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Abstract: This paper describes the first example of using porous aromatic frameworks as supports for
sulfide catalysts for the hydrogenation of aromatic hydrocarbons. The synthesis of bimetallic Ni-W
and Ni-Mo sulfides was performed by in situ decomposition of [(n-Bu)4 N]2 [Ni(MeS4 )2 ] (Me = W, Mo)
complexes, supported on mesoporous aromatic framework with a diamond-like structure. It is shown
that the highest naphthalene conversions were achieved in the case of additional sulfidation with
sulfur. After the reaction, catalysts were characterized by X-ray photoelectron spectroscopy and
high-resolution transmission electron microscopy. The activity of synthesized catalysts has been
studied using naphthalene as a model substrate. The materials used in this study were substantially
active in hydrogenation and slightly in hydrocracking of naphthalene.
Keywords: heterogeneous catalysis; hydrogenation; nano-structured catalysts; porous aromatic
frameworks

1. Introduction
One of the current problems of modern petrochemistry is the search for highly efficient
catalysts for conversion of heavy hydrocarbons into light products by hydrocracking-hydrogenation
reactions. A significant part of these hydrocarbons make up polycyclic aromatic hydrocarbons, such
as naphthalene, anthracene, phenanthrene, and their derivatives. The traditional hydrogenationhydrocracking conditions include the usage of high pressures and temperatures and various sulfided
catalysts that are resistant to poisoning by heteroatomic compounds. In particular, sulfides of Group
VIB (molybdenum and tungsten) and Group VIII (cobalt, nickel) are of great industrial interest due to
they are widely used in petroleum refining for hydroprocessing applications. Moreover, these sulfides
are active in catalytic coal liquefaction [1], i.e., in breaking up macromolecules into low molecular
weight fragments.
In general, two methods for obtaining sulfide catalysts are used: impregnation of different
supports by metal salts with post-sulfidizing [2–5], and usage of metal sulfides as catalyst precursors
with conversion to a catalytically-active form during the reaction [6–9]. The mechanisms, by which
metal sulfides decompose to their active form were investigated in several studies [10,11]. It is
well-known, that the NiMoS (or NiWS) phase could be considered as slabs or “sandwiches”,
where two sulfur compact planes are placed one over the other and form trigonal prismatic holes.
Mo occupies half of these holes, whereas Ni is “decorating” the borders of the slab in the same plane
formed by Mo [12,13].
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The role of support interactions with NiMeS slabs is a key parameter used to control the catalyst
activity and selectivity [14,15]. The support effect has been related to the formation of the Topsøe’s
Type I and Type II Ni-Mo-S structures. It was revealed that the Type II NiMoS structure is more active
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materials for obtaining NiMeS nanoparticles with a Type II structure due to their advantages mentioned
above. The precursors for synthesis of bimetallic Ni-W and Ni-Mo sulfides were prepared through
impregnation of [(n-Bu)4 N]2 [Ni(MeS4 )2 ] (Me = W, Mo) with PAFs in THF and subsequent evaporation
of the solvent. The formation of active phase occurred in situ during the reaction of hydrotreatment of
naphthalene, used as the model molecule of condensed aromatics.
2. Results and Discussion
2.1. Synthesis of Precursors and Characterization of Catalysts
Through a simple impregnation of PAF-20 or PAF-30 with [(n-Bu)4 N]2 [Ni(MeS4 )2 ] (Me = W, Mo)
and further drying under reduced pressure, PAF-NiWS and PAF-NiMoS precursors were obtained.

