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The series of NiMoW/P-Al,O5 catalysts with varied P,Og
content in their support was synthesized and characterized
in their sulfide state by the XPS and HRTEM methods. The
absence of phosphorusin thestructure of NIMoW S crystal-
litesand itslocation only on the Al,O4 surface wereindirectly
confirmed. Therate constant values for the hydrodesulfuriza-
tion and hydrogenation reactions were determined at 275
and 300°C, whilethevariation of these values was significant.
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The introduction of inorganic additives in the composition of
hydrotreating catalysts is one of the methods to increase their
activity. The modification of their support is used, e.g., to change
the acid-base properties of catalytic system. The increased or
decreased acidity (Bronsted or Lewis) affects the interaction of
active phase precursors with the carrier surface,-3 the uniformity
of their distribution,* and the morphology of sulfide phase.2:>°
The increased acidity of carrier also raises the efficiency of
hydrodenitrogenation (HDN),1%11 hydrogenation,>1%12 and hydro-
desulfurization.®12 Phosphorus is among the most studied and
often applied modifiers.5® The dopation with P,O5 provides
the increased dispersion of MoS,, which enhances the catalytic
activity of the above catalysts in the HDN and hydrogenation
reactions.89

The series of NiIMoW/P-Al,O; catalysts with the different
contents of P,Og (0, 0.5, 1.0, 2.0, and 5.0 wt%; molar ratio
of Mo:W = 1:1) in the support was prepared and activated.
The obtained catalysts were characterized by the HRTEM and
XPSF methods that are common for the investigation of solid
catalysts.13-15

T The modifier was introduced at the first stage of two-step synthesis by
the wetness impregnation from an agueous solution of phosphoric acid.
Once the impregnation was finished, the modified carrier was dried at 60,
80, and 110°C and then calcinated at 550°C (for 2 h at each tempera-
ture). The H3PM01,040-NH,0 and H3PW,,0,4,-nH,O heteropolyacids
and nickel citrate were used as the precursors of Mo, W and Ni sulfides,
respectively [molar ratio of NiO: (M0oO3;+WO3) = 1:2]. The modified
support containing P,Os (up to 5wt% per Al,O5, Table 1) wasimpregnated
with agueous solution of active phase precursors (Mo, W, and Ni) at the
second step of synthesis and dried at 60, 80, and 110°C (for 2 h at each
temperature).

The catalyst samples were activated by sulfidation in a H,/H,S stream
(H,:H,S=30:70v/v) at 500°C for 2 h.
* The XPSspectrawererecorded on aKratosAxis UltraDL D spectrometer
using amonochromatic Al K source (hv = 1486.6 eV, 150 W). The collected
spectra were processed using the CasaXPS program (Version 2.3.16)
after the performed Shirley background subtraction and Gaussian (30%)—
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The chemica species occupying the surface of sulfided samples
were examined by XPS. The decomposition of Ni 2p spectra®
acquired on sulfided NiMoW/P-Al,O5 catalysts (Figure 1) revealed
the percentilefractions of Ni, Mo and W metal species presented
on the surface of sulfided NiMoW/P-Al,O; catalysts (Figure 2).
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Figure 1 The decomposition of Ni 2p spectra recorded for the NiMoW/P-

Al,O; catalysts.

Table 1 Morphological characteristics of the NiIMoOWS phase species,
calculated from TEM micrographs.

Average stacking  Dispersion of

P,Og (Wt%)  Average length/nm number Ni(Mo)(W)S
0.0 38 20 0.31
0.5 4.0 20 0.29
10 32 21 0.36
2.0 31 22 0.37
5.0 48 23 0.25

Lorentzian (70%) decomposition parametrization. The appropriate oxide
and sulfided references as supported monometallic catalysts were used
during the decompositions of the Ni 2p, Mo 3d, W 4f and S 2p XPS
spectra.

§ For more details, see Online Supplementary Materials.
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Figure 2 Percentile fractions based on the XPS data for Ni, Mo and W metal speciesin the sulfided NiMoW/P-Al,O; catalysts.

