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Abstract—Mo(W)/SBA-15 catalysts are prepared using heteropoly acids H,5iMo ;04 HSIW,0y,, and
H51Mo;W,0y. The catalysts in the sullide form are studied by low-lemperalure nitrogen adsorption, high-
resolution transmission electron microscopy, and X-ray photoclectron spectroscopy. Catalytic propertics are
tested in the hydrodesulfurization of 4,6-dimethyldibenzothiophene. It is shown that the gas-phase sulfiding
ol Mo(W)/5BA-15 catalysts lcads 1o increase in the average length of particles and the number of Mo(W)S,
layers in active phase particles compared with liguid-phase sulliding with the use of dimethyl sulfide. The
replacement of a guarter of tungsten atoms with molybdenum ones makes it possible to considerably improve
the catalytc activily of the mixed catalyst Mo + W/SBA-15 comparcd wilh the monometallic counlerparts.
This effect can be enhanced due to the use of mixed heteropoly acid HySiMo,WqOy, as a precursor of the
active phase of the MoW/SBA-15 catalyst, which is apparently associated with the formation of MoWS§,
active silcs.
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The consumption of ultrapure motor fuels contin-
ues o grow, while the quality of the processed raw
materials worsens considerably. Secondary fractions (up
to 30% or above) are more frequently involved in the pro-
cess of diesel [raction hydrofining |1, 2]; as a resull, the
proportion of hard-to-remove heteroatomic (diben-
zothiophene derivatives) and aromatic compounds
increases. These changes in the feedstock chemical com-
position are responsible for more strict requirements on
deep hydrotreating caralysis, and demands for catalysts
will only increase because of the current and long-term
environmenial standards restricting the content of sulfur
and polycyclic aromatic hydrocarbons in motor fuels and
lubricant oils |3, 4].

In recent years, the attention ol researchers has
been focused on the design of mixed hydrotreating
catalysts including just two structure-forming active
phase metals—molybdenum and tungsten. This inter-
est is associated with a high caralytic activity of mixed
MoWS, systems [4—6]. Oxide precursors of the sulfide
active phase play a crucial role in the process of cata-
lyst synthesis. Current research in this field more fre-
quently concerns using molybdenum and tungsten
Keggin structure heteropoly acids [7, 8] and their
denivatives, which in turn show high solubility and sta-
bility and are in wide use in the industry. As was shown

in [9], the formation of bimetallic MoW oxide precur-
sors ensures formation of mixed meral sulfides,
whereas in the case of the mechanical mixwure two dif-
ferent Mo and W compounds particles of individual
monometallic sulfides prevail on the surface of the
MoWS,/Al, O, catalyst |9].

Catalytic activity is considerably affected not only
by oxide precursors but also by the support used. The
support nature influences the dispersity of catalyst
oxide and sulfide phases, the size distribution of active
component particles, and the degree of their sulfiding
[6, 10]. The absolute leader among hydrotreating cat-
alyst supports is Al,0,; however, information about
advantages of mesostructured silica having a higher
specific surface area, equal sizes of channels, which
are nanoreactors for targeted chemical reactions,
inactivity toward formation of low-activity sulfide par-
ticles, and thermal stability, has appeared in recent
decades. The most widespread representatives of these
materials are SBA-15 [11], MCM-41 [12], and HMS
[ 13]. It was reporied that CoMoS and Mo(W)S, cata-
lysts deposited on SBA-15 show a higher activity inthe
hydrogenation and hydrodesulfurization reactions
because of a high dispersity and optimal morphology
of active-phase particles | 14—16]. Mendoza-Nieto el
al. [17] demonstraled that the activity of trimetallic



catalysts NiMoW/SBA-15 in the hvdrodesulfurization
{HDS) of dibenzothiophene and 4,6-dimethyldithio-
benzothiophene (4,6-DMDEBT) was higher compared
with their counterparts deposited on Aly0,.

