NANOSYSTEMS: Nadeina K.A., et al. Nanosystems:

PHYSICS, CHEMISTRY, MATHEMATICS Phys. Chem. Math., 2024, 15 (6), 837-854.
http://nanojournal.ifmo.ru
Original article DOI 10.17586/2220-8054-2024-15-6-837-854

Granular Ni-Mo-W bulk hydrotreating catalyst: the effects from precursor calcination

Ksenia A. Nadeina, Yuliya V. Vatutina, Polina P. Mukhacheva, Sergey V. Budukva, Irina G. Danilova,
Vera P. Pakharukova, Evgeniy Yu. Gerasimov, Maxim A. Panafidin, Oleg V. Klimov

Boreskov Institute of Catalysis SB RAS, Pr. Lavrentieva 5, 630090 Novosibirsk, Russia

Corresponding author: Ksenia A. Nadeina, lakmallow@catalysis.ru

PACS 81.05.-t, 81.05.Rm, 81.20.-n, 81.40.-z

ABSTRACT This paper presents a study on the effect of the Ni-Mo—W precursor calcination (300, 450 and
500 °C) on properties of granulated bulk Ni-Mo—W catalysts. The Ni—-Mo—W precursor and bulk catalysts
were studied by XRD, nitrogen adsorption-desorption method, CHNS analysis, thermal analysis, Raman spec-
troscopy, UV-Vis DR spectroscopy, HRTEM and XPS. It is shown that the increase in calcination temperature
of the precursor to 500 °C leads to stepwise decomposition of citric acid, transformation of active metals and
re-structurization of the samples. Active metals in sulfide catalysts are present in the bulk mixed or individ-
ual sulfides and interact with alumina binder to form “NiMoS-like” sulfide phase. Increased crystallinity of the
precursor results in the enlargement of bulk nickel particles, capsulation of Mo and W and their rounding by
Ni atoms. Catalysts testing in hydrotreatment of SRVGO demonstrates that the best choice of temperature
regimes is 300 °C for the precursor.
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1. Introduction

Hydroprocessing catalysts are attracting constant interest from scientists working in catalysts development. It is
caused by the constantly emerging requirements for the resulting fuels and heavy feedstocks of secondary processing and,
consequently, the requirements for the catalytic action of the corresponding catalysts.

Hydrotreating (HDT) catalysts used in industrial units can be supported or bulk systems. The main similarity between
them is the nature of active metals. Typically, Co or Ni are used in the pair with Mo or W [1,2]. Combination of these
metals in a catalyst followed by their transition in active sulfide phase provides high activity in target hydrotreating
reactions.

The structure of active component of hydrotreating catalysts is sufficiently well determined, if bimetallic NiMo or
CoMo catalysts are considered. According to Topsge et al. [3], the active component of such CoMo systems consists
of molybdenum sulfide particles being decorated with the promotor atom. However, the formation of Co-Mo—-S phase
is observed at Co/Mo ratios < 0.4, while greater Co contents result in the formation of Co—-Mo-S phase and individual
CoxSy sulfides. In general, NiMo catalysts have similar structure of Ni-Mo-S phase [4].

When adding the third element, Co/Ni or Mo/W, a synergetic effect can be observed. It is known that Ni-Mo and
Co—Mo catalysts have better hydrogenolysis activity, while Ni-W catalyst is stronger in hydrogenation. Combining these
advantages of bimetallic catalysts, Albemarle, ExxonMobil, and the Nippon Ketjen Corporation jointly developed the bulk
catalyst (NEBULA) [5, 6], which presents of Ni-Mo—W component and demonstrates a breakthrough catalytic activity.
The preparation procedure of NEBULA is know-how of the producer company. That is why, numerous investigations in
this field are carried out by the catalysts developers to understand the nature of Ni-Mo—W catalysts and to create new
high-active bulk catalysts.

Obviously, the presence of three different metals in the Ni-Mo—W system significantly increases the complexity of
the system. Density functional theory (DFT) calculations confirmed the formation of synergetic effect of the addition of
Ni to Mo—W-S system [7]. Moreover, it is shown that the best HDT catalysts must exhibit sulfur metal bond energies
close to NiMog 5 Wg 552 system, meaning between NiMoS and NiWS ones. The data in [8] shows that the surface of
NiMoW catalysts is easily formed comparing to bimetallic systems and the edge of NiMoW particle exhibits the high-
est occupation density of d-type states near the Fermi level. The equilibrium morphologies of the sulfide particles of the
active component CoMoS or NiMoS phase are hexagonal or trigonal particles, according to DFT calculations [9]. Accord-
ing to the calculations, the shape of the main particle is close to the bimetallic one. In the case of the supported system, the
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active component particles were highly dispersed, highly reducible, and highly sulfidable W/Mo species, that provided the
formation of W,Mo; _, S5 phases with increased capability for accommodating NiS, at the edges of sulfide slabs [10].

For the bulk NiMoW catalysts, the establishment of the composition of active particles is complicated by the absence
of the support, which can unify the active phase, as well as the use of numerous preparation techniques and conditions of
activation procedures. Moreover, some preparation procedures can lead to the formation of the bulk hydrodesulfurization
(HDS) catalysts with low atom efficiency and intrinsic activity due to the large amount of unused active sites embedded
in the bulk catalyst, leading to the limitation of the practical application in HDS process [11, 12]. Therefore, optimization
of bulk catalyst preparation is a complicated task.

In our previous research, it is shown that among all widely used preparation techniques for the bulk NiMoW catalysts,
the best method includes the synthesis of the active metals precursor in the solution followed by spray drying [13]. It
allows a synthesis of a set of compounds with high activity in HDS and hydrodenitrogenation (HDN) reactions. We
found that the more preferred calcination temperature of the granulated catalyst prepared by the above-mentioned method
is 300 °C [14]. However, the question on calcination of the precursor, which would define final structure of the oxide
system before calcination, still arises.