The increased content of phosphorus in the support slightly
affects the ratio of Ni [Ni?*, NiS, and Ni(Mo)(W)S] species,
except for the decreased (to 23%) fraction of NiMoWS species
and the consequently increased (to 63%) proportion of NiS
speciesin the case of sample with the P,Og content of 5.0 wt%.
According to the previoudly reported data, 161" the transformation
of tungsten oxide into sulfide cannot be completed under the
typical conditions of full sulfurization of Mo catalysts (400°C).
The complete conversion of WO, into WS, occurs only at
higher temperatures (up to 1000°C),'® which agrees well with
the experimental data acquired in this work. The facilitated
capability of W-species of undergoing sulfidation under the
conditions of more preferable formation of Ni(Mo)(W)S phase
has been already demonstrated in the case of presence of Mo and
Ni.1® Since the W species are sulfided at higher temperature than
Ni and Mo ones, the higher concentration of Ni(Mo)(W)S phase
corresponds to the samples with higher (Ni+Mo)/W ratios,
whilein the case of lower (Ni +Mo)/W ratios, the patterns are lower
and segregated sulfide phases of Ni and W or WO, S, are present.
The (Ni+Mo)/W ratio will vary for the catalysts containing the
different amount of phosphorus, since a part of nickel fraction
can form phosphates at the hydrothermal stage of synthesis, which
are very stable and unreducible at higher temperatures.® The ratios
of Mo (Mo®*, MoS,0,, and MoS,) species deviate significantly
for the samples with 0.5 and 1.0 wt% of P,Os. The decreased
proportion of Mo®* particles was observed along with increasing
the proportion of MoS,O, particles. The linear increase in the
proportion of WS, (from 15 to 35%) was observed (see Figure 2)
for tungsten speciesin the case of the higher content of phosphorus,
accompanied with the correspondingly decreased W6* fraction
(from 81 to 59%).

The determination of atomic ratio of P: Al on the surface was
based on the XPS data (Figure 3). The dependence of thisratio on
the total phosphorus content in the catalyst is described by the
linear function with the approximated confidence value of 0.97.
This fact indirectly indicates the absence of phosphorus in the
structure of NiIMoOWS crystallites and its location on the surface
of Al,Oxs.

The acquired HRTEM data allowed usto estimate the average
dimension of NiMoWS active phase,Twhich was varied from 3.1
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Figure 3 P:Al atomic ratio vs. P,O5 content for NiMoW/P-Al,0; catalysts.

T The original HRTEM images and the approach used for their processing
are given in Online Supplementary Materials.

to 4.8 nm, and the average stacking number of slabs of NiMoWS
grows varied from 2.0 to 2.3 upon increasing P,Og content (up to
5 wt%) (see Table 1). The sample with P,Og content of 5.0 wt%
demonstrated the lowest dispersion of active phase species equal
to 0.25. The patterns of samples with P,Os content of 1.0 and
2.0 wt% exhibited the highest dispersion (0.36-0.37). Thus, the
dispersion of the active phase, which is a derivative of layer
length and of number of layers in the sulfide phase, is the most
informative characteristic of morphology of the active phase. As
shown hereinafter, the samples possessing the highest dispersion
demonstrated the highest catalytic activity.

The catalytic activity of samples was determined for the
hydrotreating process [bench-scale flow reactor, T = 275 or 300°C,
liquid hourly space velocity (LHSV) = 60 h™, P = 3.0 MPa,
H,/feed = 300/1 nm3m2] of model mixtures (MM): (i) dibenzo-
thiophene (DBT) (0.3 wt%) in toluene (MM-1); (ii) DBT
(0.3 wt%), naphthalene (1.5 wt%), and quinoline (0.5 wt%)
(MM-2). The catalytic activities were estimated via the val ues of
DBT hydrodesulfurization (HDS) rate constants (pseudo-first
order kinetic models):

C
kBB = WlnFO,
where Wis LHSV (h™), C, isthe DBT feed concentration, and
Cisthe DBT product concentration (wt%).

