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Abstract

Trimetallic NiMoW/AI>Os catalysts based on mixed Ha[SiMo,W1.-12040] (n = 1, 3, 6 and 9) Keggin-type
heteropolyacids (HPAs) were synthesized by incipient wetness impregnation of alumina with aqueous
solutions of mixed HPAs. For comparison purposes, trimetallic samples were prepared from a mixture
of monometallic H4[SiMo012040] and H4[SiW12040] HPAs with a Mo/W ratio corresponding to the mixed
MoW HPAs. The catalysts were sulfided by liquid phase method and tested in the model reactions of
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dibenzothiophene hydrodesulfurization (DBT HDS) and naphthalene hydrogenation (HYD), with
subsequent addition of quinoline to study the effect of inhibition of target reactions. Further, the catalysts
were tested in the hydrotreating of straight-run gas oil (SRGO) to evaluate the efficiency of catalysts on
real feedstocks. In order to link catalytic performances with the preparation method and Mo/W ratio, the
catalysts were fully characterized by high-resolution transmission electron microscopy (HRTEM), X-
ray photoelectron spectroscopy (XPS), high angle annular dark field imaging (HAADF) and Quick X-
ray absorption spectroscopy (XAS). It was found that Mo/W atomic ratio of the structure-forming metals
in the active phase, deriving from the Mo/W ratio in the HPA precursor, directly affects the ratio of the
hydrogenation and hydrodesulfurization performances. For feedstock with a high concentration of N-
containing compounds, it is necessary to use mixed NiMoW systems with a high tungsten percentage in
order to reduce the inhibitory effect and ensure the quality of the products. The use of new mixed MoW
Keggin HPAs has made it possible to enhance the synergistic effect in trimetallic NiMoW catalysts due
to the closer interaction between Mo and W, which increased the sulfidation degree of metals and also

contributed to the formation of highly active mixed NiMoWS sites.

Keywords: Hydrodesulfurization, hydrogenation, hydrodenitrogenation, NiMoW mixed phase, straight

run gas oil, EXAFS.

1. Introduction

Deteriorating quality of processed raw materials and stiffening of environmental standards to
motor fuels create significant difficulties for oil refining. The latest Euro-6 environmental standard for
gasoline and diesel fuel was introduced in 2015 [1] with the main objective to reduce the emission of
harmful substances, and primarily to reduce the emission of nitrogen oxides (NOx) and residual
hydrocarbons (HC). To face these new regulations, most refiners have started new developments to
improve their hydrotreating and hydrocracking processes to meet the required nitrogen removal

standards and saturation of aromatics. Therefore, trimetallic catalytic systems, able to provide the
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required level of hydrodenitrogenation (HDN), together with a resistance to the inhibition effect of
nitrogen-containing compounds, are now being actively investigated [2-6]. These trimetallic catalytic
systems can be conditionally divided into two large groups, according to the type of preparation: i) co-
promotion, when there are two promoting metals in the structure of the active phase (for example, Co
and Ni) [7,8] and ii) co-structuring, when two structure-forming metals of the active phase (Mo and W)
are present in the system [9-13].

Many studies of the co-promotion effect showed that the NiCoMo systems could have higher
activities in hydrotreating reactions due to the optimization of the electron density on the anti-bonding
d-orbital of Mo in the active phase. It was also found that the maximum effect is achieved when CoMo
systems are promoted by Ni, while the promoting effect of Ni to Mo/Al>O3 almost disappears with the
addition of cobalt to Ni-Mo/Al>Os3 catalysts, which suggests that Co prevents the formation of the high
active NiMoS phase [14]. Recently, Mashayekhi et al. [15] performed a study of NiCoMo alumina-
supported catalyst. The absence of synergistic effect of co-promotion observed can be explained by the
fact that promoters were simultaneously introduced into the structure. In this case, Co reacts faster with
supported MoS; than Ni, whatever the support, thereby forming only a monopromoted system, while Ni
transforms to massive nickel sulfides and blocks access to CoMoS edge sites [16]. In contrast, Medina
Cervantes et al. [17] reported a slight increase of activity in HDS of DBT of CoNig.0sMo/Al>Os catalyst
prepared by co-impregnation method compared to CoMo/Al>Os. The use of citric acid as a chelating
agent has been reported for facilitating the incorporation of Ni atoms into the structure of the active
phase [18-20] and it was shown that simultaneous use of NiCOs, citric acid and CooMoioHPA improves
the co-promotion effect due to the proximity of cobalt, nickel and molybdenum atoms in the starting
materials [7].

Much attention has been given to the promoted MoW catalytic system. The comparison of the
promoting effect in trimetallic CoMoW and NiMoW systems was reported [21]. It was found that a
synergistic effect from the use of trimetallic catalysts is observed only when MoW/Al,0O3 is promoted

by Ni, while in Co-promoted samples the activity only depends on the molybdenum content. These
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results were consistent with those obtained by Thomazeau et al [22]. Indeed, using the density functional
theory (DFT) calculations based on linear interpolation model of surface AEms between the binary
NiMoS and NiWS, these authors found a synergistic effect only in mixed NiMoW catalysts. This effect
was also confirmed by catalytic tests in thiophene HDS and hydrotreating of SRGO, while no synergistic
effect was noticed in the promoted by Co atoms and unpromoted systems.

Currently, the researchers cannot fully explain the nature of the high activity of NiMoW mixed
sulfides. However, studies are underway to consider such important aspects as the influence of the type
of promoter [21, 23], promotion degree [24], sulfidation procedure [11, 25] and the Mo/W ratio [12-13]
on the structure of the active phase and catalytic activity.

Hein et al. [26], using X-ray absorption spectroscopy and STEM-HAADF, showed that mixed
Mo1xWixS2 intralayer particles of bulk NiMoW trimetallic catalysts lead to higher concentrations of
edge-incorporated Ni compared to bimetallic (NiMo and NiW) analogues. Van Haandel et al. [11] found
that the structure of the mixed NiMoW active phase may differ, depending on the sulfidation conditions.
Authors established the formation of two different structures in a different arrangement of Mo and W
atoms: 1) “core-shell” structure (Mo atoms are surrounded by W atoms); ii) “random” structure (Mo and
W atoms are disordered in the crystallite). These core-shell and random structures were also evidenced
in unpromoted MoW/Al,Os catalysts based on mixed Keggin-type SiMo,W12..HPAs. It was shown that
the structure of the mixed active phase depends on the type of sulfidation (liquid or gas phase) [25]. Gas
phase activation led to the formation of more efficient MoWS: particles with “core-shell” structure,
these catalysts were more efficient than those activated by liquid phase sulfidation where Mo was
randomly distributed inside the WS> slabs [13]. Recently Mashayekhi et al. [15] performed a study of
NiMoW alumina-supported catalyst with different Mo/W ratios. It was found that the co-structuring
catalyst with the lowest Mo/(Mo +W) atomic ratio had the highest activity in SRGO hydrotreating

The synthesis technique and the method of introducing metals into a catalyst play an important
role. Traditionally, ammonium heptamolybdate (AHM), ammonium paratungstate, ammonium

metatungstate (AMT) and ammonium tungstate are used as precursors for the synthesis of mixed
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(Ni)MoW catalysts [23, 27, 28]. Studies have shown that the use of mixed MoW Keggin HPAs
precursors for the preparation of unpromoted MoW catalysts enhances the effect of co-structuring to
form mixed MoWS; phase due to the closer interaction of both structure-forming metals (Mo and W)
during sulfidation. The formation of high amount of mixed active phase species was confirmed by XAS,
HAADF and ToF-SIMS analysis [13, 25, 29].

Nevertheless, this effect of mixed active phase formation may differ for promoted MoWS>
catalytic systems. Thomazeau et al. noted that for unpromoted catalysts, prepared from a mixture of
AHM and AMT, this synergistic effect was not detected and the activity in thiophene HDS of the
catalysts increased linearly with an increase of molybdenum percentage in the samples [22]. The
introduction of nickel into the catalyst composition had a positive effect on mixed systems. This effect
has not yet been studied for catalysts prepared from mixed MoW-heteropolyanion precursors of active
phase.

Therefore, the aim of this work was to study hydrotreating performances of trimetallic
NiMoW/ALO; catalysts prepared from a mixed bimetallic SiMo,W12.,HPAs (where n =1, 3, 6 and 9)
in comparison with samples synthesized from a mixture of two monometallic SiMo12 and SiW12HPAs.
The catalysts were studied in co-hydrotreating of dibenzothiophene and naphthalene with the addition
of a nitrogen-containing inhibitor, as well as in hydrotreating of a SRGO. For a better understanding of
the promoter effect on the composition and structure of the active phase, the samples were analyzed by
HRTEM and XPS. In order to evaluate more specifically the effect of the addition of a promoter and the
formation of the mixed MoWS slabs, selected trimetallic catalysts were analyzed by Quick XAS and

STEM-HAADF imaging.

2. Experimental

2.1 Synthesis of NiMo(W)/Al>O3 catalysts

Catalysts with fixed surface density of the metals d(Mo+W) equal to 4 at nm~2 and Ni/(Mo+W)

ratio = 0.5 were synthesized by simultaneous impregnation of alumina [y-Al>O3 (Norton), specific area:
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240 m? g7!, pore volume: 0.9 mL g™!] via the wetness impregnation method using aqueous solution of
HPAs, citric acid (CA) and nickel carbonate (CA/Ni molar ratio was equal to 1:1). The mixed
H4[SiM0o,W 12.4040] HPAs with different Mo/W atomic ratio have been synthesized according to
previous reports [13]. Four trimetallic catalysts were prepared using mixed HPAs (hereafter NiMo,W -
o/Al2O3). Moreover, trimetallic samples with a Mo/W ratio corresponding to the composition of the
mixed SiMo,W 2., HPAs were synthesized using a mixture of monometallic Mo and W HPAs, and will
be denoted Ni(Mon+W12.1)/Al203. The bimetallic catalysts based on monometallic H4[SiMo012040] and
H4[SiW12049] HPAs were prepared for comparison and denoted as NiMoi12/Al,03 and NiW12/ALO3,
respectively. The synthesis was carried out as follows: CA was dissolved in distilled water, then the
solution was heated to 60-70°C and nickel carbonate was added slowly under stirring (for better
dissolution). The solution was stirred until complete dissolution under a watch glass (~40 min), then
cooled to 35-40°C. The corresponding HPA was added under stirring to the nickel citrate complex, and
then the support was impregnated by the resulting solution. After maturation (in a desiccator with high
wetness at room temperature for 2 h), the oxidic catalysts were dried at 60°C (4 h), 80°C (2 h) and 100°C
(4 h) in air atmosphere without further calcination. The metal compositions in the solids were obtained
using an EDX800HS Shimadzu X-ray fluorescence analyzer and are given in Table 1. For further
investigation, all catalysts were sulfided at 3.0 MPa of hydrogen, 2 h! LHSV and a 300 NL L"! volume
ratio of hydrogen to feed by a mixture of dimethyl disulfide (DMDS) with 6 wt. % of sulfur in toluene
at 240°C for 10 h and at 340°C for 8 h. For characterization of the active phase, sulfided catalysts were
unloaded from the reactor for analysis in a glove box in an inert gas atmosphere (argon). The samples
were transferred to glass vials with n-heptane to avoid reoxidation. The absence of any signal at 169.0
eV in the S2p XPS spectra (characteristic of sulfates) indicates that sulfided catalysts were not reoxidized

during their transfer from the sulfiding reactor to the XPS instrument.