For example, Wang et al. [15] used a surfactant-assisted co-precipitation method from the starting materials including
basic nickel carbonate followed by a sulfidation process to obtain the final Ni-Mo—W sulfide catalyst without previous
calcination of the precursor. The given data showed the formation of hydrotalcite-like structures, where Mo—W-S particles
are located between Ni;Sg layers that significantly improves promotion effect from Ni.

On the contrary, in a number of works and patents, calcination temperature of bulk catalysts is usually in the range
of 300 — 400 °C, however, there are no arguments for the chosen temperatures [12, 16, 17]. The report [18] demonstrates
the data on the influence of thermal treatment at 250, 350, 450, 550 and 650 °C of a bulk NiMo catalyst being prepared
by coprecipitation method on HDS activity of DBT. It is shown that the catalyst calcined at 350 °C is the most active in
HDS than other samples. Similar results are shown in the report [19] for bimetallic NiMo catalysts, where calcination
procedure is carried out under hydrogen or nitrogen atmosphere in the temperature range from 350 to 600 °C. It is shown
that the best activity is achieved at calcination temperature of 400 °C. However, hydrothermal synthesis procedure of the
precursor used in the above-mentioned papers, as well as calcination conditions, are not optimal for industrial application.
Moreover, these works do not consider the necessity to use binding agent, such as pseudoboehmite, for granulation. It
should also significantly influence the formation of the oxide active component precursor and then catalysts activity.

In the present work, we tried to clarify in detail the effect of calcination temperature on the NiMoW precursor for
the bulk hydrotreating catalysts. The work focuses on the preparation of granulated system and, therefore, on the use of
pseudoboehmite as a binding agent and its interaction with active component in the bulk system. Catalysts activity was
assessed in a real feedstock hydrotreating.

2. Experimental
2.1. Preparation of catalysts

NiMoW precursor was synthesized by dissolution of nickel hydroxide, ammonium heptamolybdate and ammonium
metatungstate with citric acid using the procedure described in [20]. Citric acid was dissolved in a distilled water under
stirring at 70 °C. Then nickel hydroxide was added to the solution followed by complete dissolution and preparation of
green transparent solution. Ammonium heptamolybdate and ammonium metatungstate were added to the green solution
and it was stirred until complete dissolution. Molar ratio of Ni/Mo/W was 1/0.5/0.5. The obtained solution with the
precursor was spray dried to prepare NiMoW powder. Then, the NiMoW powder was calcined at 300, 400, 450 or 500 °C
in air flow. It should be emphasized that after studies by XRD and TGA the NiMoW sample calcined at 400 °C was not
chosen for other investigations.

Granulated NiMoW catalysts were prepared by the following procedure. First, a dry mixing of the powder of the
NiMoW precursor and a binder (pseudoboehmite) was carried out to obtain a kneading paste. A pseudoboehmite powder
(SSA - 241 mz/g, Vp, - 0.6 cm3/g, CSR: [100] — 14.5 nm, [010] — 4.0 nm, [001] — 11.5 nm) was synthesized by the
procedure described in [21]. The weight ratio of pseudoboehmite and NiMoW precursor was 0.6. Then, an aqueous
solution of plasticizing agent (nitric acid) was prepared. The amount of nitric acid was calculated from molar ratio of
HNO3/Al; 03 = 0.07. The obtained solution was added to the mix of powders and stirred to obtain plastic paste. The paste
was extruded via fluoroplastic spinneret with trilobe holes of 1.3 £ 0.1 mm. The extrudate was then dried at 110 £ 10 °C
and then calcined at 300 & 10 °C.

2.2. Sulfiding and testing of catalysts

To assess catalysts activity in HDS and HDN reactions, catalysts were tested in hydrotreatment (HDT) of the real
feedstock. Hydrotreatment of the real feedstock was carried out in a fixed-bed pilot unit using straight-run vacuum gas oil
(SRVGO) (7080 ppm S and 958 ppm N). The 30 cm?® of a catalyst sample was diluted with silicon carbide (0.1 — 0.2 mm)
in a volume ratio of 1:2 and loaded in the isothermal zone of the reactor. Before testing, catalysts were sulfided in a
liquid phase using the mixture of straight-run gasoil and dimethyl disulfide (20 g of DMDS per 1 1 of straight-run gasoil).
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Sulfidation of catalysts was carried out at 8.0 MPa, sulfidation mixture flow — 2 h~! and volume ratio Hs/sulfidation
mixture — 300 Nm3/m? at 240 °C for 16 h and at 340 °C for 16 h. After sulfidation catalysts were tested in the following
conditions: liquid hourly space velocity = 1.5 h™!, Hy/feedstock = 600 Nm®/m?3, P = 8.0 MPa, T = 340, 350 and
360 °C. Catalysts were tested for 48 h at each temperature. There were no liquid samples during first 24 h at each
temperature. That period was marked as no steady state. Then, 4 liquid product samples were selected for analysis each
4 h. Content of nitrogen and sulfur in the feedstock and hydrotreating products was determined on Xplorer-NS Analyzer
(TE Instruments).

2.3. Characterization methods

CHNS analysis was carried out on the analyzer VARIO EL CUBE according to ASTM D3176-15.

X-ray diffraction experiments in the transmitted light mode were carried out with MoK radiation (A = 0.7093 A) at
STOE STADI MP (STOE, Germany) installation using the detector MYTHEN?2 1K. Measurements were carried out by
scanning in the angles range 2 — 69° at 0.015° step at 20. The obtained data were analyzed to define average crystallite
size. The size of coherent scattering region (CSR — Dxgrp) was calculated from the width of diffraction peaks. Phase
analysis was made using diffraction database ICDD PDF-2.