The changes in the catalytic activity of samplesin the hydro-
genolysis of dibenzothiophene and hydrogenation (HYD) of
naphthalene reactions were significant, while their maximum
was observed in the case of P,Og content of 0.5-1.0 wt% (Figure 4).
The rate constant values of these reactions were in the range of
29.4-54.4h at 275°C andin therange of 67.6-110.0 h™* at 300°C
for various catalysts. The kypg value varied from 29.9 to 49.8 h™t
at 275°C and from 24.9 to 51.1 h* at 300°C for the reaction of
DBT hydrogenolysisin the presence of quinolineand naphthalene.
The hydrogenation rate constant (kiyyp) varies from 1.09 to 2.20
at 275°C and from 2.20to 3.21 h™! at 300°C in the case of naph-
thalene hydrogenation.

The catalytic activity of samplesin the DBT HDS and naph-
thalene HY D reactions reaches its maximum at the P,Os5 content
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Figure 4 Relationship between DBT kypg (naphthalene kyyp) and P,Os
content for NiMoW/P-Al,O; catalysts.
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of 0.5-1.0 wt%. Note that in the previous tests of PNiMo-con-
taining samples, the maxima HDS and HY D activities of vacuum
gas oil hydrotreating were also observed for this P,Og5 content
(i.e.,, 0.5-1.0 wt%). This fact can be probably explained by the
either absence or presence of high-molecular polycyclic aromatic
hydrocarbons and nitrogen-containing species.

The adsorption of organic sulfur compounds is competing
with the nitrogen-containing compounds and polyaromatic hydro-
carbons. In the case of small number of adsorption sites (i.e.,
the Lewis sites with m-adsorption mechanism for the residua
sulfur-containing compounds), the HDS reactions occur to a
small extent, while the reactions involving high-molecular
nitrogen-containing compounds and polyaromatic hydrocarbons
are suppressed to a lesser extent. This is due to the minimal
activity in the case of hydrodesulfurization of vacuum gas oil.

The correspondence between changes in the atomic ratio
of P:Al determined by XPS on the surface and those in the
phosphorus content also indirectly indicates that the phosphorus
is not included in the structure of NiMoWS crystallites and
located on the Al,O5 surface. Probably, those phosphorus species
could change the conditions of competitive adsorption of sulfur-
containing compounds, nitrogen-containing compounds, and
polyaromatic hydrocarbons and affect the HDS, HY D and HDN
activities of catalysts. The changed amount of phosphorus in
the catalyst results in the changed amount and strength of acid
sites on its surface, hence the strength of adsorption of the
reacting compounds varies. In the presence of asmall number of
strongly acidic centres, the competition for them between the
sulfur, aromatic and nitrogen compounds leads to the strong
adsorption of basic nitrogen compounds and their derivatives,
which can be of interest as affecting the hydrogen recombination
rate at low temperatures. In the presence of a large number of
acidic centres of medium or low strength, the displacement of
basic nitrogen compounds by the weakly binding sulfur and
aromatic ones becomes possible, which may be caused by both
the concentration and thermal factors under the reaction condi-
tions. Nevertheless, the acidity of samples is changing upon
the variations of phosphorus amount and affecting both the
adsorption of reactants and performance of spillover effect in
the reaction medium.

The presence of naphthalene and quinoline does not practically
suppress DBT HDS at 275°C, whilethe DBT conversionsin the
case of using MM-2 at 275°C and 300°C are close to each other.
This could be probably explained by the higher temperature
(300°C, less than 1 wt%) needed for the HDN reactions, while
quinoline was only converted to tetrahydroquinoline without any
HDN at 275°C. It is aso possible that the tetrahydroquinoline
adsorption on the hydrogenation sites leads to the more difficult
recombination of activated hydrogen and consequently, the direct
desulfurization reaction can be expended. Subsequent increases
in the temperature promote the activated hydrogen recombination,
which is expressed in the decreased HDS rate constant. This
temperature effect for hydrogen spillover was also reported
earlier.! The possibility of o-sites formation during the HDS? is
doubtful since the DBT adsorption would be sterically hindered.?

One the one hand, the increased temperature leads to the HDS
acceleration, while on the other hand, the lower concentration of
activated hydrogen compensates this effect.

Thiswork was supported by the Russian Foundation for Basic
Research (grant no. 16-33-60094 mol_a dk). The authors are
grateful to P. A. Nikul’shin for his assistance in the processing of
XPS spectra.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2018.09.039.
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