Catalysts 2016, 6, 122

3 of 11

2. Results and Discussion
2.1. Synthesis of Precursors and Characterization of Catalysts

Catalysts 2016, 6, 122

3 of 11

Through a simple impregnation of PAF‐20 or PAF‐30 with [(n‐Bu)4N]2[Ni(MeS4)2] (Me = W, Mo)
and further drying under reduced pressure, PAF‐NiWS and PAF‐NiMoS precursors were obtained.
We
contact
between
nickel,
sulfur,
and molybdenum
or tungsten
in the initial
complex
We assume
assumethat
that
contact
between
nickel,
sulfur,
and molybdenum
or tungsten
in the
initial
would
increase
the
content
of
mixed
Ni-Mo-S
and
Ni-W-S
phases
in
the
resulting
catalysts.
complex would increase the content of mixed Ni‐Mo‐S and Ni‐W‐S phases in the resulting catalysts.
The
successfulinfiltration
infiltrationofof
metal
salts
the PAFs
be shown
by photographic
The successful
metal
salts
intointo
the PAFs
couldcould
be shown
by photographic
pictures
pictures
(Figure
2).
The
color
of
PAF
changed
from
off-white
to
dark-green
in
case
of
(Figure 2). The color of PAF changed from off‐white to dark‐green in case of NiMoSNiMoS
catalystcatalyst
and to
and
to dark-orange
in the
NiWS catalyst.
No heterogeneity
explicit heterogeneity
was revealed
in the
dark‐orange
in the case
of case
NiWSofcatalyst.
No explicit
was revealed
in the obtained
obtained
powders.powders.
Catalysts 2016, 6, 122

3 of 11

2. Results and Discussion
2.1. Synthesis of Precursors and Characterization of Catalysts
Through a simple impregnation of PAF-20 or PAF-30 with [(n-Bu)4N]2[Ni(MeS4)2] (Me = W, Mo)
and further drying under reduced pressure, PAF-NiWS and PAF-NiMoS precursors were obtained.
We assume that contact between nickel, sulfur, and molybdenum or tungsten in the initial
complex would increase the content of mixed Ni-Mo-S and Ni-W-S phases in the resulting catalysts.
The successful infiltration of metal salts into the PAFs could be shown by photographic pictures
picture
of porous
aromatic
framework
infiltrated
with different
Figure 2.2. Photographic
Photographic
picture
of porous
aromatic
framework
infiltrated
with bimetallic
different
(Figure 2). The color of PAF changed from off-white to dark-green in case of NiMoS catalyst and to
sulfides. sulfides.
bimetallic
dark-orange in the case of NiWS catalyst. No explicit heterogeneity was revealed in the obtained
powders.