2.2 Textural characteristics of the catalysts

The textural properties of sulfided catalysts were measured using the Quantachrome Autosorb-1.

Before being measured, the samples were outgassed under vacuum (< 107! Pa) at 300°C for 3 h. The
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specific surface area (SSA) was calculated using the Brunauer-Emmett-Teller method at relative partial
pressures (P/Po) ranging from 0.05 to 0.3. Total pore volume (at P/Po of 0.99) and pore size distribution

were obtained using the desorption curve and the Barret-Joyner-Halenda model.

2.3 High-resolution transmission electron microscopy (HR-TEM)

The morphology of Mo(W)S> nano-crystallites in NiMo(W)/Al,O3 samples was investigated by
HR-TEM using a Tecnai G2 20 electron microscope with LaBe filament with a 0.19 nm lattice-fringe
resolution and an accelerating voltage of 200 kV. The suspension of samples was deposited on carbon
films supported on copper grids. In the high-resolution mode, 20-30 micrographs were obtained for each
catalyst. The length and stacking of at least 500 slabs were measured using Imagel] free software.
Assuming that the NiMo(W)S: slabs were perfect hexagons [30], dispersion (D) of Mo(W)S: phase was
statistically evaluated by dividing the total number of Mo(W) atoms at the edge of average crystallite of
Mo(W)S2 (We), plus corner Mo(W) atoms (W), by the total number of Mo(W) atoms (Wr) using the

slab sizes measured in the TEM micrographs [31]:

D 6n,-6
— We +WC — i=l..t , (1)
/A > 30, =3n, +1

i=l..t

D

where n; is the number of Mo(W) atoms along one side of the Mo(W)S:2 slab, as determined by its length,

and ¢ is the total number of slabs in the TEM micrograph.

The number of slabs per stack was determined to obtain the average stacking degree (N):

- ZniNi
N — i=l.t - , (2)

where n; is the number of stacks in N; layers.

2.4 X-ray photoelectron spectroscopy (XPS)

XPS spectra of sulfided catalysts were recorded on a Kratos Axis Ultra DLD spectrometer using

a monochromatic Al Ka source (hv =1486.6 eV, 150 W). The samples were mounted on a holder using
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double-sided adhesive tape. The recharging effect, arising from the photoemission of electrons, was
minimized by irradiating the sample surface with slow electrons from a special source (flood gun).
Binding energy (BE) values were ascribed to the positions of the Au 4{7,> peak at 83.96 eV and Cu 2p3p2
peak at 932.62 eV. Narrow spectral regions (Al 2p, S 2p, Mo 3d, W 4f, C 1s, O 1s, Ni 2p) were recorded
and analyzed using the CasaXPS software program (Version 2.3.16) according to [20, 32]. Spectra were
charge-corrected to provide the C 1s spectral component of adventitious carbon (C—C, C-H) at 284.8
eV. Shirley background subtraction and Gaussian (30%) Lorentzian (70%) peaks were used to

decompose the spectra.

2.5 High resolution High-Angle Annular Dark-Field (HR-HAADF)

High resolution high-angle annular dark-field (HR-HAADF) imaging has been performed at 200
kV on a TITAN Themis FEI scanning transmission electron microscope (STEM). The microscope is
equipped with a monochromator and a Cs probe corrector. For HAADF acquisition, the spot size was 9
with a screen current of ~50 pA, semi-convergence angle of 21 mrad and camera length of 115 mm,
corresponding to collection angles for the HAADF detector between ~50 and ~200 mrad. More than 50
images were observed on each studied catalyst.

Prior to the HAADF analysis, the catalysts were sulfided in gas phase. The sulfidation was
performed in a flow of 10 % HS in H; at atmospheric pressure with heating from room temperature to

400 °C with a heating rate of 3 °C/min followed by a plateau of 2 h.

2.6 Quick X-ray absorption spectroscopy (XAS)

Quick XAS was employed to follow in situ sulfidation of Mo, W and Ni in alumina supported
trimetallic hydrotreating catalysts. XAS measurements were carried out at the ROCK beamline at the
SOLEIL synchrotron [33]. Oxide catalysts were ground and loaded in the cell [34], where they were
gas-phase sulfided in the same way as for HR-HA ADF analysis. Spectra were recorded in transmission
mode. The use of the remotely-controlled edge jumping capability of the beamline allows to record XAS

spectra alternately at the Ni and Mo K-edges and W Li-, L»>-, L3-edges on the same sample during one
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sulfidation procedure [33]. At the end of sulfidation, the cell was cooled down at room temperature and
1180 spectra at each edge for the as-sulfided catalysts were recorded and merged. Extended X-ray
absorption fine structure (EXAFS) spectra were background-subtracted with Athena and fitted with
Artemis, which is an interface to IFEFFIT [35].

The following structural parameters were determined during the fit: interatomic distances (R),
coordination numbers (N), Debye-Waller factors (¢?) and energy shifts (AEo). To reduce the number of
variables, Debye-Waller factor for Mo—Mo, W—W and Mo-W paths were set equal. Furthermore, taking
into account the size of sulfide particles, no Mo—Ni or W—Ni path has been used for the fitting because
this contribution, if it exists, is in insignificant proportion at the Mo K- or W Ls-edges. The Fourier
transforms (FT) of the measured spectra were modeled with a k-weight of 1, 2, and 3. Amplitude
reduction factors (So?) were obtained by fitting bulk MoS, and WS references. The fit range of Mo K-
edge spectra was Ak = 3-14 A~' and AR = 1.4-3.4 A and the range of W Ls-edge spectra was Ak = 4.1-

14.5 A" and AR = 1.4-3.43 A.
2.7 Evaluation of catalytic activities
2.7.1 Evaluation of catalytic activity in hydrotreating of model feedstock

A series of catalytic tests was carried out in the process of co-hydrotreating of dibenzothiophene
(DBT) (1000 ppm S) and naphthalene (3 wt. %) with the addition of a nitrogen-containing component
(quinoline, 500 ppm N) in order to determine the inhibition effect on trimetallic NiMoW/Al,Os catalysts.
A mixture of 0.2 g of catalyst (0.25 — 0.50 mm) and low-surface-area sieved carborundum (0.2—0.4 mm)
in a ratio of 1:1 was loaded into the isothermal zone of fixed-bed microreactor. Prior to the catalytic
activity tests, the catalysts were sulfided by a mixture of DMDS (6 wt.% of sulfur) in toluene sequentially
at 240°C for 10 h and at 340°C for 8 h, 3.0 MPa of hydrogen. Catalysts were tested under 280°C, 3.0
MPa of hydrogen, 40 h™! liquid hourly space velocity (LHSV) and a 500 NL L™ volume ratio of hydrogen
to feed. Several samples were tested twice to confirm the results. For these samples, average values of

catalytic activity are presented. The liquid product compositions were identified by GC/MS analysis and
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determined every hour using a Crystall-5000 GC equipped with a 30 m OV-101 column. Helium was
used as the carrier gas. The temperature of injector and flame ionization detector were 240 and 250 °C,
respectively. The column was temperature programmed from 140 °C (4 min) at a rate of 6 °C/min to
150 °C (1 min) and to 240 °C at arate of 10 °C/min. All catalysts exhibited stable performance, achieving
a steady state after 7 — 10 h. According to many studies, the kinetics of the HDS, HDN and HYD
reactions for a plug-flow reactor are described by the Langmuir-Hinshelwood model, taking the
interaction between the adsorbed organic molecule and the adsorbed hydrogen as the limiting stage (see
supporting information). The rate constants of the DBT HDS, naphthalene HYD and quinoline HDN

can be determined using the pseudo-first order kinetic equations [7, 20, 36]:

F F g F Qui
kyps = — %ln( 1= xppr), kpyp = — ];Vph (1 — Xyapn), Koy = — ‘f, In(1 —xppy) 3)

where k is the reaction rate constants (mol g~' h™"), xppt and xnaph are the conversions (%) of DBT and
naphthalene, F is the reactant flows in moles (mol h™!) and Wis the weight of the catalyst (g). The degree
of nitrogen removal xupny Was calculated as the fraction of nitrogen removed from the initial amount of

quinoline:

L S 0
CN+CQ,11+CCH X 100/0 (4)

XHDN =
where xupn 1s the nitrogen removal degree (%); Cw is the concentration (mol. %) of HDN products not
containing nitrogen (propylbenzene, propylcyclohexane); Cn is the concentration (mol.%) of HDN

products containing nitrogen (tetrahydroquinoline, o-aminopropylbenzene, o-

aminopropylcyclohexane); Cqui 1s the concentration (mol. %) of quinoline after reaction.

Since quinoline rapidly turns into tetrahydroquinoline, simple conversion of quinoline does not
allow us to compare the samples correctly as well as to evaluate HDN activity. The same approach to
estimate the conversion of nitrogen-containing compounds was used in [7, 37]. In eq. 4, the sum in the
denominator corresponds to the sum of all the products and quinoline itself and represents the material

balance for the reaction.
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The HDS products from DBT included biphenyl (BP) via the direct desulfurization (DDS)
pathway, as well as cyclohexylbenzene (CHB) and dicyclohexyl (DCH) from the HYD pathway. Only
traces of hydrogenated tetrahydro- and hexahydrodibenzothiophenes were observed. The HYD/DDS

selectivity was calculated according to the reaction network for DBT HDS:

kuyp _ CcuptCpcu (5)
kpps Cpp

SHyYD /DDS =
where Ccus, Cpch and Cgp are the concentration (mol. %) of CHB, DCH and BP in the reaction products,
respectively.

The inhibiting factor for the DBT HDS and naphthalene HYD reaction in the presence of quinoline

was calculated using the following equations:

k% e—k U
Oups = %DSH’” X 100% and 8yyp = %YDHYD X 100% (6)

where £° is the rate constant (mol g'h™!) in absence of quinoline; k is the rate constant with the addition

of quinoline in feedstock (mol g''h™).

