites. The addition of dawsonite led to
the formation of a looser support surface, which increased the dispersion of
the active component particles from 0.35 to 0.58 compared to the catalyst
sample based on the support with scarbroite. The described changes in the
characteristics of the catalyst with dawsonite led to an increase in catalyst ac-
tivity, both in the hydrodesulfurization reactions of model feedstock and of
real blended gasoil.

Key findings
e Key finding 1. The addition of dawsonite at the support preparation stage results in the
formation of amorphous alumina.

e Key finding 2. The addition of dawsonite to the support composition reduces the propor-
tion of cobalt aluminate in the CoMo/Al-Os catalyst.

e Key finding 3. The addition of dawsonite to the support composition increases the disper-
sion of the active component particles in the CoMo/Al.O5 catalyst.

e Key finding 4. The addition of dawsonite to the support increases the HDS and HDA activi-
ty of the hydrotreating catalyst of SRGO.

© 2026, the Authors. This article is published in open access under the terms and conditions of the Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unrestrict-

ed reuse of the work in any medium provided the original work is properly cited.

1. Introduction

One of the applications of alumina supports is their use
as supports in catalysts for various processes [1,2]. Specif-
ically, their use in hydroprocessing catalysts is due to
their almost complete inertness to the reactions occurring
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in the process, relatively low production cost, and a wide
variability in their textural and strength characteristics
depending on the preparation conditions [3-5].

For hydroprocessing catalysts, aluminum oxide deter-
mines the following parameters:

1. The dispersion of the active component particles,
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which in turn depends on their interaction with the sur-
face and the specific surface area of the support [4,6].

2. The accessibility of the active component to feed-
stock molecules, ensured by a sufficiently developed pore
structure [7,8].

3. The mechanical strength of the catalyst, which en-
sures its resistance to loads within the reactor [8,9].

Despite the large number of preparation methods, the
search for alternative aluminum oxide variants with ad-
vanced textural and surface properties remains a subject
of high interest.

The most common phase modification of the support in
hydroprocessing catalysts is y-Al.Os [10,11]. Current re-
search shows that changing the phase composition of the
alumina support in hydrotreating catalysts can significant-
ly alter the properties of the active component, thereby
changing the catalyst activity. Haidong Li et al. [12] inves-
tigated a NiMo system deposited on a support containing
6-Al:0s. It was shown that optimizing the preparation pa-
rameters of 8-Al.O3 allows for the optimization of MoS.
particle morphology and their interaction with the support
surface, leading to a substantial increase in the hy-
drodesulfurization rate constant compared to a catalyst
containing y-Al20s. Jing Cao et al. [13], when comparing
hydroprocessing catalysts based on various phase modifi-
cations of aluminum oxides, showed that in the series y-
Al:O3 - 6-Alx05 - 6-Al>03, the concentration of surface hy-
droxyl groups decreases, leading to an increase in the ra-
tio of edge to corner molybdenum atoms in the active sul-
fide particle (fe/fc)CoMo and, consequently, to increased
activity and selectivity in hydrodesulfurization and hydro-
genation reactions. The main problem with using such
phase modifications of aluminum oxide lies in their low
specific surface area, smaller mesopore volume, and lower
water absorption capacity, which imposes further limita-
tions in the preparation of catalysts with high active metal
loadings.

One method for obtaining aluminum oxides with a
highly developed texture is hydrothermal synthesis. For
example, Yingrui Xu et al. [13] showed that by varying the
pH of the medium during the hydrothermal treatment
stage, the morphology of the resulting y-AlIOOH crystals
can be controlled, allowing the specific surface area to be
adjusted from 100 to 250 m?/g and the pore volume from
0.33 to 0.68 cm?3/g, thereby producing supports with dif-
ferent textures. The authors demonstrated that changing
the particle morphology of aluminum oxide alters the pro-
portion of high-energy {111} facets of Al.O3;, which enable
the formation of more active NiMoS phase particles and
thus increase catalyst activity.

In our recently conducted research, a method was pro-
posed for producing granulated aluminum oxides with a
specific surface area varying from 243 to 298 m?®/g and a
pore volume from 0.62 to 0.81 cm3/g [14]. The main fea-
ture of this method is the use of aluminum hydroxides
whose phase composition corresponds to the structures of
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dawsonite and scarbroite, the content of which varies de-
pending on the synthesis conditions. Given the significant
change in the phase composition of the initial aluminum
hydroxide, including the formation of an amorphous
phase, and the morphology of its particles, substantial
changes in the interaction between the active component
and the final support can be expected.

In the present work, a comprehensive study of the ef-
fect of adding aluminum hydroxides corresponding in
phase composition to dawsonite/scarbroite on the proper-
ties of CoMo/Al.O3 hydrotreating catalysts has been car-
ried out.

2. Experimental

2.1. Preparation of hydroxyaluminocarbonate
samples

The hydroxyaluminocarbonate (HAC) powders were pre-
pared using a hydrothermal synthesis method. The main
stages of the HAC powder preparation are described in
detail in the article [14]. The prepared HAC powders, here-
inafter designated as Pryr2x, Where T is the autoclaving
temperature, T- is the spray drying temperature, and x is
the molar ratio Al/NH,HCO3;, are presented in Table 1.

2.2. Support preparation

The supports were prepared by extruding a plastic mass
through a die with a trilobe-shaped hole having a circum-
scribed circle diameter of 1.3 + 0.1 mm. To prepare the
paste, dry mixing of the HAC powder and the binder
(pseudoboehmite) was carried out first. The proportion of
pseudoboehmite in all cases was 50% calculated as Al,Os.
The dry mixing time was 30 minutes. To obtain a plastic
mass, an aqueous nitric acid solution was added to the dry
mixture. The molar ratio of HNO3 to Al,O; was 0.08 in all
cases. Mixing was continued until a plastic mass was
formed. After shaping, the extrudates were heat-treated at
110 °C and 550 °C in a stream of air. The prepared sup-
ports are hereinafter designated as S-P, where P is the
HAC powder (Table 1). A reference sample without HAC
addition, designated Al-0, was also prepared.

