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This contribution describes the effect of SBA-15(16) support modification with variable quantity of P,05
(0.5 and 1.0 wt%) on the catalytic response of supported ternary CoMoW catalysts tested in the gas-phase
hydrogenolysis of anisole, as a model compound for pyrolysis oil. The catalysts were characterized by
a variety of techniques (Sggr, XRD, TPD-NH3, XPS, HRTEM and coke combustion followed by TG/DTG).
Under steady-state conditions, the sulfidled CoMoW/SBA-16 catalyst modified with a small amount of
phosphate (0.5 wt%) recorded the highest activity and stability in anisole transformation at 310°C and

l;g;‘ivfgds" 3 MPa of hydrogen pressure. All catalysts exhibited similar selectivities at the same anisole conversion
SBA-16 (38%), indicating that catalyst morphology did not influence the catalytic behavior. Regardless of the

carrier, deoxygenation was not significant, with demethylation (phenol) and isomerization (o-cresol,
o-xylenol) being the main reaction routes. The highest activity recorded by the phosphate-containing

Cobalt-molybdenum-tungsten
Hydrodeoxygenation

Anisole CoMoW/SBA-16 catalyst is associated with its highest total acidity, the largest population of Mo(W)S,
Phosphate phases located mainly within the inner support porous structure, the greatest sulfidation degree of W
Hydrotreatment species and major stability during time-on-stream operation with respect to other catalysts.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, there is considerable interest in developing alterna-
tive materials for fuel production from bio-liquids [1,2]. Liquefied
biomass can be used as a refinery feed, or it could be mixed with
traditional feedstock after first removing of any oxygen-containing
compounds. Removing oxygen from bio-liquids is an obligatory
process because high oxygen content contributes to high viscos-
ity, non-volatility, poor heating value, corrosiveness, immiscibility
with fossil fuels, thermal instability and a tendency to polymer-
ization during storage and transportation [3]. Thus, the total or
partial removal of oxygenates from bio-liquids is required [4].
Accordingly, removing oxygen from bio-oils via hydrotreatment
over conventional sulfided Co(Ni)Mo/Al,03 catalysts allows using
the existing petroleum refining infrastructure [2 and references
within]. However, such catalysts were found to quickly deactivate
by coke deposition because of the acidity of the reactants [5]. The
challenge is therefore to design new bifunctional catalysts capable
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of maintaining stability during the on-stream conditions of bio-oil
hydrotreatment.

Due to the highly complex composition of any bio-liquid [4,6],
it is common practice to test new catalytic systems in the HDO
of model compounds [5,7-15]. Among O-containing model com-
pounds, anisole is the one less studied [11-15], even though its
structure is similar to the main products of lignin depolymerisation
during the fast pyrolysis of wood. A very early study by Huuska et al.
[13] showed that bifunctional (acid and metal) catalysts are needed
for the hydrogenolysis and hydrocracking of the carbon-oxygen
bond of anisole, but also that catalyst acidity should be optimized
because of the large decrease in anisole conversion due to coke for-
mation on standard CoMo catalysts, in close agreement with our
previous observations on hydrotreating catalysts [16].

The selection of catalysts for the HDO of bio-liquids depends
heavily on both feedstock and operating conditions, with sulfided
CoMo/Al, O3 catalysts being the preferred option in a hydrotreating
reaction at low hydrogen pressure and high space velocities [17].
A recent study has revealed that metallic-like so-called brim sites,
not sulfur anion vacancies (CUS sites), are involved in the hydro-
genation reactions on sulfided CoMo catalysts, with the support
interactions being responsible for the change both in the tendency
to form vacancies and in the properties of the brim sites [17-19].
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Indeed, it is well known that Type Il MoS,-based structures, with
only weak interactions with the support, have a higher catalytic
activity than Type I MoS;-based structures, where Mo-0 linkages
to the alumina are present [18]. Brensted acid centers associated
with Mo atoms together with the SH™ groups (involved in providing
Brgnsted acid sites and in the supply of hydrogen) were proposed
as hydrogenolysis sites [20,21].

In order to substitute the standard alumina support, metal
sulfides supported on neutral materials such as carbon, silica, alu-
mina modified by K and mesoporous silicas for the HDO reaction
have been studied [6-9]. Compared with silica, the mesoporous
silica SBA-15 and SBA-16 materials have the advantages of high
surface-to-volume ratio, variable framework compositions and
high thermal stability. Indeed, our recent study on bio-liquid
upgrading over sulfide CoMo supported on different mesoporous
silicas (SBA-15, SBA-16, HMS and DMS-1) showed that those cata-
lysts are effective in the hydrotreating of bio-liquid [6]. Moreover,
support morphology was found to affect the distribution of prod-
ucts, with CoMo/SBA-16 catalyst being the most selective toward
O-free products [6]. This finding suggests that the SBA-16 substrate
with a 3D cubic arrangement of mesopores corresponding to Im3m
space group symmetry [22] could be more effective as support than
SBA-15 with hexagonal pores in a 2D array of long 1D channels
(P6mm plane group) [23].