The mechanisms of thermal decomposition of alkylammonium thiomolybdates and
The mechanisms of thermal decomposition of alkylammonium thiomolybdates and thiotungstates
thiotungstates were considered earlier [11]. Generally, the thermal degradation occurs in a wide
were considered earlier [11]. Generally, the thermal degradation occurs in a wide temperature range
temperature
range (130–360 °C), leading to several metal sulfides. However, decomposition of
(130–360 ◦ C), leading to several metal sulfides. However, decomposition of carbon-rich thiosalts,
carbon‐rich thiosalts, like tetrahexylammonium and tetraheptylammonium thiotungstates, leads to
like tetrahexylammonium and tetraheptylammonium thiotungstates, leads to sulfur-deficient products
sulfur‐deficient products and increasing of carbon content in residue. It is assumed that atoms of
and increasing of carbon content in residue. It is assumed that atoms of sulfur could be replaced by
sulfur could be replaced by carbon atoms in the WS2 phase formation process [22]. Furthermore, in
carbon atoms in the WS2 phase formation process [22]. Furthermore, in the presence of water the main
the presence of water the main products of thermal decomposition are mixed oxysulfides, MeOxSy.
products of thermal decomposition are mixed oxysulfides, MeOxSy. These phases possess less activity
Figure
2. Photographic
picturein
of hydrotreatment
porous aromatic framework
infiltrated
with different
bimetallic to prevent
These phases
possess
less activity
reactions,
therefore,
it is desirable
in hydrotreatment
reactions, therefore, it is desirable to prevent their formation or to convert them
sulfides.
their formation
or to convert them to a more active condition. Probably, one of the easiest ways to
to a more active condition. Probably, one of the easiest ways to overcome these difficulties is to use
overcome these mechanisms
difficulties is
to use sulfidizing
agent.ofInalkylammonium
this regard, thethiomolybdates
catalytic performance
of
of thermal
decomposition
andof sulfur
sulfidizing The
agent. In this regard,
the catalytic
performance
of catalysts both
in the presence
catalysts
both in thewere
presence
of sulfur
and
without
it was
thiotungstates
considered
earlier
[11].
Generally,
the investigated.
thermal degradation occurs in a wide
and without
it was investigated.
Figure
3a,b show
high‐resolution
micrographs
temperature
rangerepresentative
(130–360 °C), leading
to several transmission
metal sulfides. electron
However,microscopy
decomposition
of
Figure 3a,b show representative high-resolution transmission electron microscopy micrographs
carbon-rich
thiosalts,
like
tetrahexylammonium
and
tetraheptylammonium
thiotungstates,
leads
to
of NiMeS catalysts. Molybdenum sulfide and tungsten sulfide lamellar structures are observed in all
of NiMeS
catalysts. Molybdenum
sulfide and
tungsten
sulfide lamellar structures are observed in all
sulfur-deficient
products fringes
and increasing
carbon
content in residue. It is assumed that atoms of
cases. The
black, thread‐like
are theofMoS
2 or WS2 slabs. For each crystallite the number N of
cases. The
black,
thread-like
fringes
are
the
MoS
or
WS
Forprocess
each crystallite
the number
N of
2 slabs.
sulfur could be replaced by carbon atoms in the 2WS2 phase
formation
[22]. Furthermore,
in
three‐dimensional stacked layers and their length L have been considered. The distributions of slab
three-dimensional
layers
theiroflength
have been considered.
The distributions
the presence ofstacked
water the
main and
products
thermalLdecomposition
are mixed oxysulfides,
MeOxSy. of slab
lengths and phases
stacking
number
are presented
in Figure 3c–f. The
distances
between
the
fringes were
possess
less activity
in hydrotreatment
therefore,
it is between
desirable to
prevent
lengthsThese
and stacking
number
are presented
in Figurereactions,
3c–f. The
distances
the
fringes were
calculated
to
be
0.63
nm
in
the
case
of
molybdenum
catalysts,
and
0.65
nm
in
the
case
of tungsten
theirto
formation
to in
convert
themof
to molybdenum
a more active condition.
Probably,
one nm
of the
ways
calculated
be 0.63or
nm
the case
catalysts,
and 0.65
ineasiest
the case
oftotungsten
overcome
difficulties with
is to use
agent.
In thisfor
regard,
catalytic
of in the
catalysts,
whichthese
is consistent
thesulfidizing
interplanar
spacing
bulkthe
MoS
2 andperformance
WS2 reported
catalysts, which is consistent with the interplanar spacing for bulk MoS2 and WS2 reported in the
catalysts
both
in
the
presence
of
sulfur
and
without
it
was
investigated.
literature [4,12,23].
literature [4,12,23].

(a)

(b)

Figure 3. Cont.

Catalysts 2016, 6, 122

4 of 11

Catalysts 2016, 6, 122

4 of 11

(c)

(d)

(e)

(f)

Figure 3. Representative micrographs of the catalysts: (a) PAF-NiWS; (b) PAF-NiMoS; distribution of

Figure 3. Representative micrographs of the catalysts: (a) PAF-NiWS; (b) PAF-NiMoS; distribution
particles with according to their length and stacking number of slabs: (c,e) for PAF-NiWS; (d,f) for
of particles with according to their length and stacking number of slabs: (c,e) for PAF-NiWS;
PAF-NiMoS.
(d,f) for PAF-NiMoS.
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Table 1. Textural characteristics of the metal sulfides.
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The number of slabs per stack was determined to obtain the average staking degree:
where ni is the number of stacks in Ni layers. The edge-to-corner ratio of a sulfide slab fe/fc was
calculated using the following equation [24,25]:
∑i=1...t ni Ni