2.3. Catalyst preparation

The CoMo catalysts were prepared using a single-stage
vacuum impregnation method, in which the support was
impregnated with a solution containing a chelating agent
(citric acid), molybdenum oxide, cobalt hydroxide, ortho-
phosphoric acid, and diethylene glycol. The amounts of the
starting reagents were taken such that the final catalysts
contained 14.0 + 0.4 wt.% molybdenum, 3.4 + 0.1 wt.%
cobalt, and 0.8 wt.% phosphorus. After impregnation, the
catalyst granules were heat-treated at 120 °C in a stream
of air. The prepared catalysts are hereinafter designated
as C-x, where x is the support name (Table 1). The C/Al-0
catalyst was prepared as a comparison sample.
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Table 1 Preparation conditions for HAC powder samples, supports, and catalysts based on them.

Powder sample Molar ratio of the AI/NH,HCO; T, °C T,,°C Support Catalyst

Ploo, 230, 1:4 1:4 100 230 S'Ploo, 230, 1:4 C'Pmo, 230, 1:4
P13o, 230, 1:4 1:4 130 230 S'P13O, 230, 1:4 C'P13O, 230, 1:4
Pso, 230, 1:4 1:4 80 230 S'PBO, 230, 1:4 C'PSO, 230, 1:4
P130,230,1:3 1:3 130 230 S-Pi30, 230, 1:3 C-Pi30, 230, 1:3
P10o, 190, 1:5 15 100 190 S-P100, 190, 1:5 C-Pi30, 230, 1:3
Pso,190, 1:5 15 80 190 S-Psgo, 190, 1:5 C-Pi30, 230, 1:3

Al-0

C/Al-0

2.4. Catalytic experiments

The catalysts were tested under hydroprocessing condi-
tions using a model mixture and a real mixed feedstock. In
the first case, the catalyst was loaded into a fixed-bed flow
reactor by mass (0.15 g) as a 0.1-0.25 mm fraction. In the
second case, the catalyst was loaded by volume (10 cm?) in
the form of granules.

2.4.1. Testing of the catalysts under hydroprocessing
conditions using a model mixture

Prior to testing under hydroprocessing conditions with the
model mixture, the catalysts were sulfided in a flow of H.S
at 220 and 400 °C for 2 hours at atmospheric pressure in a
flow quartz reactor. Subsequently, purging with an inert
gas (N2) was performed. Then, a 0.15 g portion of the sul-
fided catalyst was loaded into a fixed-bed flow reactor,
and testing was carried out under the following condi-
tions: feedstock mass flow rate of 80 h™', H,/feedstock
ratio of 500, and temperature of 280 °C. A mixture of un-
decane and dibenzothiophene (2500 ppm) was used as the
model mixture. The mass of the loaded sulfided catalyst
was 0.15 g in all cases. After reaching the process temper-
ature, the catalysts were kept for 12 hours in the feedstock
stream without sampling. Over the next 3 hours, three
liquid samples were collected, each accumulated over 1
hour. In the reaction products, the residual sulfur content
was determined, and the conversion of sulfur-containing
compounds (Equation (1)) and the selectivity toward the
main reaction products (biphenyl and phenylcyclohexane,
Equation (2)) were calculated.

Xpsr = (CpBTo - CpeT)/CDBTO X100, (1)
Si=Cy/(Cpsro-CpBT) X100, (2)
where Cy is the content of the reaction product, Cpsro and
Cosr are the initial and residual DBT contents in the model
feedstock and in the reaction products, respectively.

2.4.2. Testing of the catalysts under hydroprocessing
conditions using a real feedstock

(87 vol.%), light catalytic cracking gasoil (11 vol.%), and
light coking gasoil (2 vol.%). The feedstock density was
0.8589 g/cm?, sulfur content was 0.41 wt.%, and nitrogen
content was 247 ppm. The hydroprocessing conditions
were as follows: volumetric feedstock feed rate of 2.5 h™,
H:/feedstock ratio of 350 Nm3 H./m3 of feedstock, pres-
sure of 38 atm, and process temperatures of 340 °C and
350 °C. After the catalyst reached the process tempera-
ture, it was kept for 12 hours in the feedstock stream
without sampling. Over the next 6 hours, three liquid
samples were collected, each accumulated over 2 h. The
liquid samples were stripped in an air stream to remove
H,S and analyzed to determine the residual sulfur and ni-
trogen content in the reaction products.

To evaluate the differences in catalyst activity, the
amount of converted sulfur and nitrogen per 1 gram of
catalyst was calculated. The weight of the loaded catalyst
was calculated considering its bulk density.

2.5. Physicochemical Methods

2.5.1. Low-temperature nitrogen adsorption/desorption

The textural characteristics of supports and catalysts were
determined from nitrogen adsorption-desorption
therms at 77 K using an ASAP 2400 specific surface area
analyzer (USA, MicroMetrics). The specific surface area
was calculated using the BET (Brunauer-Emmett-Teller)
method. The average pore diameter in nm was calculated
using the equation Dpore= (4000-Vpore)/S, where S is the
surface area of the granule. The mesopore volume (accord-
ing to the IUPAC classification from 2 to 100 nm) was de-
termined using the BJH (Barrett-Joyner-Halenda) method.
The error of the method is 5%.

iso-

2.5.2. X-ray diffraction method

Prior to testing the catalysts under hydroprocessing condi-
tions with real feedstock, sulfidation was carried out using
2 wt.% dimethyl disulfide dissolved in straight-run diesel
fuel as the sulfiding agent. The sulfidation conditions were
as follows: feedstock linear velocity of 14 mL/h, pressure
of 38 atm, temperatures of 240 °C and 340 °C, with a
holding time of 8 h at each stage.

Afterward, the catalysts were tested using a feedstock
consisting of a mixture of straight-run diesel fraction

3 o0f14

X-ray diffraction (XRD) patterns of the Py, y, - powders be-
ing dried and catalysts calcined at 550 °C were registered
with Bruker D8 Advance (Bruker, Germany) using CuK o-
irradiation (A = 1.5418 A). The phase analysis was carried
out using ICDD PDF-2 database.