The turnover frequencies (TOF, s'1) normalised on edge sites of NiM0,W12.,S2 slabs for the HDS
of DBT, HYD of naphthalene and HDN of quinoline allowed to a better understanding of the catalytic

properties of the active phase species. TOF values were calculated using the following equations [29]:

F-x
CWSZ CMOSZ
ATW ATMO

TOFyaqe = @)

)-D-36OO

where F is the reactant flow (mol h™!); x is the conversion (%) of reactants; W is the weight of the catalyst
(2); Cws, and Cys, are the effective content of W and Mo in WS, and MoS: states, respectively (wt.
%); D is the dispersion of NiMo,W12.1S> species; Ary, and Ary, are the standard atomic weight of

tungsten (183.9 g/mol) and molybdenum (95.9 g/mol), respectively.

2.7.2 Evaluation of catalytic activity in hydrotreating of SRGO
Samples of NiMo(W) catalysts (10 g) with a particle size of 1-3 mm (bulk density equal to

0.940.02 cm®g!) and low-surface-area sieved carborundum (0.2-0.4 mm) were loaded into a steel
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reactor bed at a ratio of 1:2. This loading system with inert material was used to ensure uniform
distribution of the feedstock over the catalyst bed. The tests were carried out at 340°C, 4.0 MPa of
hydrogen, 2 h'! LHSV and a 700 NL L'! volume ratio of hydrogen to feed. Before testing, the catalysts
had been sulfided according to the procedure described above. SRGO of West Siberian oil with boiling
range 180-360°C was used as feedstock with a density at 20°C of 0.841 kg/m?, the sulfur and nitrogen
contents are 0.815 wt. % and 156 ppm, respectively. The content of sulfur and nitrogen in the feedstock
and hydrogenated product was determined by elemental analysis on a Multi EA 5000 analyzer (analysis
error = 0.1 ppm), Analytik Jena. The content of mono-, bi- and polycyclic aromatic hydrocarbons was
determined by HPLC on an LC-20 Prominence chromatograph, Shimadzu. All catalysts showed steady
state activity after 24 h of continuous testing. Some samples were tested twice under straight run gas oil
hydrotreating conditions to confirm the results.

The polycyclic aromatic hydrocarbons (PAH) hydrogenation and hydrodenitrogenation degrees
0 —
over the catalysts were calculated according to the equations:HYD = C"*‘C’ﬂ)& %x 100%, and HDN =
PAH

No—
No

N % 100% (8)

where C3,, and No are PAH and nitrogen content in the feedstock, respectively; Cpsy and N are PAH
and nitrogen content in the hydrogenation products, respectively.
The apparent HDS reaction order for middle distillates was calculated based on experimental
results from [38,39] according to the following equation:
n=0.2156S + 1.2823 9
The apparent reaction order in the present work was equal to ~1.4 which is typical for a straight-
run gas-oils and consistent with the literature data [38,40,41].

Apparent HDS rate constant was calculated as follows [39]:

kHD5=LHSV[ L _ 1 ]x100% (10)

n-1 [sn-1  gi~1

12
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where LHSV is the feed hourly space velocity (h™!); n is the apparent reaction order; S™~* and S~ are
the concentrations of sulfur in the hydrogenation product and in the initial feedstock (wt. % of sulfur),
respectively.

3. Catalytic results

3.1 NiMo(W)/AL>0s catalysts in hydrotreating of DBT and naphthalene

Results of the catalytic activities of the sulfided NiMo(W)/Al>Os catalysts in hydrotreating of DBT
and naphthalene are presented in Table 2. DBT HDS and naphthalene HYD conversions varied in a
wide range, from 42.0 to 73.2% and from 32.1 to 49.2 %, respectively. Fig. 1a shows that HDS activity
noticeably increases with an increase in the proportion of molybdenum in the catalyst composition. All
trimetallic NiMo,W 12.//Al2O3 catalysts based on mixed HPAs are more active than their Ni(Moy+Wi2-
n)/Al203 counterparts and even surpass the NiMoi12/Al,O3 sample in HDS activity. The maximum of
HDS activity is achieved at a Mo/(Mo+W) atomic ratio of 0.75, regardless of the type of precursor. It
should be noted that HDS activity of the catalysts obtained from mixed HPAs are more impacted by
molybdenum concentration, which may be due to the difference in nature of the active phase formed.

In order to estimate the effect of the use of trimetallic systems against bimetallic ones for catalytic
activity, the HDS rate constant values for all NiMoW catalysts were calculated by additive way using
the data for NiMo12/Al2O3 and NiW12/Al203 samples. Trimetallic catalysts prepared by using mixed
MoW HPAs had at least 1.3 times higher values of rate constant in HDS of DBT than predicted ones,
which supports the proposal about the formation of mixed NiMoWS sites developing more active sites
for HDS. On the contrary, only Ni(Moy+W3)/Al203 demonstrated surpassed activity, while the other
references had lower activity than that was predicted and shown as dotted line (Fig. 1a).

The HDS DBT reaction mainly proceeds along the preliminary hydrogenation route. Fig. 1¢ shows
that the introduction of one molybdenum atom in the Ni(Mo1+W11)/Al20O;3 catalysts contributes to a
sharp shift in the reaction to the route of pre-hydrogenation. Further, with an increase of the Mo/(Mo+W)
atomic ratio from 0.08 to 0.50, a gradual decrease in Suyp/pps selectivity occurs. However, in case of

NiMo9W3/Al,05 catalyst, there is a slight increase in selectivity. For Ni(Moy+W 12.1)/Al2O3 catalysts, the
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selectivity decreases from 0.51 to 0.20 linearly with an increase in molybdenum content. The
NiMo12/Al,0O3 catalyst exhibits the lowest Suyp/pps selectivity.

At the same time, bimetallic NiMo2/Al2O3; sample was the most active in naphthalene HYD
reactions (Fig. 1b). The conversion of naphthalene HYD almost does not change with an increase in the
Mo/(Mo+W) atomic ratio in the catalysts based on mixed HPAs and varies in the range of 37-39 %,
while for Ni(Mon+W 12.1)/Al2O3 catalysts the activity passes through a minimum at a ratio of 0.50. As in
the DBT HDS, mixed NiMo,W 12.,/Al20O;5 catalysts are superior to reference samples prepared from a
mixture of monometallic HPAs in HYD of naphthalene, as evidenced by the calculated reaction rate
constants (Table 2).

The activity of edge centers, depending on the composition and characteristics of the active phase,
was assessed by the turnover frequencies (TOFedge). The TOF values varied from 2.99 to 4.25 x10° s
for DBT HDS and from 7.9 to 14.5 x10° s”! for naphthalene HYD (Table 2). The maximum performance
for naphthalene HYD of the edge centers corresponds to the NiW12/Al203 catalyst. It should be noted
that the introduction of molybdenum into the catalyst reduces the TOF numbers for NiMo,W12../Al203
in naphthalene HYD. At same time, in the case of DBT HDS, the differences between both types of

catalysts are insignificant and no definite pattern can be traced.

3.2 NiMo(W)/Al;O;s catalysts in co-hydrotreating of DBT, naphthalene and quinoline

The catalytic properties of the sulfided NiMo(W)/Al,O3 catalysts in co-hydrotreating of DBT,
naphthalene and quinoline are given in Table 3. The DBT and naphthalene conversion during the tests
varied from 60.0 to 79.6 % and from 4.0 to 14.2%, respectively. A detailed analysis of the reaction
products showed that diphenyl was the main reaction product, which means that the direct
desulfurization is the preferred reaction route, as evidenced by the selectivity values (Table 3). The
presence of only traces of tetrahydro-, perhydrodibenzothiophenes, as well as cyclohexylbenzene and
bicyclohexyl, is due to the strong inhibitory effect of quinoline on the hydrogenation function. In the

case of HYD of naphthalene, only tetralin was found in the reaction products.
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More than 99% of quinoline was converted to tetrahydroquinoline under hydrotreating conditions,
while the degree of nitrogen removal was only 10.2-21.2%. The maximum activity in all model reactions
was observed for the NiMoiW11/Al,O3 sample (Fig. 2), as evidenced by the calculated reaction rate
constants. Further increase in the proportion of Mo in the composition of the catalyst leads to a decrease
in the catalytic activity in all studied reactions. Moreover, the greatest drop in activity for mixed
Ni(MonW 12.1)/AL2O3 is observed when the Mo/(Mo+W) ratio goes from 0.08 to 0.25 (Fig. 2). It should
be noted that when quinoline was added to the feed, only NiMo1W11/Al2O3 sample significantly
exceeded the additive values (Fig. 2a).

The introduction of quinoline into the model mixture promoted a slight increase in HDS activity,
as evidenced by the obtained values of the inhibition effect (Fig. 3a). This effect is pronounced for
bimetallic and trimetallic catalysts with high W percentages in the catalysts. It should be noted that this
effect weakens with an increase in the Mo/(Mo+W) atomic ratio and turns into inhibition on both types
of catalysts. The highest inhibiting effect for DBT HDS is manifested for catalysts based on mixed
SiMo,Wi2..HPAs with Mo/(Mo+W) atomic ratio more than 0.25, but at the same time the NiMo,W 12
o/AlbO3 catalysts provide a higher DBT conversion. NiMoiW11/Al203 sample was less sensitive to

quinoline, which is typical for NiW12/Al>03 catalyst, but the activity of the bimetallic sample was lower.

The inhibition of the reaction by the N-containing component is more intense for naphthalene
HYD, which is consistent with literature data [42]. The inhibitory effect of naphthalene HYD ranges
from 67 to 91 % (Fig. 3b). The NiMo12/Al2O3 bimetallic catalyst was the most affected by quinoline
inhibition effect. Naphthalene HYD performance of catalysts prepared from a mixture of monometallic
HPAs are a little bit more affected by quinoline than the samples prepared from the mixture of
monometallic HPAs. As in the case of the HDS reaction, the inhibition degree in the naphthalene HYD
depends on the atomic ratio of the structure-forming metals of the active phase. It should be noted that
the increase in the atomic ratio more than 0.25 almost does not change the degree of inhibition, which

varies only around 1-2%.
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The calculated TOFeqge numbers, after adding quinoline to the model feed, are shown in Table 3.
The addition of quinoline leads to a decrease in the efficiency of edge active centers in both the DBT
HDS and naphthalene HYD reaction. It should be noted that the addition of quinoline creates certain
patterns for both types of catalysts, which was not observed in the previous section. An increase in
molybdenum content in trimetallic catalysts decreases the activity of the edge centers in both reactions.
As noted earlier, an increase in the Mo/(Mo+W) ratio more than 0.08 leads to the equalization of the
TOF values, regardless of the type of precursor (Fig. 4). However, in the case of NiMo1W11/Al>03, the
values of TOF are much higher than for its counterparts. The increased hydrogenating activity of
NiMo1W1/Al2O3 can be explained by the high proportion of tungsten; at the same time, high HDS
activity and low selectivity in this reaction are characteristic of molybdenum catalysts. Moreover, this
nature is not typical for a catalyst prepared from a mixture of two monometallic HPA, which indicates

a different nature of the active centers.