As was shown in [15], the monometallic catalysts
MoS,/SBA-15 and WS,/SBA-15 and the bimetallic
mixed sample (Mo + W)5,/5BA-15, which were sul-
fided by the liguid-phase method with the use of
dimethyl disulfide, exhibit a higher activity in the
hydrodesuliunzation of dibenzophiophene and naph-
thalene compared with Al,0s-deposited counterparis
and are characterized by a better dispersity of active-
phase particles. The goal of this study was the synthesis of
the MoWS,/SBA-15 catalyst with the use of mixed bime-
tallic heteropoly acid HyS51MoyWy(Oy, containing both
metals in its anion as an oxide precursor and the compar-
ison of composition and characteristics of sulfide parti-
cles on the surface of SBA-15-deposiled calalysls with
those of monometallic samples based on HySiMog,Oy,
and HySiW 50y, and the bimetallic counterpart preparced
from the mechanical mixture of the mentioned hetero-
poly acids. The catalytic properties of the
Mol(W)5,/SBA-15 catalysts sullided by the gas-phasc
method were studicd in the 4.6-DMDBT hydrodesul-
furization. This sulfur-containing compound was chosen
because it concentrates in the high-boiling part of mid-
dle-distillate oil [mactions and ils aclivily is much lower
active than that of dibenzothiophene because of steric
hindrances to G-adsorption on edge active sites.

EXPERIMENTAL

SBA-15 was synthesized in accordance with previ-
ously described techmigues [18]. Toblock copolymer
Pluronic P123 (M = 5800, EO20PO70E020, Aldrich)
was used as a structure-forming agent, and tetracthyl
orthosilicate was used as a source of silica. A weighed
portion of Pluronic P123 (4 g) was dissolved in water
{30 cm?®) containing 2 M HCI (120 em?®) at a temperature
of 35°C. The weighed portion of tetraethyl orthosilicate
(8.5 g) was added dropwise under vigorous slirming Lo the
obtained solution, and the resulting mixture was held for
20 h at 35°C. After holding, the still solution was trans-
ferred to a polvpropylene bottle (1000 cm®) and placed in
a lhermostal for 48 h al a lemperature of 80°C. The prod-
uet was cooled o room lemperature, Nltered, washed
with deionized water, dried at 60, 80, and 100°C for 5, 2,
and 5 h, respeclively; and [inally caleined at 240 and
S40°C for 4 and 6 h, respectively.

Mo(W)/SBA-15 catalysts were synthesized by the
single incipient wetness impregnation of the synthesized
SBA-15 with the solution ol cormmesponding heleropoly
acid followed by drying at 100°C for 12 h without caleina-
tion. Precursors were Keggin structure monometallic
H,51Mo;;0y4 and H,S51W;0y heleropoly acids and
mixed heleropoly acid HySiMo; W0y, [ 19, 20]. All sam-
ples had the same surace concenlration of melals
(Mo + W) equal to ~1.2 at/nm?.

To study the physicochemical properties the synthe-
sized oxide samples were activated (sulfided) in a flow of
H,5/H; (10 vol % H,S) under heating al a male of
3°C/min followed by holding at 400°C for 2 h.

The textural characteristics of the catalysts were mea-
surcd by low-lecmperalure nilrogen adsorplion on a
Quantachrome Autosorb-1 adsorption porosimedter. The
specific surface area was calculated according to the
Brunaver—Emmell—Teller (BET) model al P/F,=
0.05—0.3. The otal pore volume and porc stzc distribu-
tion were calculated from the desorption curve in terms
of the Barrett—Joyner—Halenda model.

The composition of active-phase particles of the syn-
thesized Mo(W)/SBA-15 catalysts in the sulfide form
was studied by X-ray photoelectron spectroscopy on a
Kratos Axis Ultra DLD spectrometer using ALK, radia-
tion (hy = 1486.6 ¢V). The samples were applicd on a
double-sided nonconducting adhesive tape. The
charging effect arising during the photoemission of elec-
trons was minimized through irmadiation of the sample
surface by a heam of low-enerzy electrons. The binding
energy ([) scale was preliminarily calibrated against
positions of the peaks of core levels Au 4, (84.0 ¢V) and
Cu 2py; (932.67 V). Calibration was made against the
Clsline (284.8 V) of carbon present on the catalyst sur-
face, The energy step was 1 ¢V for the survey spectrum
and 0.1 e¥ for individual lines C 15, Si 2p, § 2p, Mo 34,
and W 4/~ For all sulfide catalysts the relative concentra-
tions of W& {(Mo®") particles in the oxide environment,
oxysulfides W5,0, (MoS,0,), and sulfides WS, (MoS,)
were determined.