In-situ powder diffraction patterns were obtained on a
Bruker D8 Advance (Bruker, Germany) instrument using
CuKa radiation (A=1.5418 A) equipped with a high-
temperature XRK-900 reactor chamber (Anton Paar, Aus-
tria). The heating rate was 8°C/min. A one-dimensional
LynxEye detector with an angular range of 2.9° on the 26
scale was used to record the signal. Measurements were
performed by scanning in the angular range of 10°-72°
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with a step of 0.05° by 26 and an accumulation time at a
point of 5 s.

2.5.3. UV-Vis diffuse spectroscopy

UV-Vis diffuse reflectance spectra (UV-Vis DRS) of CoMo
catalysts (calcined at 120 or 550 °C in air flow just before
investigation) were recorded using a UV-2501 PC Shimad-
zu spectrometer with an IRS-250A diffusion reflection at-
tachment in the 200-900 nm range. The samples were
placed in a quartz cell (optical path length 2 mm) at a
room temperature without dilution. BaSO, was used as a
reference sample.

2.5.4. X-ray photoelectron spectroscopy

ARTICLE

nescence and ultraviolet fluorescence detection according
to ASTM D5762, ASTM D4629 (for total N content) and
ASTM D5453 (for total S content). The total inaccuracy of
the analysis was +1 ppm.

3. Results and discussion

Measurements were performed on a SPECS photoelectron
spectrometer equipped with a PHOIBOS-100-MCD-5 hemi-
spherical analyzer, using non-monochromatized AlKa ra-
diation (hv=1486.6 eV). The binding energy (Eb) scale was
preliminarily calibrated using the photoelectron line posi-
tions of core levels of gold, silver, and copper: Au4f;. -
84.0 eV, Ag3ds/z - 368.3 eV, and Cu2ps/2 - 932.7 €V. Sul-
fided catalyst samples were mounted on double-sided con-
ductive copper tape. The charging effect occurring during
photoelectron emission was corrected using the internal
standard method, employing the Al2p line from aluminum
in the support (Eb = 74.5 eV).

In addition to the survey photoelectron spectrum, nar-
row spectral regions of elements present in the sample
were recorded. All presented spectra were recorded at an
analyzer pass energy of 20 eV. The following lines were
recorded: Al2p, P2p, S2p, Mo3d, Cis, O1s, Co2p. The de-
termination of the relative elemental content on the cata-
lyst surface and the ratios of their atomic concentrations
were carried out using the integrated intensities of photo-
electron lines, corrected by the corresponding atomic sen-
sitivity factors.

2.5.5. High-resolution transmission electron microsco-
Py

HRTEM images of sulfided catalysts were obtained on a
JEM-2010 electron microscope (JEOL, Japan) with a lattice
resolution of 0.14 nm and point resolution of 0.194 nm at
an accelerating voltage of 200 kV. High-resolution images
of the periodic structure were analyzed using Fourier
transform method. Sample preparation involved deposit-
ing the samples onto a perforated carbon film placed on a
copper grid. The length of the sulfide active component
particles and the number of layers in the stack for the cat-
alysts were determined from data obtained from at least
500 particles.

2.5.6. Analysis of the feedstock and hydrotreating
products

Previously, a study on the influence of the properties of
dawsonite/scarbroite under varying hydrothermal synthe-
sis conditions was conducted [14]. Brief characteristics of
the powders are given in Table 2. According to the XRD
results, the powder samples can be arranged in the follow-
ing order of increasing scarbroite fraction in the samples
and decreasing dawsonite fraction: Pizo, 230, 1:3 ~ P130, 230, 1:4
- PlOO, 230, 1:4 —> P80, 230, 1:4 —> PlOO, 190, 1:5 — Pso, 190, 1:5. It is
shown that scarbroite has larger particles compared to
dawsonite. Due to these differences, the samples exhibited
different textural characteristics.

Granulated alumina supports were prepared from the
synthesized hydroxyaluminocarbonate powders and pseu-
doboehmite as a binder. The study shows that introducing
these additives into pseudoboehmite significantly increas-
es the specific surface area and pore volume compared to
alumina derived from pseudoboehmite alone. Further-
more, it was found that the composition and properties of
the added precursor affected the phase composition of the
final alumina support. With an increase in the scarbroite
content in the precursor powder, the amount of the crys-
talline y-Al>0O3 phase increases, while the addition of daw-
sonite promotes the formation of an X-ray amorphous
alumina phase. It is well known that the phase composi-
tion and textural characteristics of the support significant-
ly influence the properties of catalysts based on them.
Therefore, in this work, CoMo catalysts were prepared
based on the studied supports in order to elucidate the
effect of the dawsonite and/or scarbroite additive on the
physicochemical and catalytic properties of the catalysts.

3.1. Textural characteristics of the catalysts

The contents of total nitrogen (total N content) and total
sulfur (total S content) in the feedstock and hydrotreating
products were determined by an Xplorer-NS analyzer (TE
Instruments) using oxidative combustion with chemilumi-
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To study the effect of the dawsonite/scarbroite additive on
the textural characteristics, the supports and catalysts
were investigated by nitrogen porosimetry.

All isotherms of the supports and catalysts belong to the
mixed type I and IVa, typical for mesoporous adsorbents
(Figure S1) [15]. The isotherms of all studied samples are
characterized by the presence of a hysteresis loop, indicat-
ing the occurrence of capillary condensation of nitrogen
and the presence of mesopores. It is worth noting that the
observed hysteresis loops in the samples do not differ sig-
nificantly, and their shape corresponds to the H2(b) type,
indicating the predominance of cylindrical pores in both
the supports and the catalysts. It should be noted that the
isotherm shape and the hysteresis loop type do not change
after the deposition of the active metals.