3.3 Hydrotreating of SRGO

The characteristics of stable hydrogenation products obtained after hydrotreating of SRGO over
NiMo(W)/Al>0s catalysts are shown in Table 4. The catalytic activity was evaluated by the residual
sulfur content in the hydrogenated product. All studied catalysts exhibited stable performance during a
48 hours period. Some catalysts were tested twice, after which the average conversion values of the
reagents were calculated. The experiment data show that the accuracy of determining the rate constant
is on average 3%. There was no acid component in the catalysts, for this reason no cracking products of
model compounds were found in the hydrogenation product. The stable product yield was 96+1%.

The highest residual sulfur content was observed over NiW12/Al>Os3 catalyst. Replacement of even
one tungsten atom by molybdenum (in a stoichiometric ratio) leads to a decrease in the content of sulfur
and nitrogen by more than 30% for Ni(Mo1+W11)/Al203 and more than 50% for mixed NiMo1W11/Al,03,
which can be explained by the different structure and nature of the active phase. But the lowest content
of residual sulfur and nitrogen corresponds to the Mo/(Mo+W) atomic ratio equal to 0.25 for both types
of catalysts. The shift in the maximum of HDS activity in comparison with the model feedstock may be
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associated with a lower nitrogen content (147 ppm versus 500 ppm) in SRGO. As noted earlier in model
reactions, quinoline and their by-products can block the HYD centers, thereby opening vacant HDS
centers through anchor adsorption. Since the content of quinoline in SRGO was much lower, inhibition
effect was to a lesser extent. As a result, high HYD activity of catalysts with a high molybdenum
percentage was observed.

In contrast to HDS (Fig. Sa), the HYD function was changed insignificantly with the increase of
Mo/W ratio from 3/9 in the catalysts (Fig. Sb). Mixed HPAs based samples exhibited higher HYD
activity and, as in model reactions without quinoline, no strong effect on the HYD activity was observed
with the increase in the fraction of molybdenum in the catalyst. The greatest increase in activity was
found when one tungsten atom was replaced by molybdenum. However, at the same time, there is no
clearly pronounced dependence of the HYD activity on the atomic ratio of Mo and W for Ni(Mon+W 2.
n)/Al2O3 catalysts. High-efficiency liquid chromatographic analysis of hydrogenated products showed
that only bi- and tricyclic aromatic hydrocarbons are hydrogenated, while monocyclic ones underwent
almost no transformation.

The degree of removal of nitrogen-containing compounds directly correlates with HDS activity
and varied from 73.1 to 91.7% (Fig. 5¢). NiW12/Al>O3 catalyst exhibited the lowest activity. Mixed
HPAs based NiMo,Wi2.,/Al20O3 catalysts demonstrated higher activity in HDN reactions during
hydrotreating of SRGO than their corresponding counterparts. It should be noted that the peak of the

maximum of HDN activity, as in HDS and HYD, refers to the NiMo3Wo/Al>O3 catalyst.

4. Characterization

4.1 Characterization of sulfided NiMo(W)/Al>Os catalysts

The textural properties of the liquid phase sulfided samples are summarized in Table 1. All
catalysts have close textural characteristics. The surface area varied slightly from 202 to 240 m?g’! and
the average pore volume was about 0.5 cm®g™!. All catalysts had a bimodal pore size distribution with

an average diameter of 3.8 nm and 8.4 nm.
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Liquid sulfided NiMo(W)/Al,O;5 catalysts were characterized by HRTEM in order to obtain
information about the dispersion of the active phase particles. This is one of the main and traditional
methods that allows to obtain the values of dispersion, which is directly correlated with the activity.
These dependencies have also been identified in many works [30,43-45]. HRTEM studies allow to
obtain general morphological information of individual S—-Mo(W)-S particles when the disulfide slabs
are oriented parallel to the electron beam. However, this technique does not allow to distinguish between
NiMoS, NiWS or NiMoWS slabs due to the lack of a contrast between elements. Typical micrographs,
which show the fringes of NiMo(W)S crystallites with 0.65 nm interplanar distances, are presented in
Fig. S1. The average values of stacking degree and slab length of active phase particles are presented in
Table S. For all catalysts, the average length and stacking varied from 3.4 to 4.1 nm and from 1.4 to 2.1,
respectively. NiMo12/Al203 had the slabs with the shortest length ~3.4 nm among all studied catalysts
and an average stacking number of 1.6, corresponding to high dispersion of the active phase (0.34).
NiW12/Al,03 catalyst consisted predominantly of slabs with length ~ 3.9 nm and stacking number ~ 2.1.
The introduction of Mo atoms into the composition of the catalysts resulted in a little decrease in average
length and average stacking number. The Mo/(Mo+W) atomic ratio had almost no effect on the
geometric characteristics of the active phase. By comparison with the active phase morphology of
unpromoted catalysts [29], promotion of Mo(W)S; phase by Ni decreased the average slab length due
to the decorating action of the Ni atoms, which fixed on the edges of Mo(W)S> during the formation of
the disulfide slabs hindering their further growth. The same effect of promoter atoms on the length of
the crystallites was reported in several studies. [46-49]. In addition, Ni-promoted W containing catalysts
showed slightly higher stacking degree of slabs than their unpromoted counterparts.

The species formed after liquid phase sulfidation on the surface of the synthesized catalysts have
been analyzed by XPS. The XPS spectra of NiMo(W)/Al,0O3; samples were decomposed in accordance
with previously submitted works [25,50]. The spectral region of Ni2p3, (Fig. S2) contains three peaks
with their respective satellites. The peak at a BE of 853.7 eV is related to Ni(Mo)WS phase. The signals

at 852.9 eV and 856.5 eV correspond to the NiS species and Ni** in an oxidic environment, respectively
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[51-53]. On the Mo3d spectra (Fig. S3), there are three doublets corresponding to Mo** (MoS: species)
at 229.0 eV and 232.0 eV, the doublet with binding energies at 230.0 and 233.5 eV is related to
oxysulfide species and the signals at 232.5 and 235.7 eV is correlated to Mo®* (oxide species). The W
4f spectra (Fig. S4) contain three W 4f doublets: the doublet with binding energies at 32.5 and 34.8 eV
is associated to W** species (WS: phase), the doublet with binding energies at 33.4 and 35.5 eV to W>*
(oxysulfide species), and finally the doublet with binding energies at 36.21 and 38.2 eV to W® (oxide
species). The decomposition of the XPS spectra revealed the relative amount of nickel, molybdenum
and tungsten species present on the surface of the sulfided catalysts, summarized in Table 6.

In mixed HPA based samples, Mo sulfidation degree, expressed as the percentage of MoS>
determined by XPS, appears slightly higher than in the corresponding reference samples (less than 10%).
In our previous work on the genesis of the active phase in MoW samples, followed in situ by Quick-
XAS [48], we have evidenced a difference in the sulfidation steps for Mo in MoW and Mo+W samples
(in MoW sample, the second sulfidation intermediate appears at lower temperature than in Mo+W
sample), which could affect the final sulfidation degree of molybdenum.

The tungsten sulfidation degree was slightly lower than those obtained for molybdenum. The
trimetallic catalysts prepared by using mixed MoW HPAs had a W sulfidation degree 10-15 rel. % higher
than their analogues based on a mixture of two HPAs. Incorporation of molybdenum atoms into the
structure of HPAs led to an increase in W sulfidation rate (5-13 rel. %) compared to NiW1; catalyst. On
the contrary, corresponding NiMoW references samples demonstrated the lowest W sulfidation degree
and the quantity of molybdenum had no effect on tungsten sulfidation rate. In our previous work [54], it
has been shown that the introduction of molybdenum in the structure of SiWi, HPA leads to
simultaneous sulfidation of both Mo and W metals in HPA based catalyst with the formation of mixed
Mo-W sulfide slabs. This synergetic effect between W and Mo sulfidation was not found for bimetallic
reference based on a mixture of two HPAs.

In the trimetallic catalysts, the fraction of Ni species involved in NiMo(W)S active phase increased

with the Mo/W ratio and is larger than that obtained in the NiW sample. This effect was slightly higher

19



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

for the catalysts prepared from mixed MoW HPAs. Except for the NiMoi2 sample, the main species is
always NiS (about or more 43% of the Ni relative percentage) together with 5-20% of Ni in oxidic
environment. It means that more than 80 % of Ni is sulfided, which may be due to the addition of citric
acid introduced in the impregnating solution for the preparation of the oxidic precursors. Citric acid
chelates the Ni ions, which results in improving the dispersion of Ni species on the support, decreasing
the interaction of the Ni ions with the support and thus improving the sulfidation of Ni [48]. However,
the excess of Ni that is not used for promotion is present as a pure NiS species that remain at the surface.
At the same time, for catalysts based on mixed HPAs, the fraction of bulk nickel sulfide is slightly higher
than for samples Ni(Mon+Wi2.1)/Al203, which in turn may be associated to an enhancement of the
metallic properties of Mo, which is why Ni atoms are more difficult to incorporate into the structure of
the active phase. This also confirms our earlier data that the bond between molybdenum and tungsten is
retained even during sulfidation. The high proportion of nickel sulfide is also associated to the type of
sulfidation. Eijsbouts et al. [55] noted in their work that Ni is more susceptible to segregation into Ni2S3
particles under conditions of liquid-phase sulfidation. The formation of large amounts of nickel sulfide
may lead to the blocking of edge active sites. However, separate Ni»S3 particles can act as a hydrogen

donor and facilitate its spillover on the catalyst surface, which in turn leads to increased activity [56].
4.2 HAADF characterization of gas phase sulfided Ni(Mo)W/Al2O;s catalysts

HAADF technique allows to visualize the sulfide slabs with basal planes oriented perpendicularly
to the electron beam axis with possible investigation of the relative position of Mo and W atoms in the
sulfided particles due to the difference in the Z-number, the intensity being with this technique,
proportional to Z!'7. Typical HAADF images of sulfided NiMo3Wo/Al,03 and Ni(Mo3+Wo)/AlLO3
catalysts are presented in Fig. 6a and b. The sulfide particles of Ni-promoted catalysts had irregular
shapes, as observed in the case of unpromoted samples [25], which is attributed to the interaction with
alumina surface. Due to the type of contrast formation in HAADF, heavy tungsten atoms are imaged as

brighter spots than lighter molybdenum atoms.
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HAADF images of NiMo3Wo/Al2O3 show the formation of mixed (Ni)MoWS slabs, in which small
agglomerates of Mo atoms were surrounded by W ones. Identification of Mo and W in the slabs is
confirmed by the intensity profiles of atoms in a row (Fig. 6b), where the ratio of intensities is close to
the ratio of Z!” for W and Mo. Even if mixed MoW slabs are clearly observed in the case of this promoted
catalyst, the atomic repartition in a disulfide slab differs from the core-shell structure of unpromoted
Mo3Wo/AlxOs3 catalyst (sulfided with the same gas phase procedure) containing a whole Mo core [25].
The distribution of Mo and W atoms in the particles of NiMo3Wo/Al>O3 is more similar to the one that
has been observed for unpromoted Mo3Wo/Al,03 catalyst sulfided under liquid phase by DMDS [29].

