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We report the study of the impact of water on the stability of Mo and CoMo sulfide catalysts in hydro-
deoxygenation of phenolic compounds. The presence of water at reaction temperature leads to an addi-
tional deactivation of the catalyst, which is fully reversible on the CoMo catalyst, but partly irreversible
on non-promoted Mo catalyst. IR and HRTEM characterizations as well as DFT simulations confirm the
higher sensitivity of unpromoted MoS, toward water and show that large amounts of water at reaction
temperature lead to the exchange of an important fraction of edge sulfur atoms on non-promoted MoS;
catalysts, hence changing the nature of the active sites. For Co-promoted catalyst, the extent of water poi-
soning is much lower and reversible because Co atoms prevent sulfur-oxygen exchanges. Hence, in HDO
conditions, Co does not only increase the intrinsic activity of the catalyst (promotion effect) but also sta-
bilizes the active phase in the presence of water (passivation effect).

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The European Union, the United States and many countries are
promoting the use of non-edible lignocellulosic materials to pro-
duce biofuels to lower the consumption of fossil fuels and the
emission of carbon dioxide without competing with a growing glo-
bal demand for agricultural commodities [1]. Some green fuels,
such as diesel, could be based on liquids derived from pyrolysis
of lignocellulosic biomass. However, the bio-oil fraction produced
by pyrolysis contains large amounts of oxygenated compounds
(up to 45 wt.%) [2-4]. These molecules present multiple functions
like aldehyde, ketone, acids and alcohols. High oxygen content
leads to deleterious properties such as high viscosity, thermal
and chemical instability as well as lower heating values than fossil
sources [3-5]. The later was explained by the fact that combustion
of oxygenated compounds is much less exothermic than that of
hydrocarbons [6]. Hence, upgrading of bio-oils is mandatory to
obtain usable fuels. Catalytic hydrodeoxygenation (HDO), a variant
of hydroprocessing, refers to treatment of the feed under high
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temperature and hydrogen pressure to lower the oxygen content
of the feedstock. Oxygen is removed as water or carbon oxides.

Sulfided hydrotreating catalysts such as CoMo/Al,03 and NiMo/
Al,03 appear to be good candidates for HDO processing [3-10].
They are well-known catalysts and are extensively used in com-
mercial hydrodesulfurization (HDS) and hydrodenitrogenation
(HDN) processes; fundamental studies (in-depth experimental
and theoretical investigations) greatly contributed to the under-
standing of their mode of action [7,11-18]. It is now well accepted
that their active sites are located on the edges of MoS, nanocrystal-
lites corresponding to the (1 0 0) edge planes of their layered struc-
ture [7,13,16]. This crystallographic (1 0 0) plane exhibits alternate
rows of sulfur- (hereafter called S, or sulfur edge) and molybde-
num-terminated layers (hereafter called M or molybdenum-edge)
[13,16].

Lignocellulose is composed of cellulose (~40 wt.%), hemicellu-
lose (~25wt.%), lignin (~25 wt.%), extractives and inorganics
(~10 wt.%). Lignin consists of aryl ether units connected by ether
and alkyl bonds, and the cleavage of those bonds yields monomeric
phenols and methoxyphenols [19]. Consequently, pyrolytic oils de-
rived from such feedstocks contain a large amount of phenolic
compounds, up to ~30% of the total oxygenated compounds
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[6,20,21]. Over sulfide-based catalyst, alkyl-phenols follow two
main deoxygenation routes: one involves hydrogenation before
C—O0 cleavage (HYD route) and the second one is a direct C—0 bond
cleavage (direct deoxygenation or DDO route) [22-31].

The stability of the sulfided catalysts in the presence of large
amounts of oxygenated compounds and water is critical and may
lead to modifications of the structure of the active edges of the sul-
fide phase [3,32]. Sulfided hydrotreating catalysts usually undergo
a continuous deactivation caused by coke formation or partial
reoxidation of the sulfide phase [3,4]. Water is known to have a
slight inhibiting effect on the hydrodeoxygenation rate of phenolic
compounds [23,33,34] or real feeds [35], which were related to a
weak interaction between water and active sites at high tempera-
ture. Such an effect was also explained by the formation of a sulfate
layer covering the active phase and reducing the catalytic activity
[22]. However, water can also have a slight promoting effect in
reactions such as HDN reactions [36].

The aim of the present study is to investigate the influence of
water on the structure and activity of MoS,-based sulfide catalysts
using CO adsorption monitored by infrared spectroscopy (IR), high-
resolution transmission electron microscopy (HRTEM), periodic
density functional (DFT) calculations and catalytic activity mea-
surements in HDO of 2-ethylphenol. Such a study will lead to a bet-
ter understanding of sulfide catalysts and their active sites in
working HDO conditions.

2. Materials and methods
2.1. Materials

The Mo/y-Al,05 and CoMo/y-Al,05 catalysts were prepared by
conventional incipient wetness impregnation and supplied by TO-
TAL. Their chemical composition and textural properties are given
in Table 1.