DOI: 10.15826/chimtech.10042
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Table 2 Characteristics of the samples obtained in the work [14]

Sample I1°%5cam / CSR - Dxgp of CSR - Dxgp of XRD results (440) Nitrogen adsorption- Average
s scarbroite, dawsonite, desorption data particles

nm nm Lattice Dxgrp, NIM SSA, Vp, cm3/g size, pm
parameter, A m>?/g

Pi30, 230, 1:3 0] - 22.0 - <3 308 0.53 13.9

P130, 230, 1:4 o - 19.5 7.925(3) 3.5 312 0.63 18.2

Pioo, 230, 1:4 0.07 - 20.0 7.915(3) 5.5 307 0.60 18.2

Pso,230,1:4 1.49 25.0 19.5 7.909(3) 6.0 229 0.47 19.8

P100,190,1:5 2.29 34.0 11.0 7.912(3) 4.5 286 0.51 17.5

Pso,190,1:5 3.80 40.0 20.0 7.910(3) 5.0 225 0.55 38.0

Table 3 Characteristics of the comparison samples from literature

Comparison parameter of the support Value of Method of modifying the support properties, reference
parameter
Specific surface area of support by N, ad- 191+257 Varying the plasticizing agent [16]
sorption-desorption, (m?/g) 227+242 Carbon coated alumina (C@AIL,O5) [17]
75+189 Calcination coupled with hydrothermal treatment for preparation of
yY-alumina support [18]
313.5 Non-granular aluminum oxide synthesized using the evaporation-
induced self-assembly (EISA) method [19]
55+151 Pseudo-ordered alumina doped with yttrium [20]
Pore volume of support by N, adsorption- 0.4+0.6 Varying the plasticizing agent [16]
desorption, (cm3/g) 0.56+0.96 Carbon coated alumina (C@ALO;) [17]
0.25-0.48 Calcination coupled with hydrothermal treatment for preparation of
y-alumina support [18]
0.92 Non-granular aluminum oxide synthesized using the evaporation-
induced self-assembly (EISA) method [19]
0.16+0.43 Pseudo-ordered alumina doped with yttrium [20]

Table 4 Textural characteristics of supports (S) and catalysts (C)

Added HAC SSA, m?/g Vpore, CM3/g Dpore, NI

S C S C S C
Pi30, 230, 1:3 266 160 0.71 0.41 11 7
Pi30, 230, 1:4 279 206 0.63 0.48 12 8
P00, 230, 1:4 274 220 0.81 0.55 11 10
Pso, 230, 1:4 262 222 0.69 0.59 11 10
P100, 190, 1:5 298 234 0.67 0.65 9 1
Pso, 190, 1:5 243 203 0.62 0.56 10 11
Al-0 210 161 0.5 0.4 10 10

The isotherms for the supports have different heights,
indicating differences in the pore volume of the samples.
Upon the addition of both dawsonite and scarbroite, an
increase in pore volume is observed compared to the alu-
mina sample prepared from pseudoboehmite. Among the
samples with the hydroxoaluminocarbonate additive, the
sample S-Pioco, 230, 1:4 exhibits the highest pore volume
(Vpore = 0.81 cm3/g), while the samples S-Pizo, 230, 1:4 and
S-Pso, 190, 1:5 Show the lowest (0.63 and 0.62 cm?3/g, respec-
tively) (Table 4). The specific surface area (SSA) of the
support samples ranges 243 m?/g (sample
S-Pso, 190, 1:5) t0 298 m?/g (sample S-Pioo, 190, 1:5). The aver-
age pore diameter (Dpore) among the supports varies with-

from

in the range of 9-12 nm. The reference sample has a lower
specific surface area compared to the other samples.
Compared to the textural properties reported in the lit-
erature for alumina supports modified by various methods
to improve their textural characteristics (Table 3), almost
all samples in our study are outperformed only by the
samples from the work of [4]. Its specific surface area and
pore volume were 313.5 m?/g and 0.92 cm?3/g, respective-
ly, exceeding the values obtained in our study. However, it
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should be noted that the data reported in [19] were ob-
tained for a non-granulated sample.

After metal deposition, the trend in the textural char-
acteristics observed for the supports is not preserved for
the catalysts. The catalyst sample C-Pioo, 190, 1:5 €xhibits the
highest pore volume (0.65 cm3/gsupport While the sample
C-Pi30, 230, 1:3 and the reference sample exhibit the lowest
(0.40-0.41 cm3/gsupport) (Table 4). The greatest decrease in
pore volume after active metal deposition is observed for
catalyst C-Pizo, 230, 1:3 (from 0.71 to 0.41 cm3/gsupport). The
specific surface area of the catalysts increases in the fol-
lowing order: C-Al-0, C-Pizo, 230

13 < C-Pso, 190, 1:5 <

B B

C-P130, 230, 1:4 < C-Pi0o0, 230, 1:4 < C-Pso, 230, 1:4 < C-P1oo, 190, 1:5. It
can be seen that the lowest surface areas are exhibited by
catalysts prepared from supports based on precursors
whose phase composition consists predominantly of
dawsonite. in [14] dawsonite
transforms into amorphous alumina during support heat
treatment. As will be shown below, TEM results of the
catalyst samples revealed an enrichment of active metals
on the amorphous regions of alumina. An increase in the
proportion of such regions may contribute to a decrease in

As previously shown
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specific surface area and pore volume due to pore mouth
blockage. However, as can be seen from the pore size
distribution plots (Figure 1), no significant changes in the
pore size distribution for the catalysts relative to the
supports are observed, which indirectly indicates the
absence of pore blockage. In this case, it can be assumed
that the significant decrease in pore volume upon active
metal deposition is associated with the blockage of
micropores, which cannot be determined from nitrogen
porosimetry results.

a) 0,14 . (b) 0,14 - 3
( ) ’ 8-Pi3g 23013 ' S-Pgg, 230, 1.4
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Figure 2 X-ray diffraction patterns of catalysts calcined at 550°C.
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Table 5 Lattice parameters and average crystallite size (DCSR) for
the identified phases in the studied catalyst samples

Catalyst Y-Al,O5 ) B-CoMoO,
Lattice parameter, A DCSR, nm DCSR, nm
C-Pi30,230,1:3  7-925(3) 5.5 7-5
C-Pi30,230,1:4  7-925(3) 5.5 8.5
C-Pioo, 230,1:4  7-919(3) 5.5 10.0
C-Pso,230,1:4  7-923(3) 5.5 9.0
C-Pioo,190,1:5  7-920(3) 5.5 8.5
C-Psoago, 15 7-920(3) 5.5 10.5
C-Al-o 7.910(3) 5.5 8.0