The textural properties of the catalysts were determined by nitrogen physisorption using an ASAP 2400 instrument
(Micrometrics, USA). Prior to analysis, samples were subjected to a Ny flow at 150 °C for 2 h. The Brunauer-Emmett—
Teller method (BET) was used to calculate BET surface areas from the nitrogen uptakes at relative pressures ranging
(P/ Py) from 0.05 to 0.30. The total pore volume was derived from the amount of nitrogen adsorbed at a relative pressure
close to 1 (in practice, P/ Py = 0.995). The pore size distribution was calculated by the Barrett-Joyner-Halenda (BJH)
method using the desorption branch of the isotherm [22]. The uncertainty of the results was 10 %.

Sulfide catalysts were studied by X-ray photoelectron spectroscopy (XPS) on a SPECS photoelectron spectrometer
using non-monochromatic MgKa radiation (hv = 1253.6 eV). The binding energy scale (E}) was previously calibrated
by the position of photoelectronic lines of core levels of gold, silver and copper: Audf;,; —84.0 eV, Ag3ds,; — 368.3 eV
and Cu2ps,3 — 932.7 eV, measured for corresponding metallic foils. Samples were applied to a double-sided conductive
copper tape. The charging effect that occurs during electron photoemission was taken into account using the internal
standard method, which used the Al2p line from aluminum in the support (£}, = 74.5 eV) [23]. In addition to the survey
spectrum, high resolved spectral regions of elements being included to the samples were recorded. All obtained spectra
were recorded at pass energy of 20 eV. The definition of a relative elements content on catalysts surface and a ratios of
their atomic concentration were made from integral intensity of photoelectron lines being corrected by atomic sensitive
factors [24].

Sulfide catalysts before reaction were studied by high-resolution transmission electron microscopy (HRTEM) to
investigate their morphology and structure. For imaging in TEM and STEM modes, a ThemisZ two-corrector transmission
electron microscope (USA, Thermo Fisher Scientific) with an accelerating voltage of 200 kV and a limiting resolution of
0.07 nm (TEM) and 0.06 nm (SEM) was used. The micrographs were recorded using a Ceta 16 CCD matrix (Thermo
Fisher Scientific, USA). High-angle annular dark field (HAADF) technique was performed to evaluate distribution of
active metals.

Thermal analysis of the catalysts was carried out using NETZSCH STA 449 Jupiter. A sample was loaded into
corundum crucibles and placed in a chamber. An air flow rate was 30 ml/min. A sample was heated up to 600 °C at a rate
of 10 °C/min. Experimental data was analyzed by the NETZSCH Proteus Thermal Analysis software.

UV-Vis diffuse reflectance spectra (UV-Vis DRS) of the catalysts in the oxide states were recorded on an UV-2501
PC Shimadzu spectrometer with an IRS-250A diffusion reflection attachment. The measurements were performed in a
quartz cell (optical path length 2 mm) in air at room temperature using BaSO, as a reference.

Raman spectra of the catalysts in the oxide states were recorded with the use of a LabRAM HR spectrometer, Evolu-
tion, Horiba, equipped by a multichannel CCD detector, which was cooled by liquid nitrogen. The spectra were excited
by a 633 nm He—Ne laser with a power of about 0.5 mW on the sample surface. The diameter of the laser light spot on
the sample surface was about 2 um. The scattering geometry was 180°. The spectrometer resolution was 2.4 cm™ .

The structural properties of the samples were analyzed by Infrared (IR) spectroscopy using a KBr wafer technique
(a typical wafer containing 1 wt. % of a sample). IR spectra were recorded on a Shimadzu IRTracer-100 spectrometer
within the spectral range of 350 — 4000 cm ™! with a resolution of 2 cm™*.

3. Results and discussion

3.1. Structure of NiMoW precursor after calcination at high temperatures

Before explanation of the data, which are given below for the precursor and catalysts, it would be better to justify
the choice of the calcination temperature for the NiMoW precursor. The first point is based on the granulation of the
catalysts. It is experimentally established that the NiMoW precursor has very poor plasticizing properties, when the
calcination temperature is less than 300 °C. The second point is related to phase transitions seen in TG/DTG/DSC curves
and XRD patterns.
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The DTG curve (Fig. 1) of the NiMoW precursor contains specific features being characteristic for the decomposition
of citrate ligands [25-27]. A weight loss at 50 — 150 °C can be assigned to the removal of adsorbed water and ammonia.
A great weight loss (25 % of the total weight) is observed at 180 — 350 °C due to the citrate ligands decomposition to
acetondicarboxylate compounds or oxycarbonate compounds [25,28]. The decomposition of citrate complexes to carbon
deposits occurs at ~ 300 °C. It possibly explains poor plasticizing properties of the NiMoW powder. The weight loss over
400 — 600 °C is accompanied by a strong exo-effect, which is related to the oxidation of residual fragments of organic
molecules and amorphous carbon, and to the formation of nickel, molybdenum and tungsten oxide compounds, and their
phase transformation [29-31]. When the calcination temperature is higher than 300 °C, two areas can be pointed out:
400 — 450 °C and 500 — 550 °C. To choose calcination temperature in these two areas for further studies, the NiMoW
precursors calcined at 300, 400, 450 and 500 °C were studied by XRD analysis (Fig. 2).
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It is seen that only calcination at temperatures higher than 400 °C leads to the formation of crystal phases. Moreover,
crystallinity of the samples calcined at 450 and 500 °C strongly changes. Then, we choose one of the X-ray amorphous
samples, which were calcined at 300 °C, and two samples calcined at 450 and 500 °C for further studies.