This study seeks to determine the factors influencing anisole
transformation over sulfided Co-Mo-W catalysts supported on
SBA-15 and SBA-16 materials. In particular, we are interested to
see whether activity and selectivity are impacted by a decrease in
support interaction by decorating the surface of SBA-15 and SBA-
16 materials with P, Os clusters. Factors influencing on the catalyst
deactivation have been discussed.

2. Experimental

2.1. Synthesis of SBA-15 and SBA-16 supports and supported
CoMoW catalysts

The siliceous SBA-15 and SBA-16 mesoporous substrates were
synthesized according to the procedure described by Flodstrom and
Alfredsson [24]. Triblock copolymers Pluronic P123 (EO5¢PO79EO>,
BASF)and F127 (EO1¢sPO79EO1¢6, BASF) were used as surfactants in
order to organize silica into highly ordered 2D hexagonal (SBA-15)
and 3D cubic (SBA-16) structures, respectively. In a typical syn-
thesis, the template was dissolved in an aqueous solution of HCI
4 M under stirring, after which the required amount of tetraethyl
orthosilicate, as a source of silica (TEOS, 98%, Aldrich), was added to
the solution at 25 °C and kept under stirring conditions for 24 h. The
mixture was subsequently transferred into polypropylene bottles
and heated at 80°C for 24 h. The solid obtained was then filtered,
washed thoroughly with deionized water and dried at 110°C for
18 h. The organic template was removed by calcination at 500°C
for 6 h. Finally, the phosphate-modified materials were prepared
via incipient wetness impregnation of SBA-15(16) substrates with
aqueous solutions of H3PO4 of appropriate concentration to obtain
substrates with P, 05 loadings of 0.5 and 1.0 wt%. After water evap-
oration at room temperature, the solid was dried at 110°C for 4h
and then calcined at 500°C for 4 h.

Two series of CoMoW catalysts were prepared using the SBA-
15- and SBA-16-based substrates. The catalysts were prepared
by simultaneous impregnation following the incipient wetness
method using an aqueous solution containing ammonium hep-
tamolybdate tetrahydrate ((NH4)sMo070,4-4H50, Aldrich), ammo-
nium metatungstate ((NHg)gH,W12049-XH50, Aldrich) and cobalt
nitrate hexahydrate (Co(NO3),-6H,0, Aldrich, 98%). Each support
was loaded with fixed amounts of Mo (8.53wt% of MoOs3), W
(13.5wt% of WO3) and Co (3.81 wt% of CoO). The concentrations

were calculated to provide a Mo/W atomic ratio of 0.5 and a Co/Mo
atomic ratio of 0.3. Depending on the phosphate content (0.5 or
1.0 wt%), the catalysts will be named hereafter as 0.0P-S15(16),
0.5P-S15(16) and 1.0P-S15(16), where S15 and S16 are SBA-15 and
SBA-16 materials, respectively.

2.2. Characterization techniques

BET specific surface areas were obtained from nitrogen
adsorption-desorption measured at —196°C on a Micromerit-
ics TriStar 3000 apparatus with all sulfided samples outgassed
at 270°C for 5h prior to analysis. Pore size distributions were
analyzed by the BJH method. The pure supports and sulfided cata-
lysts were characterized by powder X-ray diffractometry according
to the step-scanning procedure (step size 0.02°; 0.5s) with a
computerized Seifert 3000 diffractometer, using Ni-filtered CuKoa
(A=0.15406 nm) radiation and a PW 2200 Bragg-Brentano 6/260
goniometer equipped with a bent graphite monochromator and
an automatic slit. The acidity of the oxide precursors was deter-
mined by temperature-programmed desorption (TPD) of ammonia
measurements, carried out in a Micromeritics TPR/TPD 2900 instru-
ment. Infrared spectra of NO adsorption on sulfided catalysts were
recorded in the diffuse reflectance mode on a FTIR-6300 JASCO
Fourier transform spectrophotometer equipped with a Harrick dif-
fuse reflectance accessory (HVC-DRP cell). The spent catalysts were
studied by HRTEM microscopy using a JEM 2100F microscope oper-
ating with a 200kV accelerating voltage and fitted with an INCA
X-sight (Oxford Instruments). X-ray photoelectron spectra (XPS) of
the spent catalysts were performed on a VG Escalab 200R spectrom-
eter equipped with a hemispherical electron analyzer using a Mg
Ka (hv=1253.6eV) X-ray source. The procedure followed during
XPS measurements has been described elsewhere [25]. The amount
of coke in the spent catalysts was determined with thermogravi-
metric TGA/SDTA851 equipment (Mettler Toledo) by measuring the
weight change in the coked catalysts during the oxidation of spent
catalysts. Coke was burnt by raising the sample temperature from
r.t. to a final temperature of 900°C at a rate of 10°Cmin~! in a
20%/80% 0O, /N, mixture.