3.2. Study of the effect of HAC addition on the
properties of the active component precursor

To assess the differences in the degree of interaction of
the active metals with the support, the catalysts were cal-
cined at 550 °C and studied by XRD. On the X-ray diffrac-
tion patterns, reflections belonging to the nanocrystalline
metastable phase y-Al.O; (PDF# 00-029-0063) are ob-
served (Figure 2). The crystallite size (DCSR) for all sam-
ples is similar and equal to 5.5 nm (Table 5). The lattice
parameter was 7.919(3)-7.925(3) A. Differences in lattice
parameters may be related to the presence of amorphous
alumina in the support samples, as shown in [14] On the
diffractograms of the samples C-Pi3o, 230, 1:4, C-P8o, 230, 1:4,
and C-Pi3o, 230, 1:3, clear diffuse-like scattering in the form
of a halo in the 26 angle range of 7-16° indicates the pres-
ence of components in an X-ray amorphous state. The de-
tected y-Al.O3 and the X-ray amorphous component corre-
spond to the aluminum oxides that formed in the support
[14]. In the 26 region of 19.2-19.4° (d/n = 2.12-2.10 A), a
slight increase in intensity was noted, which may indicate
the presence of an impurity of the metastable x-Al.O3;
phase. The formation of x-Al.O5 is possible from gibbsite,
impurities of which could remain in the gibbsite thermal
decomposition product used for the preparation of HAC.

Also, an intense reflection at 12.1° 26 and weak reflec-
tions in the regions of 10.6, 14.6, and 15.3° 20 are ob-
served on the diffractograms. These reflections are typical
for the crystalline phase B-CoMoO, (PDF#04-021-0868).
The formation of the B-CoMoO, phase after the catalyst
calcination step is typical for CoMo hydrotreating cata-
lysts [6,21-23].

The intensity of the reflections belonging to f-CoMoO,
differs and increases in the following order: C-Pi30, 230, 1:3 <
C-Al-0 ~ C-Pi30, 230, 1:3 < C-P8o,230,1:3 < C-P100, 190, 1:5 ~ C-P100,
230, :4 < C-Pso, 190, 1:5. Thus, it can be concluded that in the
samples based on supports with the addition of scarbroite,
an increase in the proportion of cobalt molybdate is ob-
served, except for sample C-Pioo, 230, 1:4. The Dcsr of B-
CoMoO, varies from 7.5 to 10.5 nm (Table 5). The smallest
value (7.0-7.5 nm) is observed for C-Pizo, 230, 1:3 and the
reference sample C-Al-0 (8 nm). The largest Dcsk value
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(10.0-10.5 nm) is observed for C-Pso, 190, 1:5 and C-Pioo, 230,
1:4. NO correlation of this parameter with the initial phase
composition of the alumina precursor was observed.

In the UV-Vis DR spectra of the studied catalysts heat-
treated at 550°C based on supports with the addition of
hydroxoaluminocarbonates, the most intense absorption
bands (a.b.) are observed in the ultraviolet range with a
maximum at 220-240 nm, attributed to ligand-to-metal
charge transfer (LMCT) transitions 0*—Mo®" (Figure 3).
This band is typical for molybdenum in a tetrahedral oxy-
gen environment in isolated ions [24]. In the spectrum of
the reference sample, in addition to this band, a band from
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250 to 300 nm is observed, which corresponds to ligand-
metal CT transitions 0*—Mo®" in a polymolybdate-like
structure containing MoOh ions [24].

It is worth noting the presence of a red shift of the ab-
sorption edge of the bands belonging to molybdenum ions
in the following order: C-Pi30, 230, 1:3, C-P100,190,1:4, C-P100, 190,
1:5 — C-P8o, 230, 1:4, C-P100, 190, 1:5 — C-Al-0. The presence of a
red shift indicates a change in the particle size of molyb-
denum oxide, in particular, an increase in size [25]. Con-
sequently, the use of HAC as the alumina precursor leads
to improved dispersion of molybdenum oxide particles,
and this effect is stronger for dawsonite.

C-Al-0
C-P100,100,1:2
C-P13,230,13
''''' C-Pgo,230,1:4
C-P100,190,15

C-Psg,120,15

Wavelength, nm

Figure 3 UV spectra of catalysts heat-treated at 550°C.
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Figure 4 Examples of XPS spectra (Mo3d and Co2p) of samples C-Pi30, 250, 1:3 and C-Pio0, 190, 1:4-
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In the visible region of the spectrum, a triplet with
shoulders at 500 and 700 nm is observed for all samples
at maxima of 545, 598, and 645 nm. This triplet corre-
sponds to d-d transitions of Co** ions in tetrahedral coor-
dination within CoAl.O, [26]. The absorption bands
around 520 and 580 nm indicate the presence of d-d tran-
sitions of Co** ions in octahedral coordination within the
-CoMo0O,4 complex [27,28]. In the 500-700 nm region, a
significant decrease in the intensity of the absorption
bands is observed for all studied samples relative to the
reference sample. This indicates a reduction in the propor-
tion of cobalt aluminate in the samples. When comparing
the catalyst samples with the addition of hydroxoalumi-
nocarbonates, the following trend in the reduction of the
cobalt aluminate fraction can be noted. In samples based
on supports containing scarbroite in the precursor, the
amount of cobalt aluminate is higher compared to sample
C-P130, 230, 1:3, Which is based on dawsonite.

3.3. Investigation of the properties of sulfide cat-
alysts

ARTICLE

Table 6 Percentage of elements in different states (atomic per-
cent).

Sample HAC added toMo** Mo>* Mo°®* Co®° Co®M°S §> S, §6+
support
C-Pi30,230,1:3 dawsonite 98 o 2 13 87 78 22 0
C'P100,190,1:4 90 3 7 21 79 58 15 27
C-Psgo,100,1:5 | Increasein 99 o 1 14 86 77 19 4
scarbroite
fraction
C-Pso,230,1:4 97 O 3 17 83 72 19 9

Table 7 Elemental composition and atomic concentration ratios of
elements on the surface of the measured samples, in atomic per-
cent.

The catalysts in the oxide state show clear differences in
the state of cobalt compared to a typical catalyst contain-
ing y-Al:Os. It is evident that the surface properties of the
support change with its phase composition; therefore,
changes in the properties of the sulfide particles can be
expected. To study the state of the active metals in the
sulfide state, catalysts in which the phase composition of
the support differed significantly were
C-Pi30, 230, 1:3 — @ catalyst based on a support with the addi-
tion of dawsonite;

selected:

C-Pioo, 190, 1:4, C-Pgo, 230, 1:4, and
C-Pso, 190, 1:5 — catalysts based on supports with the addition
of powder containing scarbroite with particles of different
crystallite sizes.