The catalyst samples in the sulfide form were also
analyzcd by high-resolution  transmission  cleclron
microscopy (HR TEM) on a Tecnai G2 20 instrument at
an accelerating voltage of 200 kKV. Parameters, such as the
average length of particles (L) and the number of
Mao(W)S, layers per stack ( N, were determined by the
statistical treatment of 400—600 particles situated in 10
15 different arcas of the catalyst surface. The dispersity
{13 ol aclive-phasc particles was calculaled in lerms ol
the Kasztelan hexagonal model [21]:
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where M, is the number ol Mo({W) aloms on the cdges off
middle crystallite Mo(W)5,, M, is the number of Mo(W)
atoms on the comers of middle Mo{W)5; crystallite, M
18 the total number of Mo(W) aloms in the middle parti-
cle of the active phase; n, is the number of Mo atoms
along one side of the Mo(W)5; crystallite defined by its
length; and {is the wWlal number ol stacks in the crystallile
according to HR TEM.

The catalytic propertics of the catalyst samples were
tested in the process of 4,6-DMDBT (0.6 wi %)
hydrodesulfurization in toluene in a flow unit equipped
with a microreactor. A steel reactor was charged with the

(1)



catalyst (0.4 o, fraction 0,25—0.50 mm) diluted with car-
borundum at a ratio of 1 : 4. Tests were run under the fol-
lowing conditions: (emperature, 320°C; pressure,
3.0 MPa; feed space velocily, 5—10 h'; and H, : feed-
slock, 500 nL/L. Before lesting, the catalysls were sul-
fided in a flow of H,5/H, (10 vol % H,S) under heating
at a rate of 5°C/min followed by holding at 400°C for 2 h.
Liguid samples were analyzed by gas-liquid chromatog-
raphy on a Knstall-53000 chromalograph.

The rate constant of 4,6-DMDBT hydrodesul furiza-
lion was caleulaled with allowance for the pscudo-lirst
orderofthis reaction according ta the following equation:

E*.ﬁ-DM DBET ]I'lﬂ
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where kg is the rate constant (mol g ' h'') of 4.6-
DMDBT hydrodesulfurization, X, ¢ pypgr is the conver-
sion of 4,6-DMDBT (%), K¢ pupgr is the molar con-
sumplion of the reagent (mol b '), and m is the catalyst
weight (g).

The hydrogenation of 4.6-DMDBT aromaltic rings
(Scheme 1) followed by the hydrogenolysis of C-5-C
bonds and the formation of methylcyclohexyltoluene
and 3, 3-dimecthylbicyclohexyl occurs al a mle scveral
times higher than the rate of direct hydrogenolysis of C-
5—C bonds accompanied by the formation of 3,3-

dimethylhiphenyl. This result be attributed to steric hin-
drances caused by methyl substituents, which hinder the
g-adsorption of a sulfur molecule on the active site. The
reaction products contain only trace 4,6-tetrahydro- and
perhvdrodibenzothiophenes. The sclectivity of the
hydrogenation route for direet desulfurization Sy s
wis caleulated in accordance with the reaction scheme of
4,6-DMDBT transformation:

Strviypps = cmm,+ Comscn (3)
Compp
The turnover frequency (TOF;pe, ') for the 4,6-
DMDBT hydrodesulfurization over the edge sites of
Mo(W)5; parlicles was calculaled as [ollows [22]:

Fy & pMDBTX4,6 DMDBT )
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where I g puperis the consumplion of 4,6-DMDBT
(mol h™'); x, ¢ paper 18 the conversion of 4,6- DMDBT
(%); m is the catalyst weight (g): Cyg, and Cyg, is the
content (wt %) of W and Mo in W5, and MoS, particles,

respectively; D is the dispersity of Mo{W)5, particles;
and Ary and Ary, are the atomic masses of tungsten
{183.9 g/mol) and molybdenum (95.9 g/mol).
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Scheme 1. Routes of 4, 6-dimethyldibenmothiophene hydrodesalfurization, HYT) is the preliminary hvdrogenation path, and
25 is the path via the direct rermoval ol sulfur atoms (3,3 -DMBP 15 3,3-dimethyibiphenyl, 4.6-DMDBT is 4.6-dimethydiben-
zothiophene, 4,6-DM-TH-DRT is 4 6-dimethyltetrahydrodibenzothiophene, MCHT is methyleyelohexyltoluene, 4.6-DM-
PH-DBT is 4.6-dimethylperhydrodibenzothiophene, and 3,3'-DMBCH is 3, 3-dimethylbicyclohexyl).



RESLILTS AND DISCUSSION

The composition and textural characteristics of the
synthesized samples and the geometry characteristics
of aclive-phase pariicles arc shown in Table 1. The
original SBA-15 possessed high specific surface arca
(850 m?/g) and pore volume (1.18 cm?/g). Naturally,
after metal deposition the specific surface area
decreased o 450—500 mi/g and the pore volume
decreased to 0.55—0.80 cm?/g.