2.3. Catalytic activity measurements

The hydroconversion of the anisole was performed in a high-
pressure laboratory-scale set-up equipped with a down-flow fixed
bed catalytic reactor. Each experiment used 0.1 g of catalyst (par-
ticle diameter: 0.25-0.30 mm) mixed with 0.30 g of SiC (diameter
0.5 mm). Before catalyst activation, the catalyst was dried under
a Ny flow of 100mLmin~! at 150°C for 0.5h. The catalyst was
then sulfided in situ at 400°C for 4h at atmospheric pressure by
a mixture of 10 vol% of a H,S:H,. After sulfidation, the catalyst was
purged under a N, flow of 100mLmin~! at 400°C for 0.5h and
then stored overnight under a N, flow. Before the experimental
run, the N, pressure was increased to the desired value (3.0 MPa),
and the catalytic bed was cooled down to the temperature of the
HDO reaction (310°C). After that, N, flow was shut down, the lig-
uid feed (20 vol% of anisole dissolved in hexadecane) injected by a
high-pressure HPLC Knauer pump (WHSV =24.5 h~1) into a hydro-
gen stream was fed to the preheated reactor. Owing to the high
boiling point of the reactant and the solvent, on-line analysis of the
reaction products was not convenient. Consequently, the reactor
effluents were condensed, and liquid samples were analyzed by a
GC Agilent 6890A with a FID detector.

Activity at steady-state conditions is described in terms of the
specific reaction rate according to Eq. (1):

X-F
r=——
m

(1)
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where r is the specific rate (mol,pisole 8cat ' s~ 1), X is the conver-
sion of anisole, F is the molar flow rate of this reactant (mols=1),
and m refers to the catalyst weight (g). Catalyst deactivation was
calculated from the equation:

(X1 — Xan) x 100%

2
X (2)

3. Results and discussion
3.1. Characterization of supports and oxide precursors

The formation of hexagonal 2D and 3D cubic arrangements of
SBA-15 and SBA-16 supports, respectively, were confirmed by a
low-angle XRD technique (XRD patterns not shown here). Thus,
the XRD patterns of all SBA-15-based supports showed three well-
resolved typical diffraction peaks associated with a bi-dimensional
p6bmm hexagonal symmetry: one high-intensity peak at about
260=1.0° (100) and two low-intensity peaks at about 26=1.7 and
2.0° corresponding to (110) and (2 00) reflections, respectively.
Similarly, the pure SBA-16 material had three peaks corresponding
to the XRD reflection indexes of (110),(200) and (21 1), indicat-
ing that this substrate has a 3D cubic arrangement of mesopores
corresponding to Im3m space group symmetry. As expected, the
post-synthetic modification of the SBA-15(16) surfaces with H3POy4
did not change the support structure and pore arrangement was
maintained throughout 4 h of reaction time, as confirmed by the
HRTEM technique for spent catalysts.

Temperature-programmed desorption of ammonia (TPD-NH3)
was carried out in order to compare the acidity of oxide precur-
sors. After Gaussian deconvolution of the TPD-NH3 profiles (not
shown here), the peaks corresponding to weak, medium and strong
acid sites were obtained. The number of corresponding acid sites,
expressed as mmol of ammonia per gram of catalyst, is compiled in
Table 1. As seen in this table, the total acidity of the oxide precursors
follows the trend: 0.5P-S16>0.0P-S15(16)>1.0P-S15(16)~ 0.5P-
S$15. Thus, both P-free catalysts have the same number of acid sites.
Since the formation of multiple bonding between the SBA-15(16)
substrate and phosphoric acid depends on the degree of hydration
of the support and the concentration of phosphoric acid [26], the
number of medium and strong acid sites of the 0.5P-S16 sample
apparently increased with respect to P-free material. This increase

Table 1
Acid properties of the calcined catalysts as determined by TPD-NH3.

in acidity is probably due to the formation of P(OH),-0-Si bonds or
even to free OP(OH)3 entities interacting with the SBA-16 surface
via H-bonding, as it was discussed by Stanislaus et al. [26]. Indeed,
our DRIFTS spectroscopy results (data not show here) confirmed the
formation of Brensted acid sites after SBA-15(16) support modifica-
tion with phosphate. With the exception of the 0.5P-S16 substrate,
the presence of phosphate species on the surfaces of SBA-15 and
SBA-16 materials led to a decrease in overall acidity, in good agree-
ment with Stanislaus et al.[26]. The decrease in total acidity with an
increase in phosphate content could also be explained by consid-
ering that during co-impregnation there is a higher preference of
Mo(W) ions for P-OH groups than of cobalt ones [27]. Accordingly,
the reaction of Mo(W) ions with phosphate anions led to the forma-
tion of phosphomolybdic (phosphotungstic) acid and/or phospho-
molybdates (phosphotungstates), which are decomposed during
calcination and form Mo(W)O03 species adsorbed on basic sites,
whereas the phosphate ions are adsorbed on more acidic sites [28].