N=

∑i=1...t ni

(2)
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The immobilization of thiosalts on the porous aromatic frameworks was performed by
impregnation of PAFs with [(n‐Bu)4N]2[Ni(MeS4)2] (Me = W, Mo) with a minimum amount of THF
and further drying using the rotary evaporator. Molybdenum or tungsten content in the final product
was 15% of the mass. The typical procedure includes the dissolving of 1.35 g of [(n‐Bu)4N]2[Ni(WS4)2]
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The immobilization of thiosalts on the porous aromatic frameworks was performed by
impregnation of PAFs with [(n-Bu)4 N]2 [Ni(MeS4 )2 ] (Me = W, Mo) with a minimum amount of THF
and further drying using the rotary evaporator. Molybdenum or tungsten content in the final product
was 15% of the mass. The typical procedure includes the dissolving of 1.35 g of [(n-Bu)4 N]2 [Ni(WS4 )2 ]
in 100 mL of THF and further addition to the solution of 1.5 g of PAF. The suspension is stirred for 12 h
and dried under reduced pressure using a rotary evaporator.
The final precursors were labeled as PAF-20-NiWS, PAF-20-NiMoS, PAF-30-NiWS,
and PAF-30-NiMoS, where PAF-20 and PAF-30 are names of the frameworks and NiWS and
NiMoS are abbreviations of corresponding tetraalkylammonium salt.
3.3. Characterization of Catalysts
The textural properties of the prepared in situ catalysts were determined from high-resolution
transmission electron microscopy microphotographs, obtained on a JEOL JEM-2100 microscope
(JEOL Ltd., Akishima, Tokyo, Japan), equipped with an energy dispersive JED-2300 spectrometer
(JEOL Ltd., Akishima, Tokyo, Japan), with a 0.14 nm lattice fringe resolution, an accelerating voltage
of 200 kV and camera length of 400 mm (Lλ close to 10). The samples were prepared on a perforated
carbon film mounted on a copper grid, and 10–15 representative micrographs were obtained for
each catalyst in high-resolution mode. Typically, the lengths of at least 400 slabs were measured for
each catalyst.
The XPS analysis of the catalysts was performed on a Kratos Axis Ultra DLD instrument
(Kratos, Manchester, UK) using excitation with Al Kα X-ray radiation at 1486.6 eV. The calibration of
photoelectron peaks was based on the C1s line with a binding energy of 284.7 eV. The transmission
energy of the energy analyzer was 160 eV (a survey spectrum) or 40 eV (individual lines).
The solid-state NMR spectra were measured on a Varian NMR Systems instrument with
a resonance frequency of 125 MHz for 13C cross polarization (CP) MAS NMR spectra in impulse
mode at a spinning speed of 10 kHz.
3.4. Catalytic Testing Procedure
The reaction was carried out in a steel reactor equipped with stir bar at 380 ◦ C under a 5 MPa H2
pressure. The stir bar, the catalyst (50 mg), naphthalene (80 mg), sulfur (50 mg, in several experiments),
and benzene (2 mL) were introduced into the reactor. Then, the reactor was sealed and pressurized
with H2 at the demanded pressure. The mixture was stirred at 380 ◦ C and after the reaction was
finished, the reactor was cooled down and depressurized. All of the reaction products were analyzed
by GC analysis at a ChromPack CP9001 apparatus (Chrompack (acquired by Agilent Technologies),
Middelburg, The Netherlands) equipped with FID and a semi-polar SE-30 100% dimethylpolysiloxane
column (30 m × 0.2 mm ID, 0.2 µm film); nitrogen was used as a carrier gas, with a flow rate of
30 mL/min. Chromatograms were calculated using the program Maestro 1.4 (Version 1.4, Chrompack,
Middelburg, The Netherlands, 1994).
4. Conclusions
The first example of using of porous aromatic frameworks as support for sulfide catalysts by
in situ decomposition of [(n-Bu)4 N]2 [Ni(MeS4 )2 ] (Me = W, Mo) was considered. The properties of
catalysts in hydrogenation of naphthalene were studied. The following principles were found:
1)

2)

The porous properties of the support have an impact on the performance of the catalysts. It was
revealed that catalysts supported by the framework with a larger pore size were more active than
those based on the framework with a smaller pore size;
Typically, in the reactions without the additive of sulfur, the predominant phases on a particle
surface are Mo6+ and W6+ ; the addition of sulfur enhanced the catalytic performance of the
systems by conversion of the Me6+ form to the more active MeS2 form;
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Molybdenum catalysts were found to be more active in the presence of sulfur than tungsten
catalysts due to the more facile transition from the oxide form to the sulfide form.
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