The TEM images of the sulfide catalysts are shown
in Fig. 1. Black threadlike bands correspond to the lay-
ers of Mo(W)5; crystallites with a characteristic inter-
planar distance of about (1,65 nm [23].

It should be noted that the Mol{W)/SBA-15 cata-
lysts sulfided by the gas-phase method are character-
ized by a larger average number of Mo(W)5, layers in
4 ervstallite and a larger average length of erystallites
compared with the catalysts sulfided by the liguid-
phase method. The dispersity of particles for the
Mo(W)/SBA-15 samples sulfided by the gas-phase
method was lower and amounted ~0.28 against ~(0.32
for the samples sulfided by the liguid-phase method.
These changes are apparently related to different sul-
fiding kinetics of oxide particles: in the case of the gas-
phasc method, as is known [24], the transformations
of supported oxide precursors begin al room lempera-
lure (o form oxysullides and subnanosizcd MoS; par-
ticles, which further at higher temperatures (>3007C)
converl o itwo-dimensional MoS; crystallites. As
regards the liquid-phase activation process, the cata-
lyst sulfiding starts at 170—220°C —the decomposition
temperatures of the sulfiding agent—and the forma-
tion of active-component particles is coupled with the
catalyst running-in by the feedstock and the stabiliza-
tion of the formed nanosized particles by amorphous
carbon. As a resuli, the number of Mo{W)5; layers in
the stack in the case of the ligunid-phase method is
smaller compared with the gas-phase method.

The TEM images show small rounded dark spots
which are particles of the unreacted precursor or oxy-
sulfide phases [11]. Almost all active-phase particles
are localized inside suppori channels, as is also scen
from the images. The average length of Mo({W)§; par-
ticles is not above 5 nm, which is evidently related to
the size of SBA-15 channels (5.6 nm) hampering the
growth of sullide particles in the process of catalyst
sulliding.

The composition of particles on the surface of
the synthesized catalysts was investigated in detail by
X-ray photoclectron spectroscopy (Table 2). The
lested samples possess a high degree of metal sulfid-
ing. A high degree of tungsten sulfiding should be
mentioned (above 60 el %), which is, however,
slightly lower than the degree of molybdenum sullid-
ing in Mo;,/SBA-15 (74 rcl. %). Molybdenum in the
MoW/SBA-15 samples [ully passes lo the sullide
phase during the process of catalyst sulfiding because

of its small content in the samples and a high sulfiding
rate.

The content of edge active sites on the catalyst sur-
lace was determined which lor the synthesized sam-
ples varied within 0.32—0.60 = 10® at/g. The activa-
tion method (gas-phase or liquid-phase) insignifi-
cantly allceted the degree of metal sulliding. These
resulls are consistent with the data oblained [or the
calalysls synthesized on alumina [9].

The data on the catalvtic activity of the
Mo(W)/SBA-15 catalysts in the 4.6-DMDBT
hydrodesulfurization are summarized in Table 3. The
reactant conversion varied from L7 to 43.5%. The
lovwest activily in all the studicd reactions was cxhib-
iled by the sample prepared [rom 5iW;;HPA. This can
be explained by a low contenl of aclive sites and a
lower degree of tungsten sulfiding because of a stron-
ger W—0 bond. The sample synthesized using the
mechanical mixture of monomelallic hetcropoly acids
{Mo; + Wy)/SBA-15 exhibiled a higher catalylic activ-
ity compared with Mo;;/SBA-15 with the content of
active sites being comparable (Table 2). These results
can he probably explained by the enhanced hvdrating
function owing to the presence of tungsten in the sam-
ple. The Mo;Wy/SBA-15 calalyst provided the maxi-
mal 4,6-DMDBT conversion (43.5%) among the
tested samples: in this case, the content of edge active
sites was the smallest.

To level off the amount of active-phase particles in
the synthesized catalysts the tumover frequencics
(TOF) normalized to the content of edge active sites in
the Mo(W)S; crystallites was calculated (Fig. 2).