3.1.1. NiMoW precursor calcined at 300 °C. As it is noted above, the XRD data of the precursor calcined at 300 °C
does not show any crystal phases. On the contrary, the Raman spectrum (Fig. 3A) of the NiMoW sample calcined at
300 °C contains a set of bands in the range of 1100 — 1700 cm™' with two intense poor resolved signals at 1360 and
1590 — 1600 cm ™ typical for most kinds of carbonaceous materials such as graphite, carbon black and soot. Considering
calcination temperature, the peak at 1590 — 1600 cm ™! (G-band) can be assigned to graphitized coke, while the peaks at
around 1360 cm™! (D-band) can be due to disordered pseudographite deposits [32,33]. The band at 1445 — 1465 cm ™!
(D3-band) corresponds to the loss of aromatic bonding in a purely sp2 network [34]. The signal at 1250 — 1265 cm ™!
corresponds to the Raman shift of C—H bond vibrations, while the shoulder at 1150 — 1200 cm™ ! could be attributed to
sp2-sp> bonds or C—C and C=C stretching vibrations of polyene-like coke. In addition, a strong fluorescence background
is detected in the sample calcined at 300 °C, probably caused by residual fragments of the organic matrix [35]. The
observed features can indicate the effects from deposits of citric acid in the catalysts. A small signal at ~ 220, 650 — 690
and ~ 960 cm ™! can be assigned to bridged Mo—O—Mo and terminal M=0 in polymolybdate-like structures [36].

The UV-Vis DR spectrum of NiMoW precursor (Fig. 4A) calcined at 300 °C represents a very intense broad signal in
the region of 400 — 700 nm with the maximum at around 500 nm and shoulders at about 420 — 430, 350 — 360 and 280 —
300 nm. This set of bands may belong to w-7* and n-7* transitions of charged alkylated aromatics and polyaromatics
with oxygen-containing substituents (the products of citric acid decomposition after calcinations) [37]. The absence of
clearly defined bands of d-d transitions of Ni?T ions may indicate shielding by a carbon matrix.

3.1.2.  NiMoW precursors calcined at > 450 °C. When calcination temperature is higher than 450 °C, XRD patterns
contain peaks from a-NiMoO, (PDF#00-033-0948, a = 9.509, b = 8.759, ¢ = 7.667 A) with the average CSR size
D = 10 nm (content prevails). Moreover, the precursor calcined at 450 °C contains NiO phase (PDF#00-047-1049,
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a =b=c = 4177 A) with D = 10 nm and with high probability highly dispersed WO3 phase (PDF#00-033-1387),
since there is an increase in the intensity near 11° at 26.

The set of bands in the Raman spectra (Fig. 3A) in the region of 1100 — 1700 cm ™! decreases in intensity and new
peaks appear at about 540, 705, 740, 860 and 920 cm~ L. The band at 860 cm™! can be attributed to W=0 bonds in
isolated WOy structures, while the signal at ca. 740 cm™ s assigned to W=0 bonds in isolated WOg structures [38].
The set of bands at 965, 920 and 705 cm ™! belongs to the MoOg symmetric stretch and corresponding MoOg asymmetric
vibrations of bulk 5-NiMoQ, [36], while the band at 760 cm ™! is attributed to bridging Mo—O-Mo bond that confirms
the presence of polymolybdate structures. The peak at about 540 cm ™" is typical for NiO.

Treatment at 450 °C is accompanied by the appearance of the intense peak at 720 nm with the shoulder at 650 nm
in the UV-Vis DR spectra (Fig. 4A). This signal as well as the bands located at about 380 — 460 nm result from d-
d transitions of Ni** ions hosted by octahedral sites in the dispersed NiO [39]. The n-7* transitions in carboxylate
substituents of the carbon matrix likely have an additional contribution to the adsorption in the 350 — 460 nm region and
the increased background in the long wavelength region. The UV region of this spectrum contains three strong broad bands
centered at 220, 280 and 350 nm, which could be assigned to 0>~ — Mo®" (W5T) charge transfer (CT) transitions. First
peak is usually observed in compounds, which contain isolated tetrahedral coordinated MoO4 or WOy species [38, 40].
The second peak most likely refers to polymolybdate-like structure containing octahedral coordinated Mo ions (MoOg
species) [36], while the third signal probably related to polytungstates or WOs3 cluster contained octahedral coordinated
W ions (WOg species) [38]. The intensity of the band from isolated tetrahedral coordinated molybdate (tungstate) ions is
much higher than from polymolydates (polytungstates).

Besides a-NiMoQOy phase, the precursor calcined at 500 °C contains WO3 (PDF#00-033-1387, a = b = 7.298,
¢ = 3.899 A) with the CSR size D ~ 8 nm, NiWO, (PDF#00-015-0755, a = 4.912, b = 4.60, ¢ = 5.665 A) with CSR
size D = 19 nm, and NiO (PDF#00-047-1049, = b = ¢ = 4.177 A), D ~ 10 nm.

The Raman spectra of the NiIMoW-500 sample is characterized by the set of bands at 540, 690, 760, 853 cm~ ! with
the shoulders at 815, 880 and 920 cm ™!, as well as 962 and 990 cm™'. Signals at 990 cm ™~ with the 815 cm ™! belong
to the modes from MoOs3. The peaks at 962, 920 and ~ 700 cm~ ! characterize nickel molybdate, and the bands at 880
and 690 cm ™! correspond to nickel tungstate. On the other hand, the band in the range of 715 cm ™! accompanied by the
band at around 805 cm ™! can be attributed to the W—O-W deformation mode, W—O bending modes and a W-O stretching
vibration characteristic of octahedral WOj3-like species (or crystalline WO3) and may overlap with the signals of the above
compounds [38]. The modes from carbon compounds completely disappear.

The UV-Vis DR spectrum of the NiMoW-500 precursor contains the new bands at 740 and 820 nm which are likely
associated with Ni*T ions octahedral coordinated to molybdate ions in nickel molybdate [41,42]. The last band is coming
from the distortion of octahedral Ni** by incorporation to MoO 5 - Nickel ions in the NiWOy structure can also absorb
in this area too [43].