The active phase of Ni(Mo3+Wo)/Al,O3; sulfided under gas phase consisted mainly of
homogeneous (Ni)MoS and (N1)WS slabs. However, the presence of some mixed (Ni)MoWS slabs was
also evidenced. Thus, the structure of sulfide particles in Ni(Mo3+Wo)/Al>O3 catalyst is quite similar to
the one observed for unpromoted (Mo3+Wy)/Al,O3 sample sulfided under gas or liquid phase [25].

HAADF results unambiguously show the formation of mixed particles (Ni)MoWS in promoted
mixed HPA based catalyst with a random distribution of Mo inside the WS> slabs. In contrast, the
predominance of (Ni)MoS and (N1)WS particles with a small number of mixed slabs is observed in the

case of promoted catalyst prepared from a mixture of two monometallic HPAs.

4.3 EXAFS characterization of gas phase sulfided Ni(Mo)W/AL2Os catalysts

Liquid phase sulfidation before catalytic tests was chosen to be close to the real conditions of
hydrotreating reactions, as a consequence, the same type of activation was used to obtain the general
information of morphology and content of active phase. It is complicated to make a distinction between
a mixed MoWS: phase and a mixture of monometallic ones and the techniques with atomic resolution
are needed. For this reason, EXAFS characterization was done. Unfortunately, the instrumentation on
the beam line and construction of the cell did not allow at this stage using liquid phase sulfidation, so to
avoid reoxidation the samples were sulfided in sifu in the gas phase. To support and supplement EXAFS

data, the HAADF characterization was also done after gas phase sulfidation.
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Previously, we have shown that for the unpromoted MoW systems prepared from mixed HPA, the
main impact of the sulfidation type (DMDS vs H>S/H») was on the structure of mixed MoWS; particles
[25]: a core-shell distribution of Mo and W is observed in the case of gas phase sulfidation while a more
random distribution of the atoms is evidenced in the case of liquid phase sulfidation. Regardless of the
activation type, mixed HPA based catalysts had high amount of mixed MoWS; clusters, while samples
based on a mixture of two monometallic HPAs had predominantly monometallic MoS2 and WS slabs.
In the present work, the main task of HAADF and EXAFS characterization was to determine how the
addition of nickel to MoW systems affected the formation of active phase, the promotion effect being
expected to be the same under gas or liquid phase sulfidation, despite possible differences in the location

of Mo and W atoms inside the slabs.

EXAFS characterization was aimed at determining the nature of the sulfide species in the sulfided
NiMo(W)/Al>03 catalysts. Trimetallic NiMo3Wo/Al,O3 catalyst was chosen as it is the most effective in
model HDS, HYD and HDN reactions as well as in SRGO HDT. Fig. 7 compares the magnitude of k-
weighted Fourier transformed (FT) EXAFS spectra for bimetallic NiMo12/Al203 (NiW12/Al20O3) and
trimetallic NiMo3Wo/Al>O3 and Ni(Mo3+Wo)/Al>O5 catalysts. The best-fit parameters for EXAFS data
are gathered in Table 7. At both Mo K- and W Ls-edges, the first FT contribution with a maximum at
20 A (not phase corrected) was attributed to the metal-sulfur first coordination. The coordination
numbers of the Mo—S and W-S contributions varied from 5.4 to 6.1 for all studied samples, thus
indicating the high sulfidation degree of metals (Table 7).

The contribution around 2.9 A (not phase corrected) at both edges was assigned to metal
backscatter within Mo(W)S2 structure. A noticeable decrease can be seen in the second coordination
shell when comparing trimetallic samples to bimetallic NiMo and NiW references (Fig. 7), particularly
for mixed HPA based catalyst. The same behavior was already observed for unpromoted samples [57],
the second coordination shell was more modified for the catalysts prepared from MozWo¢ HPA compared
to those based on a mixture of two monometallic HPAs. In the bimetallic catalysts, the coordination

numbers were Nvo-mo = 3.7 (at 3.18 A) for NiMo12/Al,03 and Nw.w = 4.3 (at 3.16 A) for NiW2/AlLOs.
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The higher value for W-W compared to Mo—Mo can be related to larger sulfide particles in NiWi2
sample, which is in agreement with TEM data.

For both trimetallic catalysts, the fit at the Mo K-edge was improved when adding a second metal-
metal Mo—W contribution in the second coordination shell. The second coordination shell at the Mo K-
edge in NiMo3Wo/Al>Os consists of a molybdenum atom with Nmo-mo = 1.5 and a tungsten one with Numo-
w = 2.8, in Ni(Mo3+Wo)/ALO3 with Nyomo = 3.3 and Nmo-w = 1.6 both at 3.19 A. The simultaneous
presence of Mo—Mo and Mo—W contributions indicates the formation of mixed sulfide phase in both
NiMoW catalysts. However, the higher contribution of Mo—W path for the second shell in
NiMo3Wo/Al,O5; indicates the higher concentration of mixed slabs than in its trimetallic
Ni(Mo3+Wo)/Al,03 counterpart. Indeed, a comparison of trimetallic catalysts by HAADF shows that
both samples contain mixed MoWS; particles but in Ni(Mo3+Wy)/Al>O3 these mixed slabs are less
numerous.

At the W Ls-edge of trimetallic samples, a lower W—W coordination number is observed,
compared to that of NiW; catalyst. The morphology of WS> slabs could thus be affected by the presence
of Mo. The same evolution of the coordination numbers was also observed for the corresponding
unpromoted catalysts showing that the behavior does not depend on the Ni promotion [57]. The second
coordination shell of trimetallic samples contains one heteroatomic metal-metal contribution. It should
also be noticed that tungsten concentration was three times higher than molybdenum. Thus, the obtained
distribution of the contributions may be indicative of a greater presence of tungsten atoms surrounding
small molybdenum islands, which have more W neighbors in this case. That is in agreement with the
results of HAADF characterization.

The characterizations under gas phase sulfidation have proven that the Ni promotion of the MoW
catalysts does not inhibit the formation of the mixed MoWS: slabs when the oxidic precursor contains
both Mo and W atoms.

Determination of the local environments of the Ni atoms in the sulfided catalysts from the EXAFS

data is hampered. In sulfided catalyst nickel could be part of various compounds, such as Ni3Sz, NiSy,
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and NiMo(W)S phase. Such multicomponent system presents different scattering paths overlapping in
the R-range, which leads to instability of the fitting procedure and correlations of the fitting parameters.

The Ni K-edge XANES and EXAFS spectra of sulfided catalysts are shown in Fig. 8A and B,
respectively. For comparison purposes, Ni/Al,O3 catalyst was also synthesized using impregnating
solutions prepared from a mixture of nickel carbonate and citric acid with molar ratio citric acid/Ni =
1/1. This sample was gas-phase sulfided under the same conditions as Ni(Mo)W/Al>Os catalysts and its
XAS spectra were also recorded.

All Ni K-edge EXAFS spectra are similar in phase (Fig. 8B). The oscillations of the Ni—S
scattering will dominate in the lower k-region with a characteristic maximum around 6 A™! corresponding
to the maximum of the scattering amplitude of S backscatters, whereas Mo and W backscatters will
contribute at the higher &, leading when they are coordinated as second neighbors of promotors to a
second relative maximum beyond 10 A [58,59]. For the bimetallic and trimetallic catalysts, this second
relative maximum is observed in agreement with the decoration of the sulfide slabs by nickel atoms. It
is noteworthy that both trimetallic catalysts (Fig. 8B (b)) display a maximum at higher k, which is
markedly lower in intensity than the ones observed for the bimetallic catalysts (Fig. 8B (a)). This
decrease of signal in the higher k-region is in agreement with the simultaneous presence of W and Mo,
which is due to the destructive interference of the individual scattering paths of these atoms, which are
out of phase [11,62].

The Ni K-edge XANES spectra of the NiMo(W)/Al>O3 catalysts differ from Ni/Al>O3 due to the
changes in the electronic structure by the appearance of Mo and/or W neighbors (Fig. 8A (a),(b)).
Spectra of both trimetallic catalysts are close to each other (Fig. 8A (b)). The spectrum of mixed HPA
based sample looks like an intermediate between its trimetallic counterpart and NiMo12/Al,O3 sample
(Fig. 8A (c)), while Ni(Mo3+Wo)/ALOs itself is close to the NiW12/Al>O3 (Fig. 8A (d)).

Summarizing, the XAS data showed that the promotion by Ni does not prevent the formation
of mixed MoWS sulfide phase in trimetallic catalysts. These mixed slabs are formed with Mo islands

surrounded by W atoms. However, the active phase of the catalyst prepared from separate
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monometallic HPAs consisted mainly of monometallic sulfide particles. The changes of the Ni K-

edge XANES spectra indicate the formation of NiMo(W)S phase along with nickel sulfide.

5. Discussion

The results of testing the catalysts in hydrotreating of DBT and naphthalene showed that not only
the atomic ratio of structure-forming Mo and W metals, but also the type of precursor affects the catalytic
activity. The high activity of mixed HPAs based NiMonW 12.//Al2O3 catalysts is related to the proximity
of Mo and W atoms in starting material and results in a synergetic effect between them after sulfidation
through the formation of mixed Ni promoted MoW S slabs that was confirmed by the results of EXAFS
and HAADF characterization. It should be taken into account that the use of mixed HPAs leads to a high
sulfidation of metals and more efficient incorporation of nickel into the active phase, according to the
XPS results (Table 6) and as a consequence, to higher catalytic performances in model feed and SRGO
hydrotreating (Figs. 1, 2 and 5).