3.2. Characterization of sulfided catalysts

The textural properties of sulfided catalysts were evaluated by
nitrogen adsorption-desorption isotherms at —196 °C. Their main
textural properties are collected in Table 2. For all catalysts, the spe-
cific surface area (Sggr)isin the 187-296 m2 g~ ! range. The 1.0P-S16
and 0.5P-S16 catalysts have the largest and lowest Sggr, respec-
tively, among the catalysts studied. The N, adsorption-desorption
isotherms of all sulfided catalysts (not shown here) are of
Type 1V, with the SBA-15 having a characteristically larger
adsorption—-desorption hysteresis loop. All isotherms have clear H;
type hysteresis loops, suggesting that those materials have a very
regular mesoporous structure. It is noteworthy that mean pore
diameter and pore volume for the SBA-16 are half those of the
corresponding SBA-15 materials. As expected from low phosphate
content, the textural properties of the phosphate-containing sulfide
catalysts are similar to those of their phosphate-free counterparts.

The high-angle XRD technique was used to investigate the
presence of any crystallite species in the sulfided catalysts (XRD
patterns not shown here). The X-ray patterns of the catalysts
show a broad line between 20° and 30°, which is attributed to
the amorphous part of the substrates, and the peaks at 260 (°)=
13.8, 23.3, 33.3, 44.4 and 58.6. Considering our previous study
[25,29,30], the peak at 26 of 23.3¢ is assigned to 3-CoMoQy4 crys-

Catalyst Amount of acid sites (mmol NH3 gcac ')
Weak T<250°C Moderate T=250-400°C Strong T>400°C Total
0.0P-S15 0.14 0.19 0.58 091
0.5P-S15 0.08 0.16 0.41 0.65
1.0P-S15 0.10 0.16 0.46 0.72
0.0P-S16 0.19 0.27 0.45 0.91
0.5P-S16 0.20 0.31 0.52 1.03
1.0P-S16 0.15 0.17 0.35 0.67
Table 2
Textural properties of sulfided catalysts and HRTEM parameters® of spent catalysts.
0.0P-S15 0.5P-S15 1.0P-S15 0.0P-S16 0.5P-S16 1.0P-S16
Sper®(m2g!) 223 229 208 208 187 296
Ved (em3g 1) 0.28 0.30 0.29 0.14 0.15 0.22
d? (nm) 5.1 52 5.5 2.6 33 29
Average Mo(W)S; particle length® (nm) 51+1.0 49 +£0.9 46+ 1.0 47 £ 1.1 52 +1.0 55+1.6
Stacking number® 3+1 3+1 3+1 3+1 3+1 3+1
Surface density® Mo(W)S;/50 nm? 111 £ 23 97 +£ 18 97 +£ 11 91 £+ 27 185 + 87 111 £ 57

3 As determined from N, adsorption-desorption isotherms at —196°C for sulfided catalysts; Sger: BET surface area; V;: total pore volume; d: average pore diameter

calculated from the isotherm adsorption branch.

b Average length, stacking number and surface density of the Mo(W)S; phases as determined by HRTEM.
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Fig. 1. IR spectra of adsorbed NO at room temperature on sulfided P-free and P-containing CoMoW/SBA-15 (a) and CoMoW/SBA-16 (b) catalysts.

tallites (JCPDS card 21-868). Additionally, the 1.0P-S15 sample
shows a peak at 26 =25.9° indicative of the formation of the CoSO4
phase (JCPDS card 00-028-0386). The peak at 260 (°)=13.8, 44.4
and 58.6 could be assigned to WS, (JCPDS card 00-002-0237),
whereas the peak at 26 of 33.3° is probably due to the MoS, phase
(JCPDS card 01-075-1539). The WS, crystal size calculated by the
Debye-Scherrer equation for the XRD line at 44.4° follows the
trend: 0.5P-S16=0.0P-S15 (10.8 nm)<0.5P-S15 (11.3nm)<1.0P-
S16(14.3nm)<0.0P-S16 (14.6 nm) < 1.0P-S15 (15.3 nm). Thus, with
the exception of 0.5P-S16, the decrease in metal-support inter-
action due to the presence of phosphate species on the support
surface led to the formation of large WS, particles. The formation
of large metal sulfide species blocking the support pores was also
inferred from the N, physisorption data (vide supra).

DRIFT spectra of NO adsorption at room temperature on SBA-
15- and SBA-16 fresh sulfided catalysts are plotted in Fig. 1(a) and
(b), respectively. In good agreement with our previous report [28],
the SBA-15-based catalysts have bands around 1892, 1867, 1813
and 1708 cm~!, whereas the positions of the bands for the SBA-
16-based counterparts were: 1902, 1859, 1821 and 1713 cm~1. The