3.1.3. Intermediate conclusions. Summarizing effects seen in the precursor samples, the following scheme can be pro-
vided (Fig. 5). First, the precursor obtained after spray drying contains molybdenum, tungsten and nickel citrate com-
plexes. When heat treatment temperature increases to 300 °C, citrates decompose and form variations of acotonic and
itaconic compounds followed by the formation of carbon-containing compounds, like coke. Then, the heating to more than
450 °C results in the removal of carbon and other products of citrate’s decomposition and formation of crystal phases —
both individual Ni, Mo or W oxides and mixed oxides.
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FI1G. 5. Scheme on the possible reactions being occurred in the NiMoW precursor

3.2. Structure of NiMoW catalysts

Before describing and discussing the structural data on the bulk NiMoW catalyst, it should be emphasized that all
structural changes of the NiMoW precursor are not significantly affected by calcination of catalysts granules, because
final calcination temperature is equal or less than calcination of the NiMoW precursor.

According to CHNS analysis (Table 1), residuals of citric acid decomposition products present in the catalysts even
at high temperatures. Carbon content decreases from 7 to 0.8 wt.%, when calcination temperature increases from 300
to 500 °C. It is noted that carbon content is high in the NiMoW-300-300 and NiMoW-450-300 catalysts. Then, we can
suggest that decomposition of citric acid is complicated in bulk catalysts comparing to supported samples [35, 44, 45]
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possibly due to its hiding in the catalyst volume. Moreover, X-ray amorphous properties seen for the NiMoW precursor
calcined at 300 °C could be caused by even distribution of atoms of active metals in the presence of high amount of carbon
in the samples [46].

TABLE 1. CHNS analysis data of catalysts

Sample C% wt. | H% wt. | N% wt. | S% wt.
NiMoW-300-300 7.4 1.4 1.4 0
NiMoW-450-300 32 0.7 0.7 0
NiMoW-500-300 0.8 0.6 0 0

Another point is the presence of nitrogen in granulated catalysts. Obviously, nitrogen is caused by the use of nitric
acid during plasticization and can be also present as a residual nitrogen in pseudoboehmite (specified by the synthesis
procedure). Then, the increase in calcination temperature of granules results in the decrease of nitrogen content. Some of
nitrogen could be present from ammonium heptamolybdate used in the synthesis. It explains the difference between the
NiMoW-300-300 and NiMoW-450-300 samples. It is not obvious, how nitrogen will influence catalysts activity. Possibly,
similar effects of HDS activity worsening can be pointed out [47].

The features of the precursor transformation during its calcination are confirmed by data of thermal analysis (Fig. 6).
DTG curves demonstrate three-stages weight loss. The first stage at 80 — 100 °C is caused by desorption of physically
adsorbed water. The second one at 430 — 445 °C is due to phase transformation of pseudoboehmite to y-Al;O3 [21,48] or
to decomposition of various citrates to oxides. The main difference between the samples is observed in DTG/DSC curves.
The NiMoW-300-300 and NiMoW-450-300 catalysts demonstrate strong endo-effect at 554 and 578 °C, respectively, due
to the formation of stable nickel molybdates and tungstates (NiMoO4 and NiWO,) [29,31]. The TG/DTG/DSC curves of
the NiMoW-500-300 catalyst in this temperature region are plateau.
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FIG. 6. TG and DTG curves of NiMoW-300-300, NiMoW-450-300, NiMoW-500-300, catalysts

Using IR, UV-Vis DR and Raman spectroscopy, the structural properties of the NiMoW granulated catalyst samples
in the oxide form were compared. The UV-Vis DR spectrum of the NiMoW-300-300 catalysts (Fig. 4B) shows a decrease
in signals associated with the carbon material compared to the spectrum of the NiMoW-300 precursor (Fig. 4A). The
appearance of three strong broad bands centered at 220, 290 and 330 nm could be assigned to O?>~ — Mo%*™ (W®") CT
transitions. Apparently, some of the polyoxometalate anions react with AI-OH groups of pseudoboehmite to form proba-
bly (Al;)2Mo(W)O, surface species. This promotes the release of polymolybdate (polytungstate anions) from the organic
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matrix. Most of the Ni®* ions remain uniformly distributed and shielded by the organic amorphous matrix. Calcination
of the NiMoW precursor at higher temperatures leads to the disappearance of the signal from the carbon material in the
spectra of the NiMoW-450-300 and NiMoW-500-300 catalysts. The spectra of the NiMoW-450-300 and NiMoW-500-
300 catalysts demonstrate more intense signals in the region of 0>~ — Mo®" (W) CT transitions compared with the
corresponding precursors. This may be the result of the anchoring of polymolybdate and polytungstate structures on the
Al-OH groups of pseudoboehmite. The state of Ni®* ions in NiMoW-450-300 and NiMoW-500-300 catalysts differs
slightly from corresponded precursors. In all compounds, Ni?T ions are stabilized in octahedral coordination. Addition-
ally, there is an increase in intensity in the long-wavelength region of the spectrum of the NiMoW-450-300 sample, which
may indicate Ni®" ions in the structure of molybdate or tungstate.