The introduction of quinoline influences greatly the hydrogenating activity in the model reactions
[42,62], which was also found in the present work (Fig. 2). The mechanism of the effect of nitrogen-
containing compounds on the hydrogenolysis of DBT was previously described in the literature [62,63].
It was shown that the tetrahydroquinoline formed as a main product of the reaction, being adsorbed
perpendicular to the catalyst surface on one m-active site, leaves the second vacant active site available
for anchor c-adsorption of the DBT molecule, thereby shifting the reaction to the direct desulfurization
route. This effect explains the increase in HDS activity in model reactions upon the addition of quinoline.
Kinetic studies using model compounds presented in [64,65] also confirm the assumption that nitrogen-
containing heterocyclic compounds inhibit to a greater extent the HYD route of the DBT HDS.

It is known that hydrotreating catalysts based on NiWS have high catalytic activity in HYD and
HDN reactions especially at severe conditions while NiMoS based ones show high activity in HDS [66,
67]. The obtained dependences (Fig. 1-3) indicate that changing the Mo/(Mo+W) atomic ratio leads to
change the ratio between HDS and HYD. Our results show that this ratio is not directly associated with

the geometric characteristics of the active phase particles — length and stacking (Table 5), but could
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depend on the specific location of molybdenum and tungsten atoms in the crystallite structure. Different
inhibition behaviors were noticed depending on the Mo/W ratio in the catalysts and on the precursor
used. Thus, tungsten-rich catalysts are less sensitive to the presence of quinoline in DBT HDS and
naphthalene HYD (Fig. 3c). All mixed HPAs based catalysts are more resistant to inhibition than their
trimetallic counterparts.

TOFeqge values decrease with an increase in the fraction of molybdenum, consequently for mixed
NiMonW12.w/Al2O3 catalysts, higher TOF values are observed at low Mo/W ratio. An increase of the
Mo/(Mo+W) atomic ratio from 0.25 leads to an equalization of hydrogenation activity between the
NiMo,W 12.2/Al203 and Ni(Mon+W12.1)/Al2O3 systems, which indicates the similar nature of the edge
sites (Fig. 4). For a more detailed analysis of the Ni-promoting effect, the values of promotion degree
(N1/(M0o+W )edee) of Mo(W)S; crystallite edges were calculated based on XPS and TEM data [7,20]. The
Ni/(M0+W )eqge values varied from 0.79 to 0.98. As noted earlier, the sulfidation degree increases with
molybdenum percentage in the active phase. Incorporation of nickel atoms was easier in catalysts based
on two monometallic HPAs, which can be explained by a presence of separate MoS» species. In order
to assess the influence of the main factors, the 3D dependences of TOFcqge in DBT HDS during co-
hydrotreating of DBT, naphthalene and quinoline on the Ni-promoting degree and the Mo/(Mo+W)
atomic ratio were constructed (Fig. 9). It was found that the ratio of structure-forming metals plays a
key role in changing the activity of the edge centers while the degree of promotion had significantly less
impact.

The high TOF of tungsten-rich catalysts can be explained by their good resistance to poisoning
with nitrogen-containing compounds (Fig. 3).

In the case of naphthalene HYD there is a correlation between HYD rate constants and the amount
of Ni in NiMo(W)S phase except for NiW12/Al,03 (Fig. S6), which was more active than one might
expect. The NiMo1W11/Al>Os3 catalyst offers 1.4 times better HYD activity in the presence of quinoline.
Observed results might indicate that in this case hydrogenation sites could be different from the HDS

sites (relative to DDS pathway) and that hydrogenation activity is linked to Ni atoms in promoting sites
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independently of NiMoS, NiWS, and also mixed NiMoWS sites, the activity level of each hydrogenation
site being leveled by the presence of Ni. These results witness some differences in synergy effect
between Ni and mixed sulfide phase mainly present in mixed HPA catalysts.

Regarding catalytic behavior of trimetallic systems in HDS of SRGO, the most important and
significant results were observed. All NiMoW catalysts showed at least 1.2 times higher kups values
than predicted additive ones regardless of the type of starting oxide precursor (Fig. 5a). Even if
trimetallic reference catalysts based on two HPAs are slightly less efficient than MoW HPAs based ones
they are still more active than bimetallic samples. The results present some differences in synergy effect
between Ni and mixed sulfide phase mainly present in mixed HPAs catalysts and show the advantage
of the use of ternary catalysts over NiMo and NiW systems. The low nitrogen content in the SRGO
compared to model N-containing feed resulted in less inhibition of molybdenum-containing catalysts,
thereby shifting the maximum HDS and HDN activity from NiMo1W11/Al203 to NiMo3Wo/Al>O3
sample with a higher molybdenum content (Fig. 5). For both types of catalysts, HYD and HDN activities
present the same evolution, which was also reported earlier [63]. It should also be noted that synthesized
catalysts based on the mixed Keggin-type HPAs have higher activity values compared to their analogues,
which is associated to the formation of a larger quantity of highly active mixed NiMoWS phase due to
the closer interaction of metals in the precursor, according to EXAFS and HAADF data.

It was previously noted by Lercher and co-workers [68] that the hydrogenating activity correlated
with concentration of SH-groups formed due to the dissociative adsorption of H» and H»S. In another
work [69], investigating catalytic activity of unsupported trimetallic NIMoW systems, the authors found
by using the method of continuous-flow H>-D» scrambling, that the concentration of SH-groups directly
depends on the tungsten content in mixed NiMoW systems. This can explain the highest HDS, HYD
and HDN activities of the NiMo1W11/Al>O3 and NiMo3Wo/Al,O3 samples in model reactions and SRGO
HDT (Figs. 1, 2, 5) and enhanced inhibition resistance (Fig. 3).

Table 8 presents the results of various research groups in the area of investigation on Mo and W

synergistic effects for NiMoW bulk and supported catalysts. In most works, both for bulk and supported
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catalysts, a positive effect was found when using Ni-promoted mixed MoW systems [5,22,70,71].
However, there are publications in which this effect was observed only in some cases [11].

Raybaud and his co-workers [22] using DFT calculations found that the high activity of the
NiMoosWosS catalyst is explained by an optimal energy of the metal-sulfur bond at the edges of the
active phase compared with that in bimetallic NiMoS and NiWS systems, which was also confirmed by
catalytic tests in the thiophene HDS.

Olivas et al [70] using extended Huckel methods found that the combination of Mo and W atoms
in mixed bulk catalysts changes the semiconductor behavior and increases the metallic character of MoS»
or WS,. Moreover, the additional promotion by Ni further increases the availability of electrons over the
Fermi level. It was found that the greatest effect is achieved with a Mo/(Mo+W) ratio of 0.85. This effect
was associated to the formation of more optimal mixed (Ni)MoWS phase, which is mentioned in a
number of other later works [12,72]. It should be said that no similar synergistic effect was found for the
Co-promoted systems. Similar dependences were obtained for supported catalysts in DBT HDS and
hydrotreating of vacuum gas oil by Tomina et al [73]. Investigating the influence of the ratio of the
structure-forming metals of the active phase, it was found that the maximum HDS activity was achieved
at a ratio of Mo/W = 1/1. The high activity of the trimetallic NiMoW/AL>Os catalyst was also associated
to the optimal M-S binding energy in [74], where it was also noted that the addition of Ni and Mo to
WOx-modified Al2O3 provides a strong interaction between NiO and MOx particles, which facilitates
their reduction.

Shan et al. [5] attributed the high activity of NiMoW/Al>O3 catalysts to the close interaction of
metals and ability to generate highly dispersed W/Mo/Ni oxide species, due to which the metals are
better reduced, and therefore sulfided. The authors also noted in their work that the precursor has a direct
effect on the interaction of metals.

Interesting results were obtained by Hensen et al. [11] The authors investigated the influence of
the Mo/(Mo+W) ratio and the sulfidation conditions on the composition and structure of the active phase

in trimetallic alumina supported catalysts. Using the EXAFS method, it was found that, depending on
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the sulfiding conditions, a mixed active phase with a different structure can be formed. Under gas phase
sulfidation at 1 bar, a mixed phase with a "core-shell" structure (a molybdenum core surrounded by
tungsten atoms) was predominantly formed. An increase in pressure (up to 15 bar) or temperature (from
400 to 650°C) leads to disordering and formation of a structure with a random distribution of Mo and W
atoms. A synergistic effect was established for the NiMoo.7sWo.2s/ Al2O3 catalyst in hydrotreating of gas-
oil (234 ppm of nitrogen), while the effect was not observed in the model reactions of HDS of DBT and
thiophene. The authors suggested that the mixed catalysts may have enhanced hydrogenation activity,
while the hydrogenolysis activity is unaffected, which is also consistent with other works [71,74,75].
Summarizing the results obtained in this present work and literature data, we can note the
following relationships. Trimetallic NiMoW systems have a higher hydrogenating activity, apparently
due to the formation of a greater number of SH-groups. The maximum hydrogenating activity was
achieved with a low Mo/W metal ratio in the mixed NiMoW catalyst. The composition of trimetallic
NiMoW catalysts should be selected in accordance with the composition of the feed and the amount of
N-containing compounds having a direct effect on the ratio of HYD and HDS performances. The Mo
(W) precursor plays a key role in the creation of high active alumina supported (Ni)MoWS mixed
catalytic systems. The use of mixed MoW-HPAs made it possible to significantly increase the synergistic
effect between Mo and W due to the formation of a larger amount of a mixed NiMoWS active phase.
The possible modification of acidic properties of the catalysts due to the presence of silica in the
HPA was not considered since the Si content was the same in all prepared samples. Earlier several works
were devoted to explaining the role of heteroatoms in the Keggin structure of HPA for HDT catalysts.
Thus, in [76] CoMo catalysts based on SiMoi2> and PMoi>» HPAs were compared with those prepared
from ammonium heptamolybdate, in [77] PMoi2 and PW 2 HPAs were used as precursors for NiMo(W)
catalysts as an alternative to ammonium heptamolybdate and ammonium metatungstate. The authors
concluded that the main effect on catalytic activity is exerted by the structure of Keggin HPAs, and not
the nature of the heteroatom (Si or P). Taking into account the results, we suppose that Si atoms are

located on the alumina surface without significant changes of acidity and HDT performance. However,

29



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

this does not mean that silicon or phosphorus has no effect on hydrotreating catalysts. The way of
synthesis of P-modified tri-metallic NiMoW/Al,O3 catalysts had a dramatic impact on structure of active
phase species and catalytic activity [78]. Incorporation of phosphorus weakened the metal-support
interactions and facilitated the formation of more synergetic NiWMoS phases with higher stacks.
However, these changes were positive effect on fluid catalytic cracking diesel hydrofining only in case
of WMOoNi/ALOs3 catalyst prepared using W/Mo-hybrid nanocrystal-assisted hydrothermal deposition
method compared to tri-metallic reference obtained using conventional precursors and incipient
impregnation technique.