breakdown of those broad bands into Gaussian peaks (Fig. 1(c)) pro-
vides three sets of doublets due to the dinitrosyl species on Co2*-0
(1917 and 1860cm~1), Co-S (1892 and 1832cm~') and Mo(W)-S
(1812 and 1713 cm™'). The bands at 1812 and 1713cm™! can be
assigned to the symmetric and antisymmetric stretching vibra-
tions of NO dimers adsorbed on Mo(W)S,, whereas the doublet
bands centered at 1892 and 1832cm~"! can be ascribed to sym-
metric and antisymmetric stretching vibration modes of NO dimers
adsorbed on Co sulfide species, respectively [31-33]. Considering
the IR study of NO adsorption on the oxidic form of CoMo/Al, 03 cat-
alysts [34], the bands at 1917 and 1860 cm~! have a common origin
in the symmetric and antisymmetric stretching modes vibration,
respectively, of the dinitrosyl species adsorbed on the Co?* ions
surrounded by oxide ions. Thus, all catalysts show two types of
dinitrosyl species: one adsorbed on Co surrounded by 02~ ions and
the other one adsorbed on Co?* surrounded by S2~ ions. It is com-
monly accepted that when the “CoMo(W)S” phase is formed, the Co
atoms are located at the edge sites of the Mo(W)S, phases [31-33].

Thus, for both P-free samples, the lowest intensity of their broad
band at ca. 1710cm~! (1730cm~! for 0.0P-S15) strongly suggests



C.V. Loricera et al. / Catalysis Today 172 (2011) 103-110 107

Table 3
XPS data of the spent catalysts tested in the hydroconversion of anisole?.
0.0P-S15 0.5P-S15 1.0P-S15 0.0P-S16 0.5P-S16 1.0P-S16
Co 2p3); (eV) 778.3 778.3 778.3 778.3 778.2 778.2
Mo 3ds), (eV) 229.0 229.0 229.0 229.0 229.0 229.0
W 4fy), (eV) 32.1(68) 32.1(74) 32.1(71) 32.1(75) 32.2(85) 32.2(80)
33.6(32) 33.6 (26) 33.6 (29) 33.6 (25) 33.8(15) 33.8(20)

Co/Si x 10% at 50 38 45 41 39 44
Mo/Si x 103 at 11 13 8 9 10 14
W/Si x 10% at 8 8 7 9 8 11
Wraen)- ratio 2.1 2.8 24 3.0 5.7 4.0
S/(Co+Mo +W)at 1.62 1.81 1.75 1.62 1.59 1.56

2 C1s peak at a BE of 284.8 eV was taken as internal reference.

that the edge sites of Mo(W)S, particles are covered by Co ions
constituting “CoMo(W)S” phases. Therefore, regardless of the type
of support, both P-free samples have more Co ions constituting
“CoMo(W)S” phases than their P-containing counterparts.

3.3. Characterization of the spent catalysts

The aim of HRTEM measurements was also to compare the
morphology of the sulfided phases on the SBA-15 and SBA-16-
based spent catalysts (TEM images not shown here). As expected,
all spent catalysts present the typical fringes of Mo(W)S; crystal-
lites. The arrangement of W(Mo)S, layers parallel to the substrate
indicates the basal plane attachment. The fact that the particles
consist of pure Mo(W)S, was confirmed by EDX and by con-
sidering the interlayer lattice distance. The slab length, stacking
number of Mo(W)S, particles and their surface density are com-
piled in Table 2. As seen in this table, all catalysts record a similar
length of Mo(W)S, particles and the same number of their stack-
ing layers (3 &1 layers). In general, the SBA-16-based systems have
higher W(Mo)S, slab density than their SBA-15 counterparts, with
the 0.5P-S16 sample having the largest population of Mo(W)S;
crystallites among the catalysts studied. The destruction of the
support morphology by produced water did not occur, as it was
confirmed by HRTEM of spent catalysts (TEM images not shown
here).

Spent catalysts were also studied by X-ray photoelectron spec-
troscopy. The Si 2p core level peak was close to 103.3eV for all
catalysts, which is characteristic of SiO, [35]. The chemical envi-
ronment of silicon ions was not affected by the presence of other
components. As expected, all samples recorded a binding energy
of 162.0eV, which is characteristic of $2~ species [26]. The bind-
ing energy of the P 2p core-level of the P-containing samples ca.
134.0eV is indicative of phosphate species [36]. This BE value is
much lower than that corresponding to P,05 (135.2 eV), indicat-
ing that the phosphorus species remain highly dispersed on the
support surface.

Table 3 compiles the binding energy (BE) values correspond-
ing to the W 4fy,, Mo 3ds), and Co 2p3), core-levels. As seen in
this table, all catalysts record similar BE values, suggesting that
the coordination environment for the active sites is similar. The
Co 2p3p; peak at a binding energy ca. 778.3 eV indicates the forma-
tion of a segregated CogSg phase (BE at 778.4eV) [37]. Indeed, the
difference in binding energies between the Co 2ps, peak and the S
2p peak is 616.4 eV, which is close to the range of 615.7-616.2 eV
reported by Alstrup et al. [37] for the CogSg phase. On the other
hand, the Mo 3ds, binding energy at 229.0eV is characteristic of
Mo** ions in MoS, [38]. Contrary to the molybdenum species, the W
4f core level spectra of all spent catalysts has two doublets, each one
with the 4f;, and 4f5;, components from the spin-orbit splitting
(spectra not shown here). The presence of two doublets indicates
there are two different W-species. Thus, the W 4f5, core level spec-
tra shows peaks associated with sulfided tungsten species (BE at