Inthe 4,6-DMDRBT hydrodesulfurization the sam-
ples based on monometallic heteropoly acids and their
mechanical mixtures demonstrated comparable turn-
over frequencies (about 8 x 10~*s~1). However, for the
Mo, Wy/SBA-15 sample prepared using of the mixed
heteropoly acid H,SiMo;W,0y,; the tumover fre-
gquency was more than two limes higher than the
respective value for the mixed counterpart. This find-
ing provides evidence for formation of the mixed sul-
fide phase MoWS, which is more active than conven-
lional catalylic syslems. Actually, the application ol
high-angle annular dark-licld scanning Lransmission
eleciron microscopy (HAADF) and extended X-may
absorption fine structure spectroscopy  (EXAFS)
revealed that the use of the Keggin structure mixed
SiMo; W, heteropoly acid as an oxide precursor of the
MoW,/Al,(); hydrolrcaling catalyst provides the spalial
proximity of Mo and W atoms and thus facilitates for-
malion of the mixed MoWS5s, phasc wilth the even
inclusion of Mo atoms in the structure of W5, crystal-
lites [9, 25, 26].

Thus, we showed that for the Mo{W)/SBA-15 cal-
alysts the use of gas-phase sulliding makes il possible
lo increase the average length of sulfide particles and
the average number of layers in the Mo{W)S; stack



Table 1. Composition, textural characteristics, and morphology of sulfide particles for the synthesized MolW)/SBA- 15 cai-

alysts
o Textural characteristics Geometey characteristics
Catalyst average merge ; .
MoO;| WO, ”;BT;;E "‘l’,: :;','f diaru?efr@. i:r;‘;':'; ufEEESz ﬁ?ﬁ
nm crystallite ¥ ’
SBA-15 - — 850 1.18 5.6 - - -
Moy/SBA-15 18.0 - 492 .68 5.6 4.1(3.8)* 27217 0.29
Wi/SBA-15 ~ 22| 453 0.55 56 |44a35 | 26019 0.27
Mo;Wy/SBA-15 42 | 201 452 0.78 56 |39(3.6) 232.1) 0.30
(MoytWe)/SBA-15 | 42 | 201 | 447 0.64 56 (41068 | 2700 | 02

A The parenthesized values refer to the catalysts sulfided by the liquid-phase method | 15].

Fig. 1. TEM images of the sulfided Mo{W)/SBA-15 catalysts.



Table 2. Surface composition of active-phase particles of sulfided Mo(W)/SBA-15 catalysts according to transmission elec

tron microscopy and X-ray photoelectron spectroscopy

Content of Mo, rel. % Content of W, rel. % Number of edge sites, 105 at g !
et MoS; |MoS,0, Mof" | WS, | W50, | W' | Moy, | Wi |IMobsg + Wi
Moy;/SBA-15 TA(TI | 13(12) | 14(15) - - — 0.56 0.00 0.56
Wi/ SBA-15 — — — 61 (6T) 12(9) [25(24) 0.32 0.32
Mo Wy/SBA-15 Q5 (100 | 3{() 2(0) 64 (65) 14(8) [22(27y| 0.14 0.25 .39
(Mo +Wo)/SBA-15/100 (100) | 0(0) 0 (0 68 (65) Bi{6y [19(29)| 0.29 0.30 0.60

* The parenthesized values refer to the composition of particles on the surface of catalysis sulfided by the liguid-phase method [15].

Table 3. Catalytic properties of Mo(W)/SBA-15 catalysts in the 4,6-dimethyldibenzothiophene hydrodesulfurization

Catalyst Conversion, % Ril::[:nmn:tla:llk:nlg, Selectivity Syryn/nps
Mo/SBA-15 26.7 1.6 6.4
Wi/ SBA-15 1.7 4.5 39
Mo Wy/SBA-15 435 17.1 6.3
(Mo + Wy)/SBA-15 35.7 13.5 54

compared with the liguid-phase sulfiding providing
the use of dimethyl disulfide.

The bimetallic MoW/SBA-15 calalysls arc dislin-
guished by a higher activity in the 4.6-DMDBT
hydrodesulfurization compared with the monometal-
lic counterparts. The synergistic effects makes itself
evident to a higher extent when mixed heteropoly acid
arc uscd as an oxide precursor. The lurnover fequen-
cies for the Mo,Wy/SBA-15 catalyst are two times
higher than the corresponding valucs [or the relcrence
samples. This indicates formation of a more active

lumover frequency = 104, 57!
25 -

20.8

0 -

15+

10

Moy, Wiz Mo;Wy Moz + W,
Fig. 2. Turnover frequency (TOF) in the 4,6-DMDBT
hydrodesullurization over edge active sites of Mo(W)S;
crystallites in the Mo{W)/SBA- 15 catalysts.

MoWS, sulfide phase. Thus, the use of the mixed het-
eropoly acid H 51Mo;WyOy, as an oxide precursor and
mesostruciurcd silica SBA-15 as a supporl allows one
Lo synthesize the highly active hydrotreating catalysl.
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