2.2. IR spectroscopy

For the infrared (IR) study, the catalysts were grounded and
pressed into self-supported wafers. After introduction in a low tem-
perature IR cell, sulfidation was carried out in situ under a flow of
H,S/H, (10/90) at 623 K during 2 h and followed by an evacuation
during 1 h at the same temperature. CO was adsorbed on the sam-
ple cooled at 100 K. Small calibrated doses of CO were introduced in
the IR cell up to an equilibrium pressure of 1 Torr. The sample was
further evacuated from low temperature to 623 K. Subsequent
water treatment (4.5 Torr of H,O at equilibrium) was carried out
at 623 K for 2 h and followed by evacuation at 623 K for 1 h. CO
adsorption was repeated in the same conditions than previously
described.

2.3. HRTEM analysis

Before HRTEM analysis, the catalysts were sulfided in the same
conditions as for IR experiments. A fraction of the sulfided sample
was contacted with water at 623 K during 16 h and followed by
evacuation at 623 K for 1 h. A blank experiment was also done

Table 1
Chemical composition, BET surface area and pore volume of the catalysts.

Mo/vy-Al,05 CoMo/y-Al,03
BET area (m?/g) 251 255
Pore volume (cm?/g) 0.70 0.64
Mo (Wt.%) 9.9 9.2
Co (Wt%) - 42

where the sulfided catalyst was heated (without water) in the
closed cell at 623 K during 18 h and evacuated at 623 K for 1 h.
After these various treatments, the samples were transferred under
Ar in a glove box, gently crushed under Ar and stored under Ar be-
fore microscopic analysis. A drop of a suspension of the solid sam-
ple in n-butanol was deposited on a 300 mesh “holey carbon film”
grid and dried at 298 K under argon flow before introducing in the
high vacuum chamber of the microscope. HRTEM was performed
on a JEOL 2010. The field emission gun was operated at 300 kV.
For each sample, stacking degrees and lengths of ~1000 MoS; crys-
tallites were measured.

2.4. Computational settings

The density functional theory (DFT) calculations were per-
formed with the Vienna Ab initio Simulation Package (VASP) [37]
using the generalized gradient corrections proposed by Perdew
et al. [38]. The wavefunction is expanded in a plane wave basis
set, and the electron-ion interactions are described using the pro-
jector augmented plane wave (PAW) method [39]. The solution of
the Kohn-Sham equations was improved self-consistently until a
difference lower than 107> eV was obtained between successive
iterations. The calculations were performed with a cutoff energy
of 450eV and a Methfessel-Paxton smearing with o =0.1eV.
Throughout this work, we wused the large super cell
(1.2641 x 1.2294 x 2.0000 nm>) shown in Fig. 1. It contains four
elementary MoS, units in the x direction, four in the z direction
and two layers along the y-axis. A k-point mesh (3, 1, 1) was cho-
sen to give an accurate sampling of the Brillouin zone. A vacuum
layer of 1 nm is located above the MoS, slab in the z direction in
order to avoid interactions between slabs. The two upper rows
were allowed to relax until forces acting on ions are smaller than
3 x 1072eV A~'. The two lower were kept fixed to simulate bulk
constraints. Previous studies [16,17,40,41] showed that this model
is suitable to predict the electronic and structural properties of the
MoS, surface.

2.5. Thermodynamic treatment

Influence of the gas phase composition (H,O vs. H,S pressure)
was taken into account by considering two reactions:
Adsorption of n H,X species (X =0 or S) on the surface:

surface + n H,X = surface — H,, X, (1)
and S—O exchange reaction:
surface — S, +n H,0 = surface — 0, + n H,S (2)

Gibbs free energy of Reaction (2), for example, was computed
according to:

A:G = p(surface — O,) — p(surface — S,) + n(u(H,S) — u(H;0))

Assuming that the difference between the chemical potential of so-
lid phases can be approximated by the difference in their electronic
energy [42] led to:

A/G = AG" + n RTIn 10log P(H,S)/P(H,)

where

AG® = AE, + ApO(T)

and

AE, = E(surface — O,) — E(surface — S,) — n E(H,0) + n E(H,S)

AE, being the electronic energy contribution to the S—O
exchange reaction.
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Fig. 1. On the left, cell showing the perfect MoS, (1 0 0) surface. On the right, cell showing the stable MoS, surface when 0.05 < H,S/H, < 10,000 [40,41] that will be used as
reference. Molybdenum atoms are in blue, sulfur atoms are in yellow. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

The gas phase molecules chemical potentials p%(T) were com-
puted according to statistical thermodynamic equations for ideal
gas [42,43]. The most stable surface is then the one presenting
the lowest Gibbs free energy. The calculations were performed at
T =623 K, which corresponds to the working temperature of the
catalyst and H,S/H,0 partial pressure ratios between 10~* and 10

2.6. Activity measurements

The particle size of the catalysts was in the range of 250-
315 pum. The catalysts were diluted in carborundum to keep the
volume of the catalyst bed constant. In order to obtain comparable
conversions, 50 mg of promoted catalyst or 100 mg of unpromoted
catalyst were used.