The study was carried out by XPS, for which the cata-
lysts were activated in a hydrogen sulfide flow. Since the
active metals are Co and Mo, the Co2p and Mo3d spectra
were examined (an example of the spectra is shown in
Figure 4), which were decomposed into the most typical
states of these elements in hydrotreating catalysts. For the
Mo3d spectrum of sulfide catalysts, the presence of states
related to molybdenum and sulfur is typical. The peaks
with binding energies of ~226.2 and ~233.5 eV, observed
in both samples, correspond to sulfur (S2s region) and are
characteristic of sulfur in sulfides (S* and S»*) and sul-
fates (S%%), respectively. The molybdenum region is repre-
sented by two doublets with binding energies Mo3d5/2
~228.8 and 232.6-232.7 eV, which are characteristic of
molybdenum in the Mo*" and Mo®" states, respectively
[29,30]. Sample C-Pioo, 190, 1:4 Was an exception. In its Mo3d
spectrum, a peak with a binding energy of 231.1 eV, at-
tributed to Mo>*, was also observed. In the studied sam-
ples, the Mo*" state predominates (90-99%) (Table 6),
which is characteristic of MoS, [30]. The remaining part
of molybdenum is present as molybdenum oxide or oxysul-
fide [29].
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Parameter C- C- C- C-
le,l:3 P100,1_99,1:4 P80,1_9_0,£5 P80,239,1:4

Al-% 21.6 23.0 25.7 25.5
P-% 1.0 1.3 1.3 1.3
S-% 8.6 7.2 7.6 7.6
Mo-% 2.5 1.9 2.3 2.2
Co-% 1.6 1.1 1.0 1.1
C-% 26.1 15.0 13.9 15.2
Mo**/Al 0.12 0.08 0.08 0.09
Co®MoS /Al 0.06 0.04 0.04 0.05
S*/Al 0.31 0.18 0.21 0.23
S%*/Al o) 0.083 0.029 0.013

In the Co2p spectra, there are two most intense peaks
with binding energies of ~778.6 eV and ~781.2 eV. The
peak with Co2ps/» binding energy of ~778.6 eV corre-
sponds to Co?* in the CoMoS phase [31,32]. The peak with
a binding energy of ~781.2 eV is characteristic of Co*" in
Co0. Cobalt on the catalyst surface is also mainly present
in a sulfide environment as part of the CoMoS phase - 79-
87% (Table 6).

Since the studied catalysts contained phosphorus,
which is known to readily interact with the OH groups of
Al:0O3 during the impregnation step, forming - PO, groups,
the P2p spectra were also examined (Figure S2). Analysis
of the P2p spectra allows the conclusion that in both sam-
ples, phosphorus is present in an oxygen environment.
The binding energy value of the P2p region is approxi-
mately 134.3 eV, which, according to literature data, can
be attributed to oxidized phosphorus P>*.

Considering some differences in the proportion of met-
al states in sulfide and oxide environments, the surface
metal contents as well as their concentration ratios to
aluminum were calculated (Table 7). From the calculation
results, it was found that in the case of catalyst C-Pi30,230,1:3
based on a support with dawsonite added as the alumina
precursor, the surface aluminum content is the lowest
among all catalyst samples (21.6 at which is associated
with a significantly higher carbon content (26.1 at.%). For
catalysts containing scarbroite, it was noted that the alu-
minum content increased with an increasing proportion of
scarbroite. The highest active metal concentrations were
obtained for the C-Pizo,230,1:3 catalyst based on the daw-
sonite. According to the Mo#*/Al and Co®°M°S/Al ratio cal-
culations, this sample also exhibited the maximum ratio
values among others. The observed results provide indi-
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rect evidence of an increased dispersion of active phase
particles in this sample, which should positively affect the
catalyst activity.

To determine the effect of adding dawsonite and scar-
broite to the support on the morphology of the active
component particles, the sulfided CoMo catalysts were
studied by HRTEM. In the HRTEM images (Figure 5), it can
be seen that the active component particles are unevenly
distributed over the catalyst surface and are localized pre-
dominantly on the amorphous regions of alumina. No bulk
molybdenum or cobalt sulfide particles or partially sulfid-
ed oxysulfides are observed. In all samples, the molyb-
denum and cobalt sulfides are particles 2-4 nm in length
with up to 6 layers in the stack, which is typical for sulfid-
ed CoMo hydrotreating catalysts [33-35]. However, a de-
tailed analysis of the particle size distribution by length
and stacking number revealed significant differences be-
tween the samples, resulting from the phase composition
of the additives.

To determine the effect of adding dawsonite and scar-
broite to the support on the morphology of the active
component particles, the sulfided CoMo catalysts were
studied by HRTEM. In the HRTEM images (Figure 5), it can
be seen that the active component particles are unevenly
distributed over the catalyst surface and are localized pre-
dominantly on the amorphous regions of alumina. No bulk
molybdenum or cobalt sulfide particles or partially sulfid-
ed oxysulfides are observed. In all samples, the molyb-
denum and cobalt sulfides are particles 2-4 nm in length
with up to 6 layers in the stack, which is typical for sulfid-
ed CoMo hydrotreating catalysts [33-35]. However, a de-
tailed analysis of the particle size distribution by length
and stacking number revealed significant differences be-
tween the samples, resulting from the phase composition
of the additives.
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Based on the statistical analysis of the active compo-
nent particle length and the stacking number, it was found
that the alumina precursor significantly affects the mor-
phology of the active component particles. As can be seen
from the active component particle length distribution
(Figure 6), in the reference sample C-Al-0, particles with
lengths ranging from 0.5 to 5.8 nm are present, and the
average particle length of the active component is 3.4 nm
(Table 8). Catalysts C-Pso, 190, 1:5 and C-Pizo, 230, 1:4 have
similar particle length distributions and are characterized
by an average particle length close to that of C-Al-0 (3.1-
3.2 nm). At the same time, catalyst samples based on sup-
ports with the addition of dawsonite (C-Pioco,230,1:4, C-
Pi30,230,1:3), are characterized by a smaller average length
(1.8-2.8 nm) due to an increase in the proportion of parti-
cles with a length of 1.5-3.3 nm.