The IR spectra of the NiMoW catalysts are shown in Fig. 7. Three intense bands at 480, 630 and 740 cm ™! in the
framework vibration range as well as four peaks at 1070, 1160 and 3090, 3303 cm™' characterize a well crystallized
boehmite [49]. Moreover, the spectra of all samples demonstrate a weak signal at 1384 cm ™! related to residual NO3—
jons. The bands at 1715 (¥C=0 in —COOH) and 2855, 2925, 2960 cm ™' (v (—CHs—, —CHj3)) in the spectrum of
the NiMoW-300-300 sample are assigned to residual citric acid fragments, while the bands at 1590 (v,s COO—) and
1410 cm ™! (v, COO—) are attributed to carboxylate groups that were binding with the aluminum atoms of the boehmite
surface [50]. The bands at about 1590 — 1300 cm ™ in the spectrum of the NiMoW-450-300 sample relate to carbonate-
carboxylate compounds, but the only peak at 1630 cm ™! in this region for the NiMoW-500-300 sample is due to adsorbed
water. The intensity of the boehmite signals for the NiMoW-500-300 catalyst is the highest, while it is slightly higher
for the NiMoW-450-300 then for the NiMoW-300-300 catalyst. Thus, higher calcination temperature of the NiIMoW
precursor decreases the residual content of carbon-containing fragments (it is also shown in Table 1). It complicates the
transformation of pseudoboehmite structure to alumina. To confirm that, we made additional studies of the samples by
XRD method (Fig. A1, Appendix).There was no alumina phase in the samples, which granules were calcined at 300 °C.
But when calcination temperature of the granules becomes 400 °C, alumina phase is observed from high-intensive peaks
in XRD curves. Possibly, the samples calcined at 300 °C also contain some v-AlyO3, but its amount is very small, and
reflections are overlapped by other phases. Another point is that boehmite starts to transform at higher temperatures as it
seen from IR spectroscopy.
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FI1G. 7. IR spectra of NiMoW-X-300 (where X = 300, 450 and 500 °C) catalysts. The inset shows
enlarged fragment of spectra

Two bands at 942 and 860 cm ™! in the spectrum of the NiMoW-300-300 sample could be attributed to the vibrations
of the distorted MoOg units in polymolybdate anions. The band at 958 with the shoulder at 935 cm™! in the spectra
of the NiMoW-450-300 and NiMoW-500-300 samples characterize a bulk a-NiMoOy4 [51,52]. A group of signals at
about 990 and 875 cm ™" is assigned to bulk MoO3 [53]. The intensity of the signals associated with nickel molybdate
and molybdenum oxide is higher for the NiMoW-500-300 catalyst than for the NiMoW-300-300 catalyst. Therefore, the
higher calcination temperature of the NiMoW precursor leads to higher crystallization degree of nickel molybdate and
molybdenum oxide that is confirmed by UV-Vis DRS. In addition, the well resolved peaks at 830, 775 and 735 cm ™! are
observed in the spectrum of the NiMoW-500-300 sample. The first band is attributed to a bulk NiWO, [43, 54], while
the second and the third peaks may be associated with the formation of WO3 [38,55]. The signal of Ni—O bonds in NiO
overlaps with the intense absorbance of pseudoboehmite and cannot be detected by the used method.

The Raman spectra of the catalysts confirm the observed results (Fig. 3B). The background significantly grows for all
catalysts that is probably caused by the presence of OH groups in the alumina binder. The addition of the binding agent
leads to the decrease in the intensity of the signals from carbon in both catalysts calcined at 300 and 450 °C. Moreover, the
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signals in the spectrum of the NiMoW-450-300 from Mo and W oxides also decrease and almost disappear. The spectrum
of the NiMoW-500-300 is similar to the precursor one. The spectra also contain the band at 1786 cm ™!, which is related
to vibrations of the keto group >C=0 in aliphatic or aromatic esters, products of the decomposition of citric acid.

The granulated bulk catalysts were studied by nitrogen adsorption-desorption method. Specific surface area (SSA)
and pore volume (V},) significantly decrease from 122 to 61 m?/g with the increase of calcination temperature of the
precursor from 300 to 450 °C (Table 2). It can be caused by decomposition and removal of citrate in complexes, trans-
formation of Ni, Mo and W compounds and possible sintering of formed oxides. The SSA and especially V), values
increase from 61 to 83 m?/g and from 0.12 to 0.17 cm®/g when calcination temperature of the precursor was increased to
500 °C (Table 2). The average pore diameter (D)) shifts slightly toward higher values from 5.2 to 8.4 nm with increasing
precursor calcination temperature from 300 to 450 — 500 °C.

TABLE 2. Textural properties of the calcined catalysts

Sample SSA, m2/g Vps cm3/g Dy, nm
NiMoW-300-300 122 0.16 52
NiMoW-450-300 61 0.12 7.7
NiMoW-500-300 83 0.17 8.4

Formation of bulk systems requires consideration of porous structure for the transportation of feedstock molecules.
Shape of pores in bulk catalysts can be defined from adsorption-desorption isotherms (Fig. A2, Appendix). According
to classification [22], the form of isotherms is similar to IV(a) type specific for mesoporous materials. Hysteresis loops
of isotherms indicate capillary condensation of nitrogen in mesopores. All studied catalysts have similar hysteresis loops
classified to H3 type, which is characteristic for materials consisting of non-rigid particle aggregates of irregular size
and/or shape. On other point of view, this type of hysteresis loop can be observed for macroporous structures, which are
not filled by condensate. Since nitrogen adsorption-desorption method cannot measure macropores, we can assume that
the lack of the developed mesoporous structure (especially small mesoporous volume) is compensated by transportation
pores. This assumption was confirmed by the results of mercury porosimetry (Fig. 8). The increase in the volume of
macropores occurred when the calcination temperature of the precursor was increased.
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The changes in mesoporosity are better seen from the pore size distribution from nitrogen adsorption-desorption
(Fig. A2, Appendix). The NiMo-300-300 catalyst has wide pore size distribution with a strong maximum at 4 nm and
smooth curve in the range of 5 — 15 nm. Calcination at 450 — 500 °C resulted in the formation of bimodal pore size
distribution curves with the first maxima at 4 nm and the second maxima at 5 — 15 nm. Comparing three catalysts we can
conclude that calcination led to the formation of mesopores of 5 — 15 nm.
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3.3. Effect of calcination temperature on catalysts activity in HDT of real feedstocks and structure of sulfide
catalysts

The data of hydrotreating of SRVGO at 340 — 360 °C are given in Table 3. The catalysts show worsening in HDS
activity with the increase in the calcination temperature from 300 to 500 °C. HDN activity also becomes worse. This
tendency is actual for all process temperature range. Therefore, the best choice of temperature regimes is 300 °C. It
should be noted that the comparison of the bulk catalyst prepared in a similar way as NiMoW-300-300 catalyst with the
supported catalyst was carried out earlier [56]. It was shown that the bulk catalyst was superior in activity to the supported
one. Then, we can suppose that the activity of the NiMoW-300-300 catalyst in SRVGO hydrotreatment will be also higher.