32.2+0.1eV) [39] and oxysulfide W species (BE at 33.7+0.1eV),
which both have a terminal oxygen and a terminal sulfur [40]. It is
noteworthy that, in the absence of sulfiding agent in the feed, the
partial reduction of metal sulfides upon high hydrogen pressure
did not occur. The XPS technique could not detect the W3* species
because the W3* ions did not produce a signal that could overcome
the more intense WS, signal [41]. Considering the percentage of
sulfided W species (given in parentheses in Table 3), it appears that
the sulfidation degree of the W species in all catalysts was relatively
high (68-85%). In addition to the more difficult sulfidation of the W
oxide species compared to the Mo oxide, due to differences in the
polarization of the metal-oxygen bond [42], the percentage of W
sulfide species in the 0.5P-S16 sample was significantly larger than
that found for the other catalysts.

The distribution of supported Co, Mo and W species was esti-
mated by comparing Co/Si, W/Si and Mo/Si atomic intensity ratios
(Table 3). In general, all catalysts have a very similar surface expo-
sure of the Co, Mo and W species. Noticeably, the surface exposure
of Mo and W is much lower than that of the Co promoter, suggesting
the location of Mo and W species within the inner support porous
structure and the main location of Co species on the outer support
surface.

3.4. Catalytic activity in anisole hydrotreating

The time-on-stream behavior of SBA-15- and SBA-16-based cat-
alysts in the anisole hydroconversion reaction is shown in Fig. 2(a)
and (b), respectively. As seen, all catalysts deactivate during the
first 3 h of on-stream operation, with the 0.5P-S16 sample being
the most stable among the catalysts studied. The steady-state con-
version data are listed in Table 4. According to this table, the activity
of the catalysts follows the trend: 0.5P-S16 > 0.0P-S15(16)~ 1.0P-
S$15>0.5P-S15 > 1.0P-S16. Thus, contrary to the SBA-15 substrate,
the presence of a small amount of phosphate (0.5 wt%) on the sur-
face of the SBA-16 substrate has a positive effect for the catalytic
response of the 0.5P-S16 sample. Both P-free SBA-15(16)-based cat-
alysts have similar activities, indicating that support morphology is
not the principal factor influencing the catalytic behavior of those
materials.

In a fixed bed high-pressure flow reactor and under operat-
ing conditions (T=310°C, P=3 MPa, WHSV=24.5 h~1), the products
identified by GC were phenol, o-cresol, methylanisole, o-xylenol
and benzene. A study of the selectivity at an anisole conversion
of 38% reveals almost the same selectivity for all catalysts stud-
ied (Table 4). An analysis of selectivity results suggests that two
independent reaction paths are operative in anisole transforma-
tion over COMoW/SBA-15(16) catalysts: demethylation of anisole
and methyl transfer to benzene ring (see reaction Scheme 1). The
former reaction route led to the formation of phenol (selectivity
in the 60.6-65.9% range), whereas the latter led to the forma-
tion of o-cresol and o-xylenol (selectivity in the 22.0-25.9% and
8.4-11.2% ranges, respectively). Thus, anisole transformation over
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Table 4

Activity, selectivity? and catalyst deactivation in the hydrotreating of anisole (T=310°C, P=3.0 MPa, WHSV=24.5h"

C.V. Loricera et al. / Catalysis Today 172 (2011) 103-110

1) over sulfided CoMoW/(x)P/SBA-15(16) catalysts.

0.0P-S15 0.5P-S15 1.0P-S15 0.0P-S16 0.5P-S16 1.0P-S16
Conversion at 4h (%) 27.5 221 275 243 35.2 11.8
Phenol?® (%) 60.1 60.6 62.7 60.8 61.1 65.9
o-Cresol® (%) 259 254 24.4 25.1 25.0 22.0
o-Xylenol® (%) 11.2 10.8 10.7 10.8 10.7 8.4
o-Methylanisole? (%) 1.7 1.3 1.7 1.8 1.9 23
Benzene? (%) 1.0 19 0.5 1.5 14 14
Deactiv.? (%) 444 43.2 38.2 39.7 18.9 72.4
Coke® (wt%) 1.9 1.2 28.0 22 0.2 0.7
SO2¢ (%) 13 22 171 4.4 0.3 0.4

3 At anisole conversion of 38%.
b As calculated from Eq. (2).

¢ As determined from the spent catalysts weight losses during by TPO/TGA experiments.

a
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Fig. 2. Time-on-stream behavior of sulfided SBA-15-based (a) and SBA-16-based
catalysts (b) in the hydroconversion of anisole at T=310°C, P=3MPa and
WHSV=24.5h"1.