Table 8 Average particle length of the active component, number
of layers in the stack, and dispersion in sulfided catalysts.

Sample Average Average stack- Dispersion
particle ing number
length, nm
C-Pi30, 230, 1:3 1.8 2.3 0.58
C'P13o, 230, 1:4 3.1 2.5 0.37
C-Pio0, 230, 1:4 2.8 1.9 0.40
C-Psgo, 230, 1:4 2.9 2.8 0.39
C-Pi00, 190, 1:5 2.3 2.2 0.48
C_PSO, 190, 1:5 3'2 2'4 0'35
C-Al-o 3.4 1.8 0.34

Table 9 Results of catalyst testing using a model mixture.

Catalyst DBT Selectivity, %
conversion, Biphenyl Phenylcyclohexane
%

C‘P13o, 230, 1:3 90 99 1

C‘PSO, 230, 1:4 83 99 1

C'PIOO, 190, 1:5 76 99 1

C-Pso, 190, 1:5 84 99 1

C/Al-o 82 99 1

Figure 5 HRTEM images of sulfided catalysts (a) C-Pioo, 230, 1:4» (D) C-Pio0, 100, 1:5-
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Based on the statistical analysis of the active compo-
nent particle length and the stacking number, it was found
that the alumina precursor significantly affects the mor-
phology of the active component particles. As can be seen
from the active component particle length distribution
(Figure 6), in the reference sample C-Al-0, particles with
lengths ranging from 0.5 to 5.8 nm are present, and the
average particle length of the active component is 3.4 nm
(Table 8). Catalysts C-Pso, 190, 1:5 and C-Pizo, 230, 1:4 have
similar particle length distributions and are characterized
by an average particle length close to that of C-Al-0 (3.1-
3.2 nm). At the same time, catalyst samples based on sup-
ports with the addition of dawsonite (C-Pioo, 230, 1:4, C-P130,
230, 1:3), are characterized by a smaller average length (1.8-
2.8 nm) due to an increase in the proportion of particles
with a length of 1.5-3.3 nm. The observed differences are
due to differences in the size and morphology of the alu-
mina particles. Previously, in work [36], a dependence of
the active component particle length on the length of the
alumina particles was shown. The authors noted that the
longer the alumina particle, the longer the active compo-
nent particle formed on it. In our case, a similar trend is
observed. For the reference sample, whose support pre-
dominantly contains y-Al.O3;, a needle-shaped particle
morphology is characteristic[16]. Furthermore, when hy-
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droxoaluminocarbonate is added to the support, the alu-
minum oxide, in the case of amorphous phase formation,
exists as a loose structure consisting of smaller particles.
When scarbroite is used as the alumina precursor, it trans-
forms into y-Al:O; and partially remains in an X-ray
amorphous, loose form. Therefore, there are no significant
changes in the active component particle length. Daw-
sonite, after calcination, predominantly remains as amor-
phous alumina, thus increasing the looseness of the struc-
ture and forming smaller active component particles.

The average stacking number of the active component
for the reference sample was 1.8 (Table 8). As can be seen
from the particle size distribution by number of layers
(Figure 7), monolayer stacks predominate in the sample
(43%). The proportion of bilayer stacks was 33%, with the
remainder being trilayer and tetralayer stacks. Sample C-
P100,230,1:4 does not differ significantly in the stacking num-
ber compared to C-Al-0. In the remaining samples, an in-
crease in the average stacking number to 2.3-2.8 is ob-
served. Analysis of the particle distribution by the stacking
number shows that in the catalysts based on supports with
the addition of scarbroite (C-Pso,230,1:4, C-P80,190,1:5 and C-
Pi0o,190,1:5), an increase in the proportion of trilayer stacks
is observed compared to C-Al-0.
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Figure 6 Particle length distribution of the active component in the sulfided catalysts studied.
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Table 10 Results of catalyst testing using real feedstock
Sample Bulk density, Catalyst weight, g Temperature, °C
cm3/g
340 350
Sper 1 g cat. Nper 1 g cat. Sper 1 g cat. Nper 1 g cat.
C-Pi30, 230, 1:3 0.68 20.4 195.7 10.6 198.2 10.7
C-Psgo, 230, 1:4 0.91 27.3 148.0 8.5 149.2 8.5
C-Al-O 0.85 25.5 153.1 11.3 175.3 8.5

Due to the aforementioned differences in the particle
length distribution of the active component and the stack-
ing number, the samples differ in the dispersion of the
active component particles. In the studied samples, the
dispersion increases in the following order: C-Al-o0, C-
Pso,190,1:5 < C-Pi30,230,1:4 < C-P80,230,1:4 < C-P100,230,1:4 < C-
P100,190,1:5 < C-P130,230,1:3. Thus, the minimum dispersion is
observed for the catalyst sample based on the support
with added scarbroite (C-Pgo,190,1:5), and the maximum dis-
persion is observed for the catalyst sample based on the
support with HAC containing dawsonite (C-P130,230,1:3)-

3.4. Effect of dawsonite/scarbroite addition on
catalytic properties

To study the effect of the addition of dawsonite and scar-
broite on the activity of CoMo/Al:03 catalysts in hy-
drodesulfurization reactions, samples whose supports con-
tained dawsonite (C-Pizo, 230, 1:3), @ mixture of dawsonite
and scarbroite (C-Pso, 230, 1:4 and C-Pioo, 190, 1:5), and predom-
inantly scarbroite (C-Pso, 190, :5) were selected from the
studied series. C/Al-0 was used as a reference sample. To
determine the effect of HAC addition on catalyst activity
without considering the influence of diffusion limitations,
catalyst testing was performed using a model molecule
(DBT). The testing conditions were similar to those de-
scribed in [37].

The reference sample showed a DBT conversion of 82%
(Table 9). For the remaining samples, DBT conversion var-
ied within the range of 76-90%. The catalyst based on the
support with dawsonite addition showed the highest activ-
ity in DBT HDS among the samples. For the other samples,
no increase in activity compared to the C/Al-0 sample was
observed. Analysis of the DBT HDS reaction products re-
vealed that biphenyl is the main HDS product in all cases,
indicating that the reaction primarily proceeds via the
direct C-S bond hydrogenolysis pathway.