TABLE 3. Results of catalytic tests in hydrotreating of SRVGO

W 340 350 360
Sample S,ppm | N,ppm | S, ppm | N, ppm | S, ppm | N, ppm

NiMoW-300-300 1461 800 1061 711 775 597
NiMoW-450-300 2112 913 1596 835 1157 738
NiMoW-500-300 2345 937 1812 854 1406 796

The catalysts in the sulfide state were washed in toluene after testing and investigated by low-temperature nitrogen
adsorption-desorption method (Table 4). Values of SSA and V), decreased compared to the calcined catalysts. The
observed result is related to the transition of active metals into sulfide form and to the acceleration of carbon during
testing. The formation of active metal sulfides in the catalysts is described below in the description of the XPS results.
However, the difference between the samples in SSA and V), values became insignificant considering the method error of
5 %. The exception is the NiMoW-500-300 sample. The pore volume (0.10 cm®/g) for the mentioned sample is higher
than that of the other samples (Table 4). The trends in the change of pore size distribution with increasing precursor
calcination temperature after the reaction are maintained (Fig. A3, Appendix). The NiMoW-500-300 sample contains
large number of pores with the diameters of 5 — 15 nm compared to the others. Thus, in terms of textural characteristics, it
is the most preferable catalyst. However, this catalyst has the lowest activity in HDS and HDN reactions (Table 3). Then,
the changes in the catalytic activity are related to the properties of the active metals.

TABLE 4. Textural properties of the sulfided catalysts

Sample SSA, m2/g Vi, cm3/g D,, nm
NiMoW-300-300 35 0.07 8.4
NiMoW-450-300 22 0.06 11.0
NiMoW-500-300 43 0.10 9.6

Sulfide catalysts before testing were studied by HRTEM and SEM methods. Fig. 9 shows HRTEM images of the
studied catalysts. It is seen that there are slabs of active component particles which are localized over alumina as well
as bulk particles. The transition of active metals to alumina binder can occur at the granulation stage. On the one hand,
this phenomenon can be an advantage for catalysts activity due to the formation of more dispersed active phase, which
is similar in structure to the high active “Ni—-Mo—S” phase. On the other hand, there can be the decrease of “bulk active
sites” concentration that could decrease catalysts activity. However, it is a question for the future discussion.

The increase in the calcination temperature of the precursor powder used for granulation results in the increase of
the length of active component particles and their stacking. In addition, there is a visual enlargement of bulk particles in
catalysts.

Metals distribution in catalysts given in Figs. 10 and A4-5 (Appendix) demonstrates separately allocated nickel
particles that is likely caused by the extraction of nickel from the volume to the surface during sulfidation procedure.
The images of the NiMoW-300-300 (Fig. 10) catalyst also show that sulfur and nickel have similar distribution areas that
can indicate the formation of nickel sulfides. Similar areas of sulfur and tungsten accumulations are pointed out, while
molybdenum distribution is uniform.

The images of the NiMoW-450-300 (Fig. A4, Appendix) and NiMoW-500-300 (Fig. A5, Appendix) catalysts addi-
tionally contain areas, where Mo and W are concentrated in the inner part, while Ni is in the outside part forming rim
(Fig. 11). The increase in calcination temperature leads to the pronunciation of the effect. It is seen that the higher calci-
nation temperature, the greater encapsulation of Mo and W by Ni. At the same time, sulfur is distributed evenly over all
areas of localization of three metals.
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FIG. 11. HAADF data on the catalysts after testing to demonstrate encapsulation of metals

The NiMoW-300-300 and NiMoW-500-300 catalysts were studied by XPS to obtain additional information on the
state of active metals. Fig. 12A demonstrates Mo3d spectra for the studied samples. The catalysts have different surface
concentration of molybdenum. The surface concentration of Mo in the NiMoW-300-300 catalyst is 2.6 %, and in the
NiMoW-500-300 catalyst — 0.9 % (Table 5). All detected Mo on the catalysts surface is in the Mo state in both
catalysts, because Mo3d spectrum contains only one doublet with the binding energy of Mo3d;,, ~ 228.9 eV [57,58].
There are no peaks with Ej, close to 230.7 and ~ 232.6 eV corresponding to Mo® " and Mo®™, respectively. The peaks at
~ 226.3 and ~ 233.4 eV in all samples relate to sulfur (region S2s) and are characterized for sulfur in sulfides (S%~ and
Sg_) and sulfates (S°1), respectively.
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FI1G. 12. Mo3d (A) and W4f (B) XPS spectra of the NiMoW-300-300 and NiMoW-500-300 catalysts
after testing

TABLE 5. XPS data of studied catalysts

Parameter | NiMoW-300-300 | NiMoW-500-300
Al - % 19.4 17.7
S-% 21.7 11.1
Mo - % 2.6 0.9
W - % 29 1.0
Ni- % 3.6 1.7
Mo/S 0.12 0.08
Ni/S 0.16 0.16
W/Mo 1.13 1.14

The surface concentration of tungsten is also lower in NiMoW-500-300 catalyst (1 %) than in NiMoW-300-300
(2.9 %) (Table 5, Fig. 12B). It can be caused by capsulation of tungsten during calcination of the precursor. W4f spectra
of studied catalysts are decomposed by two doublets with binding energies W4f;,, ~ 32.5 and 36.0 eV, respectively
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(Fig. 12B). The peak with the binding energy ~ 32.5 eV can be assigned to tungsten in the W™ state that is caused by the
transition of WO3 to WS, during sulfidation [59]. The fraction of W4t from detected surface tungsten is 71.9 % in the
NiMoW-300-300 catalyst and 71.0 % in the NiMoW-500-300 catalyst. The rest of tungsten is in the WO state (i.e.
tunsten oxide) and is confirmed by the peak at ~ 36.0 eV [13,60].