6. Conclusions

In the present work, NiMoW catalysts supported on alumina were prepared by co-impregnation of
nickel carbonate, citric acid and mixed SiMo,Wy.12 (n = 1, 3, 6 and 9) HPAs and characterized by
different techniques. Trimetallic reference Ni(Mon+W12.n)/Al203 catalysts were also synthesized from a
mixture of two monometallic SiMo12 and SiW12 HPAs with the same Mo/W ratio as in the mixed HPAs
based catalysts.

HAADF and XAS characterizations performed after gas phase sulfidation of trimetallic solids with
the (Mo/Mo+W) ratio equal to 0.25 have allowed to evidence the formation of promoted mixed MoWS>
slabs, where isolated Mo islands are randomly distributed inside the WS: slabs for the catalyst prepared
from SiMosW9 HPA while the active phase of the catalysts based on two separate HPAs consisted
mainly of monometallic sulfide slabs. The behavior of the promoted samples towards the formation of
the sulfide slabs is similar to that observed with unpromoted ones [25] specially showing that the
presence of nickel does not hinder the formation of mixed clusters in HPA based catalysts.

Liquid sulfided NiMo(W)/Al,0O3 catalysts were characterized by XPS and HR-TEM. XPS analysis
allows estimating the amount of Ni-promoted MoWS: phase, which was ca. 10 % higher compared to
NiW12/Al,03 reference catalyst. Tungsten sulfidation degree in the NiMo,Wi2../Al2O3 catalysts was
higher compared to the corresponding counterparts, which can be related to the simultaneous sulfidation

of Mo and W due to their proximity in the initial MoW-heteropolyanion precursor. The dispersion values
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obtained by the TEM results indicate that the type of precursor does not affect the distribution of the
NiMo(W)S, active phase particles over the support surface. Disulfide crystallites were mainly
represented by single- and two-layer particles. The calculated Ni/(Mo+W )eqee values showed that the
atomic ratio does not significantly affect the degree of promotion.

Catalytic tests were performed using liquid phase sulfidation in a bench scale flow reactor.
NiMo1W11/AlO3 and NiMo3Wo/Al,O3 samples demonstrated the highest HDS, HYD and HDN
activities in model feed (DBT, naphthalene with addition of quinoline) and SRGO HDT. Three-
dimensional (TOFedge vs Mo/(Mo+W) atomic ratio vs Ni/(Mo+W)eqee) dependences showed that the
Mo/W atomic ratio of the structure-forming metals in the active phase has the greatest effect on the
catalytic activity of the catalysts. Enhanced N-inhibition resistance was observed at a low Mo/W ratio.
High activity of mixed HPAs based NiMo,W 12.//Al,03 catalysts associates with the proximity of Mo
and W atoms in starting material and results in a synergetic effect between them after sulfidation through
the formation of mixed promoted MoW S slabs that was confirmed by EXAFS and HAADF results. The
Mo/(Mo+W) ratio in the catalysts should be selected depending on the content of N-containing
compounds in the feed. For petroleum fractions with a high nitrogen content, blended NiMoW catalysts

with a high tungsten content are most preferred due to their higher resistance to inhibition effect.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Dependence of reaction rate constants in DBT HDS (a), naphthalene HYD (b) and
selectivity route of DBT HDS (c¢) on Mo/(Mo+W) atomic ratio in NiMo(W)/Al,03
catalysts (circles correspond to NiMonWi2.n/AlO3 catalysts; squares are
Ni(Mon+Wi12.1)/ALOs catalysts; dotted line indicates additive values between

NiMo12/Al203 and NiW12/ALO3).

Dependence of reaction rate constants in DBT HDS (a), naphthalene HYD (b),
quinoline HDN (c) and selectivity route of DBT HDS (d) on Mo/(Mo+W) atomic
ratio in NiMo(W)/Al,03 catalysts (circles correspond to NiMo,W12-/Al2O3 catalysts;
squares are Ni(Mon+W12.1)/Al2O3 catalysts; dotted line indicates additive values

between NiMo12/Al2O3 and NiW 12/AlLO3).

Inhibition effect on the HDS of DBT (a) and naphthalene HYD (b) in the presence of

quinoline.

TOFeqge number in DBT HDS (a), HYD naphthalene (b) and HDN quinoline (c) over

NiMo(W)/Al,0s catalysts in the presence of quinoline.

Dependence of reaction rate constants kups (a), HYD (b) and HDN (c) activities in
HDT of SRGO on Mo/(Mo+W) atomic ratio in NiMo(W)/Al,0s catalysts (dotted line

indicates additive values between NiMo2/Al,03 and NiW12/Al03).

HAADF images of sulfided NiMo3Wo/Al>O3 (a) and Ni(Mo3+Wo)/Al>O3 (¢) catalysts
with intensity profile corresponding to the row of atoms identified by the arrow on

NiMo3Wo/AlO3 (b).
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Figure 7.

Figure 8.

Figure 9.

k3-weighted EXAFS at the Mo K-edge and W Ls-edge, and the corresponding Fourier

transforms of sulfided NiMo(W)/Al>Os3 catalysts.

Ni K-edge XANES spectra comparison (A): (a) Ni/Al,O3 and bimetallic samples, (b)
Ni/Al>O3 and trimetallic samples, (c) NiMoi12/Al20O3 and trimetallic samples, (d)
Ni(Mo3+W)/Al,03 and bimetallic catalysts; Comparison of k*-weighted EXAFS
spectra of sulfided catalysts (B): (a) Ni/Al>O3 and bimetallic samples, (b) Ni/Al>O3

and trimetallic catalysts.

3D dependence of the TOFedge number in DBT HDS reaction (co-hydrotreating of
DBT, naphthalene and quinoline) on the Ni/(Mo0+W)edee promotion degree and

Mo/(Mo+W) atomic ratio.
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Table 1. Composition and textural characteristics of sulfided NiMo(W)/Al,Os catalysts.

Content (wt. %)

Textural characteristics

Catalyst SBET Vo

Mo W Ni D (nm)?

m*gh)  (em’gh)

NiW 2 - 20.8 3.3 240 0.58 3.8/8.4
NiMoiWi11 0.9 19.0 34 202 0.47 3.8/8.4
NiMo3zWy 2.8 15.9 34 233 0.49 3.8/8.4
NiMosWe 5.5 10.5 34 205 0.48 3.8/8.2
NiMo9oW3 8.4 8.7 3.5 225 0.48 3.8/8.4
Ni(Mo1+W11) 0.9 19.0 34 230 0.51 3.8/8.4
Ni(Mo3+Wo) 2.8 15.9 34 210 0.48 3.8/8.4
Ni(Mos+We) 5.5 10.5 34 216 0.50 3.8/8.4
Ni(Mog+W3) 8.4 8.7 3.5 233 0.53 3.7/8.6
NiMoi» 12.0 - 3.7 236 0.42 3.8/8.4

* bimodal pore size distribution.
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Table 2. Catalytic properties of NiMo(W)/Al,0Os catalysts in HDT of a mixture of DBT and naphthalene.

Conversion (%)

kx10*(mol h'! g1

TOFedge X 103 (S-l)

Catalysts Naphthalene SHYD/DDS
DBT HDS kups knyp HDS HYD
HYD

NiW2? 49.0+1.5 39.6 £0.6 164+0.7 602+23 3.64£0.11 14504 0.32 £ 0.01
NiMo1Wi1? 60.1 + 1.8 36.8 1.1 223+ 1.1 563 +2.1 393+£0.12 12.1+04 0.34 £ 0.02
NiMosWo* 73.2+2.2 389+1.2 319+£20 60.2+2.7 425+0.13 11403 0.19 £0.01
NiMosWe 71.6 37.3 30.6 56.8 3.39 8.8 0.21
NiMooW3 75.4 38.9 34.2 60.0 3.04 7.9 0.24
Ni(Mo1+Wip) ® 49.0+1.0 35.0+£0.7 164+£05 525+1.3 344+£0.09 12.6+0.3 0.49 £ 0.03
Ni(Mo3+Wo) 42.0 32.1 13.3 47.0 2.99 11.4 0.36
Ni(Mos+We) 60.4 33.0 22.5 48.8 3.50 9.6 0.24
Ni(Mog+W3) 72.7 37.6 31.6 58.9 341 8.8 0.20
NiMoi2? 70.8 £2.1 492+14 209+£1.8 79.2+33 347+£0.10 11.7+04 0.13£0.01

(Test conditions: T=280°C, LHSV=40 h"', Ky=500 NL L"!, P = 3.0 MPa)

4 samples have been tested twice
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Table 3. Catalytic properties of NiMo(W)/Al,Os catalysts in HDT of a mixture of DBT, naphthalene and quinoline.

Conversion (%)

kx10* (mol-g'-h!)

TOFedge X 10° (S_l)

Catalysts DBT Naphthale  Quinoline SHYD/DDS
HDS HYD HDN HDS HYD HDN
HDS ne HYD HDN®
Niw ? 65.0+£20 11.0+£03 102+04 255+14 142+05 20+£0.1 48+02 4101 0.58+0.02 0.24 £ 0.02
NiMo1Wy; ® 779+£23 142+£04 21.2+£0.6 36.8£2.7 18.6+0.6 44+0.1 5102 47+£02 1.06+0.03 0.03 £0.00
NiMos;Wy # 720+£22 72+£03 194+0.7 31019 9.1+£04 4.0+0.1 42+0.1 2.1%0.1 0.86+0.03 0.02 £0.00
NiMogWs 70.2 6.4 17.0 29.5 8.0 34 33 1.5 0.61 0.01
NiMooW3 73.2 6.0 14.3 32.0 7.5 2.9 3.0 1.2 0.44 0.01
Ni(Mo1+Wi1) ? 700+£14 69+£03 150+£0.5 203+1.1 88+04 3.0+0.1 50+£0.1 25+£0.1 0.82+0.03 0.08+ 0.01
Ni(Mo3+Wo) 60.0 4.0 14.5 22.3 5.0 2.9 4.3 1.5 0.79 0.05
Ni(Mos+We) 68.0 4.8 13.8 27.8 6.0 2.7 3.9 1.4 0.61 0.01
Ni(Mog+W3) 71.3 5.4 13.2 30.3 6.7 2.6 34 1.3 0.47 0.01
NiMo;> ? 79.6+£24 64+£03 11.8+04 388+29 8.0+£03 23+0.1 39+40.1 1.6+0.1 0.44+£0.02 0.09 £0.01

(Test conditions: T=280°C, LHSV= 40 h™!, Ky=500 NL L', P = 3.0 MPa)

# samples tested twice;

®indicates the depth of nitrogen removal (%).
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Table 4. Composition of hydrogenation products obtained in the process of SRGO hydrotreating over the synthesized NiMo(W)/Al>Os catalysts.