(1) - Isomerization

(DM) - Demethylation

(D) - Disproportionation
(HDO) - Hydrodeoxygenation

0)

anisole

(D)

sulfide CoMoW/SBA-15(16) catalysts occurs mainly via the cleav-
age of the alicyclic carbon and oxygen bond, with phenol being
the main reaction product. The direct hydrogenolysis of phenol
(HDO selectivity) led to the formation of benzene, although deoxy-
genation over all catalysts was not significant (selectivity ca. 2%).
As expected, the direct splitting of the methoxy group of anisole
did not occur because the bond between the alicyclic carbon and
oxygen is weaker than the bond between the aromatic carbon and
oxygen [15]. This is consistent with the literature [15], even though
the catalysts and/or reaction conditions were different. For exam-
ple, the reported selectivity in the gas phase hydrodeoxygenation of
anisole when the commercial sulfided Co-Mo catalysts (Albemarle
Co.) were used under mild conditions (T=300°C, P=1.0 MPa) was:
41% phenol, ca. 30% methylphenols isomers, 23% benzene and 5%
cyclohexane [15], and the results are fairly consistent with those in
this study.

Concerning catalyst stability during on-stream conditions, a
common practice for maintaining the catalyst activity in HDO on
sulfided catalysts involves the addition of a sulfiding agent (H,S or
CS,). However, this practice does not avoid the deactivation of the
sulfided Co-Mo/vy-Al,03 catalysts [15,43]. In this study, the sulfid-
ing agent was not added to the feed mixture because our objective
was to study the effect of acidity on the catalyst performance, which
could be masked by H, S addition because-SH groups formed on the
support surface could be involved in the HDO reaction [20]. More-
over, the competitive adsorption of the S-containing compound
and anisole on the same active sites (sulfur adsorbs on CUS sites
and affects the reactions occurring on these sites) is expected to
be avoided without masking the catalyst sensitivity toward deacti-
vation by water (H,S might to compensate the inhibition by water
produced during HDO reaction [44]). Concerning the possible lost of
active sites due to transformation of the metal sulfides into metals,

CH,
Cen + oo

cresol o-xylenol CH,
@ _(HDO) @
Coke
phenol benzene
@—o CH, Q—OH
methylanisole phenol

Scheme 1. Scheme of the anisole HDO reaction over CoMoW/(x)P/SBA-15(16) catalysts (x=0.0, 0.5, 1.0 wt% of P).
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the XPS measurements of the spent catalysts did not reveal for-
mation of metal phases upon reaction conditions employed (vide
supra).

The percentage of catalyst deactivation calculated from Eq. (2) is
listed in Table 4. As seen in this table, the most active 0.5P-S16 cata-
lyst recorded the lowest deactivation among the catalysts studied.
Since the HDO reaction paths depend heavily on the state of the
catalyst surface during on-stream reaction [45], the catalyst’s cok-
ing behavior was evaluated from the weight change of the coked
catalysts during temperature-programmed oxidation (TPO), fol-
lowed by the TG-DTG technique (TGA profiles not shown here). As
expected, all catalysts recorded a weight loss at ca. 400 °C ascribed
to the loss of sulfur atoms from the oxysulfide species and a second
weight loss corresponding to the DTG peak centered at ca. 600 °C,
which was due to coke oxidation [46]. The amounts of coke and
SO, formed (as determined by catalyst weight loss at about 400
and 600 °C, respectively) are listed in Table 4. As seen in this table,
the most active 0.5P-S16 shows the lowest deactivation during
on-stream reaction (18.9%) linked with absence of coke forma-
tion (0.2%) and the largest stability of metal sulfide phases. On the
contrary, the 1.0P-S15 sample showed the lowest stability of their
metal sulfide phases and the largest deactivation due to coke for-
mation (Table 4). With exception of this sample, coke reactions in
all catalysts were negligible (0.2-1.9%), suggesting that neither the
catalyst morphology nor the presence of a small amount of phos-
phate on the support surface influenced coke formation. This might
explain the similar selectivities recorded in the HDO of anisole over
all catalysts.

In short, it is shown that sulfided CoMoW catalysts supported
on both SBA-15 and SBA-16 record moderate activity for removing
oxygen from bio-liquids and, on the other hand, they are inter-
esting catalysts for isomerization reactions. For all catalysts, coke
formation was much lower than expected from the activity decay
during the first 4 h of on-stream operation (Table 4), indicating that
other factors than coke formation might contribute to the decrease
in catalyst activity. This point has been discussed below.