Thus, it has been established that the use of dawsonite
as an alumina precursor has a positive effect on activity in
DBT HDS reactions. The addition of scarbroite or a mix-
ture of dawsonite and scarbroite to the support of hy-
drotreating catalysts does not produce such an effect. It is
worth noting that the reaction pathway of DBT HDS does
not change.

To evaluate the activity of the catalysts under condi-
tions close to industrial ones, the catalysts were tested in
the hydrotreating of a blended feedstock containing gasoil
fraction (87 vol.%), light catalytic cracking gasoil (11
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vol.%), and light coking gasoil (2 vol.%). For testing un-
der realistic conditions, catalysts based on supports with
the addition of dawsonite/scarbroite and C/Al-0 were se-
lected (Table 10). Based on the test results, the residual
sulfur and nitrogen contents in the hydrotreating reaction
products were determined. For loading the catalysts into a
fixed-bed reactor by volume (30 cm?3), the bulk density of
the catalysts was determined (Table 10). Due to the signif-
icant difference in bulk density, the weight of the loaded
catalyst differed; therefore, to correctly assess the catalyst
activity, the amount of converted sulfur and nitrogen per 1
g of a catalyst was calculated. The results obtained are in
good agreement with the results of catalyst testing on the
model feedstock. For both the temperature of 340 and 350
°C, C-Pi30,230,:3 proved to be the most active catalyst in
HDS and HDN reactions. The C/Al-0 and C-Psgo, 230, 1:4 Sam-
ples showed similar activity at 340°C. When the process
temperature was 350°C, catalyst C-Al.O; became more
active compared to C-Pso, 230, 1:4. NO increase in activity in
the hydrodenitrogenation reactions of the catalysts with
increasing temperature was noted.

Thus, the results of catalyst testing under real feed-
stock hydrotreating conditions are in good agreement with
the results of testing under model feedstock hydrotreating
conditions. Summarizing the results obtained from physi-
cochemical methods, it can be concluded that the increase
in the activity of catalysts with the addition of dawsonite
is due to the formation of an amorphous alumina phase in
the support. In the HRTEM images, these regions are
clearly visible, and it can be seen that they are more en-
riched in active metals compared to other regions. An in-
crease in the proportion of the amorphous phase leads to a
densification of the support structure during the plastifi-
cation step, resulting in a decrease in specific surface area
and pore volume. At the same time, the degradation of the
textural characteristics of the catalysts, compared to other
samples, did not lead to a deterioration in catalytic prop-
erties. The increase in catalytic activity is obviously asso-
ciated with a change in the interaction of the active metals
with the support, as seen from the UV-vis DR spectroscopy
data: the addition of dawsonite to the support composition
leads to a decrease in the proportion of cobalt aluminate
(or distortion of the structure of the formed aluminate),
an increase in the dispersion and the proportion of highly
active CoMoS particles. Considering the increase in the
proportion of amorphous particles and the predominant
concentration of active metals on these particles, it can be
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concluded that these particles are more energetically fa-
vorable for localization, while the active metals do not
form strong bonds with the surface of these particles.

4. Limitations

The present topic is devoted to the possibility of using new
aluminum-containing compounds - scarbroite and daw-
sonite in the preparation of hydrotreating catalysts. The
report deals with the study of the catalysts physico-
chemical properties and testing of the catalysts in conver-
sion of DBT and gasoil fraction. All synthesis, investigation
and testing conditions are reproducible. A critical factor in
ensuring the reproducibility of the obtained results is the
preparation stage of the dawsonite or scarbroite powders.
This step requires rigorous control over the precipitation
conditions, specifically the reagent addition rate, solution
concentrations, suspension aging temperature, and the
subsequent washing of the suspension. Even minor devia-
tions from the synthesis conditions can alter the phase
composition of the powders, thereby affecting the proper-
ties of the supports and catalysts.

5. Conclusions

In this work, a study was carried out on the effect of add-
ing dawsonite and scarbroite at the support preparation
stage on the properties of CoMo/Al.O3; hydrotreating cata-
lysts. A catalyst based on alumina obtained from pseu-
doboehmite was used as a reference sample.

It was established that the phase composition of alu-
minum oxide has a significant effect on the textural char-
acteristics of the alumina catalyst; namely, in most cases,
the presence of dawsonite and/or scarbroite leads to a
substantial increase in specific surface area (from 160 to
200-234 m?/g) and pore volume (from 0.4 to 0.48-
0.65 cm?/g).

It was determined that an increase in the proportion of
scarbroite led to an increase in the proportion of -
CoMoOy, which is a precursor of the active CoMoS phase.
UV-vis DR spectroscopy data revealed a decrease in the
proportion of cobalt aluminate in the presence of scarbro-
ite or dawsonite, indicating a reduction in the interaction
of the active metals with the support, or a distortion of the
coordination spheres of the resulting structures. The
change in these interactions led to changes in the for-
mation of sulfide structures. XPS data showed that an in-
crease in the fraction of Mo** and Co in CoMoS in the sam-
ple with dawsonite is observed. The change in the surface
state of metals is also reflected in the morphology of the
active phase. Samples with scarbroite contain longer ac-
tive phase particles, whereas in catalysts with dawsonite
the particles are smaller. The particle length correlates
with the morphology of the support particles: the for-
mation of a greater number of small active phase particles
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is observed in the catalyst with a larger number of amor-
phous particles.

Testing of the catalysts in the hydrotreating of model
feedstock containing DBT mixed diesel fuel showed that
the catalyst containing dawsonite is the most active,
whereas the presence of the scarbroite phase or the use of
pure pseudoboehmite as the alumina precursor leads to a
twofold reduction in the amount of converted sulfur and
nitrogen per 1 g of catalyst.

Supplementary materials
This manuscript contains supplementary materials, which are
available on the corresponding online page.
Figure S1 - Nitrogen isotherms adsorption-desorption for supports
(a, b, ¢) and catalysts (c, d, e, f);
Figure S2 - PS P2p spectra examples of the samples C-Pi30,230, 3 and

C-P100,190, 1:4-
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