The intensity of the Ni2p spectra was 2.1 times higher in the NiMoW-300-300 sample compared to NiMoW-500-300
(Fig. 13A). The Ni2p3, spectra of both catalysts contain two peaks with the binding energies ~ 854.0 and ~ 856.2 eV.
The peak at ~ 854.0 eV relates to the Ni%* in NiMo$S phase [61] and/or to trimetallic NiMoWS phase [13]. The fraction
of nickel in these phases is more than 80 % in both catalysts. However, the amount of NiMoS phase in NiMoW-300-300
catalyst is much higher considering the surface concentration of nickel. The peak at 856.2 eV is specific for the Ni>* in
NiO that is confirmed by the presence of intensive satellite at ~ 861 — 862 eV [61].

NiMoW-500-300 NiMoW-500-300
1618 - §*
856.2 §54.0 1684 - 5
. = 163.3 - S
Ni¥MoS = 8] 79 §=86% I
N0 18 3 % $:1-=10.6%
\ = J%\\‘_
NiMoW-300-300 NiMoW-300-300"
ffr""n
NMeS = g8 5 9 3 §+=78.1% P
Ni0=1159% $:=156% b
$%=63% P
T T T T T T T T : T T g B i J T
866 864 862 860 858 856 854 852 850 848" 172 170 168 166 164 162 160 158
Binding energy, eV Binding energy, eV

F1G. 13. Ni2p (A) and S2p (B) XPS spectra of the NiMoW-300-300 and NiMoW-500-300 catalysts
after testing

The S2p XPS spectra of studied samples contain the S2p3,5 peak with the binding energy at 168.4 eV (Fig. 13B).
The surface sulfur concentration is also significantly higher in the NiMoW-300-300 catalyst than in the NiMoW-500-300
sample (Table 5). It is the feature of the S®* in sulfates SO?[ [62]. In the range of lower binding energy values there
are two doublets with the binding energy at 161.8 and ~ 163.3 eV. They are characteristic for sulfides like S~ and Sg_,
respectively [62—64]. The ratio of S~ to Sg_ increases with calcination temperature of the precursor as well as there is
the decrease in sulfate sulfur.

Summarizing the XPS data it was noted that an increase in the precursor calcination temperature from 300 to 500
leads to a decrease in the number of surface atoms of active metals. The NiMoW-300-300 catalyst is the best in the content
of the most active form of Ni, Mo and W. The higher calcination temperature results in the formation of more oxide forms
of active metals possibly due to the removal of citric acid residuals. Moreover, there is the decrease in the ratio of active
metals to the binding component — alumina, which could indirectly indicate the aggregation of active metals.

4. Conclusion

The present work studies the effect of calcination temperature of the precursor on physico-chemical properties of bulk
NiMoW catalysts. According to thermal analysis and plasticizing properties of the NiMoW precursor, three calcination
temperatures were chosen — 300, 450 and 500 °C.

It is found that calcination of the precursor at 300 °C results in the formation of X-ray amorphous NiMoW precursor
that is likely caused by incomplete decomposition of citric acid and its transformation into amorphous carbon. XRD
patterns of the catalysts with calcination temperature 450 and 500 °C demonstrate reflexes from nickel molybdate, indi-
vidual nickel and tungsten oxides and nickel tungstate. These data are also confirmed by UV-Vis spectra, which show the
increase of crystallization degree of nickel molybdate and molybdenum oxide as well as the decrease of the amount of
carbon containing compounds. It makes it difficult to convert pseudoboehmite into alumina.

The influence of calcination temperature of the precursor on textural properties of the related bulk catalysts is not
obvious. When temperature is 300 or 450 °C, there is the decrease in the specific surface area and pore volume of
the catalysts that is likely caused by decomposition of citric acid and other transformations of the precursor compounds
formed during plasticizing with nitric acid and by possible sintering of the obtained oxides. On the contrary, the increase
in precursor’s calcination temperature to 500 °C results in the increase in textural characteristics of granulated catalyst
due to its re-structurization. Despite the improved textural properties, the bulk catalyst prepared from the Ni-Mo-W
precursor calcined at 500 °C did not demonstrate high activity in hydrotreating of SRVGO. The most active catalyst in
hydrotreatment of SRVGO was the one prepared from the precursor calcined at 300 °C.
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Investigation of the sulfide catalysts showed that after granulation of the catalysts some part of active metals reacted
with the alumina binding agent and formed “Ni—-Mo-S”-like particles. The other part was presented in the form of various
bulk species, individual or mixed. The increase in calcination temperature from 300 to 500 °C resulted in the increase in
the formation of more amount of bulk nickel sulfides and capsulation of Mo and W which were rounded by nickel atoms.
According to the XPS analysis data, it led to the decrease in the number of active metals in their most active sulfide forms.
The catalysts with higher calcination temperature of the precursor or granules contain more active metals in the oxide

form.
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F1G. AS. HAADF data on the NiMoW-500-300 catalyst before testing
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