4. Catalyst activity-structure correlation

Considering the similar or even larger average length of
Mo(W)S, phase (from HRTEM) with respect to catalyst pore diam-
eter (Table 2), it is clear that active phases in all catalysts studied
are located on the support surface. Such location is even more
evident in the case of SBA-16-based catalysts. From the catalyst
activity-structure correlation, the best catalytic response of the
sulfided 0.5P-S16 sample in the hydroconversion of anisole could be
explained by considering a combination of various effects. The first
is the largest surface exposure of the active phases, as determined
by HRTEM, presenting active phases homogeneously dispersed on
both internal and external catalyst surfaces. Moreover, the 0.5-
PS16 catalyst records the largest total acidity among the catalysts
studied (Table 1). Considering a correlation between the strong
acid sites of the oxide precursors (from TPD-NH3 ) and steady-state
catalytic activity (see Fig. 3(a)), the major activity of this sample
could be explained by considering that the cleavage of the methyl
carbon-oxygen bond might take place on both metal sulfides and
on acidic sites of the support, as proposed by Huuska et al. [12,13].
In such a case, one might assume that a homolytic splitting of the
methyl carbon-oxygen bond might occur on the metal sulfides fol-
lowed by a rapid hydrogenation of the radicals formed, whereas
a dominating reaction of heterolytic scission might occur on the
acidic sites of the support. If so, the methyl carbonium ion formed
would attack the aromatic ring. Since those ions possess a non-
planar adsorption state, the attack occurs preferentially in the ortho
position [12].
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Fig. 3. (a) Correlation between the strong acid sites of the oxide precursors (from
TPD-NH3) and steady-state catalytic activity. (b) Correlation between the number
of “CoMo(W)S” sites of the sulfided catalysts (from DRIFT-NO) and initial catalytic
activity.

All catalysts record both low selectivity toward benzene and the
non-hydrogenation of the aromatic ring, suggesting the absence of
the metallic-like so-called brim sites, which were recently shown to
be involved in hydrogenation reactions [17-19]. Moreover, a large
selectivity toward isomerization products confirms the hypothesis
that the HDO reaction requires two types of active sites: one for the
activation of dihydrogen, with the other being a metal oxide with a
variable oxidation state (support) for the activation of oxy-groups
[18]. We found a correlation between the number of “CoMo(W)S”
sites, as determined by integrated absorbance of the IR band at ca.
1710 cm~! (measured by nitric oxide adsorption at room tempera-
ture on sulfided catalysts), and initial catalytic activity, suggesting
that those types of active sites are formed during catalyst sulfi-
dation (see Fig. 3(b)). However, this phase is not stable during
on-stream operation, as confirmed by the XPS of spent catalysts.
This might partially explain the activity decay during the first 4h
of on-stream reaction (Table 4). Another factor which could con-
tribute to catalyst deactivation is the partial reduction of metal
sulfides under high hydrogen pressure. However, the XPS measure-
ments of spent catalysts preclude this possibility. Since water is
always present in the reactor during HDO reaction, it is more likely
that adsorption of H,O molecules on the active sites contributes
to catalyst deactivation [44]. The largest stability of the 0.5P-S16
sample during on-stream reaction indicated that modification of
SBA-16 material with small amount of phosphate (0.5 wt%) pre-
vent catalyst deactivation by water and coke, the latter confirmed
by TPO-TGA measurement.

Thus, in the worst scenario of absence of sulfiding agent, the
most active 0.5P-S16 catalyst showed a good stability during on-
stream HDO reaction indicating that the catalyst deactivation by
coke and water can be diminished by appropriate modification
of the surface chemistry of the SBA-16 support with optimized
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amount of phosphate. Our previous study on the upgrading of olive
oil production-derived by-products via hydrotreating on sulfided
CoMo/SBA-15(16) mesoporous silica demonstrated that those cat-
alysts were more active than a commercial NiMo/Al,03 catalyst
[6]. Interestingly, considering the formation of desirable products
(paraffins and alcohols) and the removal of oxygen-containing
products and polyaromatics, the SBA-16-based catalyst was found
to be more appropriate for upgrading of bio-liquid than its SBA-
15 counterpart. Contrary to the binary CoMo/SBA-15(16) systems
studied previously [6], the ternary CoMoW/SBA-15(16) catalysts
tested in the HDO of model feed exhibited a low selectivity toward
O-free products indicating that their hydrogenolysis capability
needs to be improved for the HDO of pyrolysis oils.

5. Conclusions

SBA-15- and SBA-16-supported Co-Mo-W catalysts were eval-
uated for the hydroconversion of anisole in a fixed bed catalytic
high-pressure flow reactor (T=310°C, P=3 MPa, WHSV=24.5h"1),
The mechanism of anisole transformation over SBA-15(16)-based
sulfide Co-Mo-W catalysts was bifunctional, with the acidic
function being larger than the metallic one, as deduced from
the promotion of the isomerization pathway and the non-
hydrogenation of the aromatic ring. The HRTEM results suggest that
the SBA-16 support favors the dispersion of metallic sulfides more
than its SBA-15 counterpart. It was found that catalyst deactivation
by coke and water can be diminished by appropriate modification
of the surface chemistry of the SBA-16 support with optimized
amount of phosphate. The largest activity of Co-Mo-W/SBA-16
modified with 0.5wt% of phosphate appears to be linked to its
largest population of active sites, highest total acidity and best
stability during on-stream conditions. In the worst scenario of
absence of sulfiding agent, this sample exhibited a good stability
and resistance to deactivation by coke and water. However, the low
selectivity toward O-free products indicates that the hydrogenoly-
sis capability of Co-Mo-W/SBA-16 catalysts needs to be improved
for the HDO of pyrolysis oils.
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