Content in hydrogenation product
Rate constants kups

Catalyst Aromatics (wt. %)
S (ppm) N (ppm) (h! (wt. % Sy
mono- bi- tri-

Feedstock 8147 156 31.9 10.03 2.46 -
NiWi2 ? 114.1 £5.1 42.1+£2.6 31.8+0.8 4.02 +0.08 0.84 £0.02 29.1£0.7
NiMo;Wy; * 48.8 +3.0 227+1.6 30.7+0.8 3.54 £0.07 0.66 +£0.01 448 £1.3
NiMo3Wy* 409+1.9 14.0+0.9 30.9+£ 0.6 3.35+0.05 0.66 +0.01 492+1.2
NiMosWe 45.3 17.0 29.8 3.39 0.63 47.1
NiMoyW3 52.2 22.2 31.7 3.40 0.70 43.8
Ni(Mo1+Wi1) * 745 +3.1 302+ 1.1 30.9+0.7 3.66 +0.04 0.80 +0.02 35.6 £0.7
Ni(Mo3+Wo) * 46.6 +2.6 200+ 1.1 30.4+0.6 3.71 £0.06 0.79 £ 0.02 459+1.2
Ni(Mos+We) 50.1 20.9 314 3.40 0.77 44.6
Ni(Moy+W3) 58.7 30.3 31.7 3.70 0.74 41.0
NiMoji> 73.8 254 30.6 3.44 0.80 36.5

4 samples have been tested twice



Table 5. Morphological characteristics of the NiMo(W)S active phase species calculated from TEM micrographs.

Average Dispersion of Distribution of slab length Distribution of stacking number
Average length
Catalyst stacking number NiMo(W)S (rel. %) (rel. %)
L (nm)

N particles D <2 2.4 4.6 >6 1 2 3 >3
NiW 12 39 2.1 0.30 3 52 40 5 30 38 27 5
NiMo1W1; 3.8 2.1 0.31 7 38 48 7 32 29 29 9
NiMo3zWy 3.6 1.8 0.32 6 61 30 3 36 49 12 3
NiMosWs 3.7 2.0 0.32 2 64 29 5 31 43 22 4
NiMoyW3 3.6 1.9 0.32 12 55 29 4 34 49 13 3
Ni(Mo1+W11) 3.7 1.9 0.32 3 60 31 6 40 42 11 8
Ni(Mo3+Wo) 3.6 1.4 0.32 1 67 28 4 58 39 3 0
Ni(Moe+We) 4.1 1.9 0.29 1 49 40 10 31 45 18 6
Ni(Moo+W3) 3.8 1.7 0.31 0 64 29 7 44 44 11 0

NiMoi2 34 1.6 0.34 2 73 25 0 42 52 6 0
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Table 6. Relative metal fractions measured by XPS for Mo, W and Ni species present at the surface of sulfided NiMo(W)/Al,Os catalysts.

Ni percentage (rel. %)

Mo percentage (rel. %)

W percentage (rel. %)

Catalyst Ni(Mo+W )edge
NiMo(W)S  NiS Ni®* MoS, MoSxOy Mo®* WS, WSO, W
NiWi2 30 56 14 - - - 64 7 29 0.74
NiMo1W1; 37 51 12 72 28 0 69 10 21 0.82
NiMo3;Wy 42 54 4 74 26 0 74 8 18 0.82
NiMosWs 40 50 10 71 26 4 73 7 20 0.88
NiMoyW3 43 49 8 69 25 6 77 8 15 0.92
Ni(Mo1+W11) 35 55 10 70 30 0 59 9 33 0.79
Ni(Mo3+Woy) 36 43 21 67 19 14 59 7 34 0.87
Ni(Mos+We) 37 44 19 63 22 15 61 10 29 0.97
Ni(Mog+W3) 39 43 18 60 23 17 64 9 27 0.99
NiMoi» 62 27 11 73 15 12 - - - 0.90
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Table 7. Structural parameters obtained by multi-edge fitting from the Fourier-analysis of Mo K- and W

Ls-edges EXAFS spectra of sulfided NiMo(W)/ALxO3 catalysts.

Scattering path N R (A) 2 x 10° (A2) Eo (eV) R-factor
NiMo12/AL203
Mo-S 54+05 2.41 +£0.01 32+ 0.7
1.9£0.8 0.0057
Mo-Mo 3.7+0.7 3.18 £ 0.01 4.0+ 09
NiW12/A1203
W-S 5.8 £0.7 241 +£0.01 3.0+ 0.9
777%1.6 0.0105
W-W 43 1.1 3.16 £ 0.01 43+ 1.0
NiMo3Wy/Al203
Mo-S 55+£0.5 2.42+0.01 33 + (.8
Mo-Mo 1.5£0.6 3.21£0.02 4.8 +23 3.0+1.0
W-S 6.1 £0.7 2.41£0.01 3.0+ 0.8
9.0 £1.7
W-W 28+ 1.6 3.17£0.01 4.8 +23
Ni(Mo3+Wo)/Al203
Mo-S 59+£09 2.42 £ 0.01 34+ 1.0
Mo-Mo 33208  3.19£0.01 44+ 1.1 29420
Mo-W 16£08 3192003 44+ 1.1 0.0058
W-S 5604 241 +£0.01 29+ 0.5
92+13
W-W 351208 3.17 £ 0.01 44+ 1.1
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Table 8. Synergistic effects of structure-formed metals (Mo and W) in bulk and supported (Ni)MoW catalysts.

Mo/W ratio Mo/W ratio with ~ Synergistic effect
Catalyst Reaction Possible reason Reference
investigated highest activity of Mo and W
NiMoW/Al;Os 0.1,03,1,3 HDS of DBT, 0.3-3 Discovered More amount of mixed MoWS: particles. Present work
HYD of Naphthalene 0.3-3 Hydrogenation ability depends on Mo/W
HDN of Quinoline 0.1-0.3 ratio and feeds
HDT of SRGO 0.3
MoW/ALO3 0.1,03,1,3 HDS of DBT, 1 Discovered More amount of mixed MoWS: particles [13]
HYD of Naphthalene with core-shell structure
NiMoW/AlL;Os 0.3,1.0,3 HDS of DBT - No Trimetallic catalysts may have enhanced [11]
HDT of SRGO 3 Discovered HYD activity, while the hydrogenolysis
activity is unaffected
NiMoW bulk 0.5,1,2 HDN of quinoline 0.5-2 Discovered Trimetallic active phase has high [69]

concentration of sulfur vacancies (SH

groups)

53



NiMoW/MWC

NT

NiMoW bulk

NiMoW/Al;O3

NiMoW/Al;O3

NiMoW bulk

2.6,338,8

0.75, 0.85,
0.95

1

0.5, 1.0,2.0

1.0

HDS thiophene

HDS of DBT

HDS of thiophene

HDT of SRGO

HDS of DBT
HDT of mixture oil
HDT of FCC gas oil,

coking gas oil

3.8

0.85

Discovered

Discovered

Discovered

Discovered

Discovered

Positive effect of metal-support
interaction, dispersion of active phase
species
Increasing metallic character of mixed
MoWS: phase (DFT calculations)
The Ewms value of NIMoWS phase was
improved, becoming closer to the
volcano curve’s optimum and a new
synergy effect with respect to NiMoS and
NiWS phases was subsequently expected.
Enhancing sulfur mobility (not
confirmed)

The results are explained in terms of
higher hydrogenation activity owing to

the incorporation of W

[12]

[70]

[22]

[73]

[71]
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NiMoW/ALOs

NiMoW/Al-

HMS

NiMoW/ALOs

1.4 HDT of vacuum

residue feedstock

1 HDS of DBT

1.0 HDS of DBT

HDT of FCC diesel

1.4

Discovered The results are explained in terms of
higher hydrogenation activity owing to
the incorporation of W
Discovered The results are explained in terms of
higher hydrogenation activity owing to
the incorporation of W
Discovered Increased degree of metal sulfidation and

amount of active phase

[75]

[23]

[5]
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Fig. 1. Dependence of reaction rate constants in DBT HDS (a), naphthalene HYD (b) and selectivity

route of DBT HDS (c) on Mo/(Mo+W) atomic ratio in NiMo(W)/Al>Os3 catalysts (circles correspond to

NiMonW12.2/Al203 catalysts; squares are Ni(Mon+W 12.1)/Al203 catalysts; dotted line indicates additive

values between NiMo12/Al203 and NiW 12/Al1,03).
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Fig. 2. Dependence of reaction rate constants in DBT HDS (a) naphthalene HYD (b), quinoline HDN (c)

and selectivity route of DBT HDS (d) on Mo/(Mo+W) atomic ratio in NiMo(W)/Al>O3 catalysts (circles

correspond to NiMo,W12.n/Al205 catalysts; squares are Ni(Mon+W 12-1)/Al203 catalysts; dotted line

indicates additive values between NiMo12/Al203 and NiW2/Al,03).
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Fig. 3. Inhibition effect in the HDS of DBT (a) and naphthalene HYD (b) in presence of quinoline.
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Fig. 4. TOFcqge number in DBT HDS (a), HYD naphthalene (b) and HDN quinoline (c) over

NiMo(W)/Al>0Os3 catalysts in the presence of quinoline.
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Fig. 5. Dependence of reaction rate constants kups (a), HYD (b) and HDN (c) activities in HDT
of SRGO on Mo/(Mo+W) atomic ratio in NiMo(W)/Al>Os3 catalysts (dotted line indicates

additive values between NiMo12/Al203 and NiW12/Al03).
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Fig. 6. HAADF images of sulfided NiMo3Wo/Al>O3 (a) and Ni(Mo3+Wo)/Al2O3 (c) catalysts with

intensity profile corresponding to the row of atoms identified by the arrow on NiMo3Wo/Al,O3

(b).
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Fig. 7. k’-weighted EXAFS at the Mo K-edge and W Ls-edge, and the corresponding

Fourier transforms of sulfided NiMo(W)/Al,Os catalysts.
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Fig. 8. Ni K-edge XANES spectra comparison (A): (a) Ni/Al>O3; and bimetallic samples, (b)
Ni/Al;03 and trimetallic samples, (c¢) NiMoi2/Al;03 and trimetallic samples, (d)
Ni(Mo3+Ws)/Al,O3 and bimetallic catalysts; Comparison of k>-weighted EXAFS spectra of

sulfided catalysts (B): (a) Ni/Al203 and bimetallic samples, (b) Ni/Al,O3 and trimetallic catalysts.
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Fig. 9. 3D dependence of the TOFeqee number in DBT HDS reaction (co-hydrotreating of DBT,
naphthalene and quinoline) on the Ni/(M0+W )edge promotion degree and Mo/(Mo+W) atomic

ratio.
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