All the catalysts were sulfided in situ into a high-pressure dy-
namic flow reactor (length: 40 cm; inner diameter: 1.25 cm) using
a mixture of 5.8 wt.% dimethyldisulfide (DMDS) in toluene, under
4.0 MPa of total pressure (Table 2). The sulfiding mixture was in-
jected at a starting temperature of 423 K. After 1 h, the tempera-
ture was raised to 623K at a rate of 5K/min and it was
maintained at this temperature for 14 h. The temperature was then
lowered to the reaction temperature (613 K).

The catalytic test was carried out less than 7 MPa of total pres-
sure using 2-ethylphenol (2-EtPh) as oxygenated model compound
diluted in toluene. Its partial pressure was fixed to 49 kPa. DMDS
was added to the feed to generate 30 kPa of H,S during the reaction
in order to preserve the sulfide state of the catalyst. The partial
pressure of hydrogen was kept constant at 5.75 MPa by changing
the partial pressure of the solvent (Table 2). Methylcyclohexane
obtained from toluene hydrogenation was observed in very low
quantities: less than 1 mol% whatever the contact time used.

The reactor effluents were condensed and liquid samples peri-
odically collected and analyzed with a Varian 3300 chromatograph

A() H,0 addition A(r)
Puso 730
added
kP:
(kPa) 500

250
0 0 0 0
0 80  TOS(h)

Fig. 2. Evolution of water partial pressure during 2-ethylphenol HDO reaction.

detector. The oven temperature was programmed from 328 K
(maintained for 5 min) to 448 K (4 K/min). The products were iden-
tified by using GC/MS analysis (Finnigan INCOS 500) and by co-
injection of commercial samples provided by Aldrich. Gaseous
products were not found except for methane, which was produced
by DMDS decomposition.

The model oxygenated feed and water were injected separately
by using two pumps. Various model feeds were used in order to
keep constant the partial pressures of 2-EtPh, H,S and H,.

The experimental procedure to study the impact of water addi-
tion on 2-EtPh deoxygenation is depicted in Fig. 2 and described
later:

Step 1: Hydrodeoxygenation of 2-EtPh was carried out without
water. Conversions were kept lower than 20% in order to mea-
sure the activity (A;). The activities were measured after stabil-
ization of the catalyst. Contact times of 1.04 min and 2.3 min

equipped with a DB1 capillary column (length: 30 m; inside diam- were used for unpromoted and promoted catalysts,
eter: 0.50 mm; film thickness: 0.25 pm) and a flame ionization respectively.
Table 2
Partial pressures of the various compounds in sulfidation and reaction conditions.
Protal (MPa) Py, (MPa) Protuene (MPa) Py_gepn (kPa) Py,s (kPa) Pcy, (kPa) Pu,0 (kPa) H,0/H,S ratio
Sulfidation conditions 4 2.67 1.07 - 129 129 - -
Reaction conditions 7 5.75 0.39-1.14 49 30 30 250-730 8.3-243
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Step 2: Water was injected at in the feed for 8 h at various pres-
sures (730, 500 and 250 kPa, successively).

After each step 2, step 1 conditions were reestablished for 6 h in
order to quantify the degree of catalyst deactivation. The final HDO
rate (Ay) was measured at the end of this procedure.

2.7. XPS and elemental analysis of spent catalysts

Chemical analysis of carbon and sulfur was carried out after test-
ing and was obtained by using an elementary analyzer (NA2100
analyzer, CE instruments). Prior analysis, the catalysts were washed
with dichloromethane during 24 h under reflux and dried at 110 °C
for 24 h in order to remove physisorbed hydrocarbons.

For the XPS analysis, the reactor was cooled down after the
reaction, flushed with argon and transferred in a glove box in order
to avoid any air oxidation. XPS spectra were recorded using an Axis
Ultra DLD system (Kratos Analytical - UK), monochromatic Al Ko
X-ray radiation (hv=10,476 eV). The samples are analyzed at a
90° take-off angle, and the hydrocarbon component of the C 1s
spectrum (285.0 eV) is used as calibration of the energy scale. Fit-
ting of the XPS spectra is performed using CasaXPS processing
software.

3. Results
3.1. IR study

Fig. S1 (Supplementary information) shows the IR spectra of CO
adsorbed on Mo/Al,03 and CoMo/Al,03 sulfide catalysts after sulf-
idation. As described in previous studies [44,45], adsorption on the
freshly sulfided catalysts leads to the appearance of bands at 2190
and 2155 cm~! corresponding to CO interacting with Lewis acid
sites (AI>*) and acidic AIO—H groups of the uncovered alumina
support. On the Mo/Al,O; (Fig. S1A), a main band at 2110 cm~! is
detected that characterizes Mo edge sites of the sulfided MoS, slab.
On the CoMo/Al,05 catalyst in addition to this band, two bands at
2072 cm~! and at 2055 cm™! (shoulder) are observed (Fig. S1A).
They correspond to promoted sites in various environments [44].
Addition of small doses of water over the sulfide catalysts at
298 K leads to a progressive poisoning of the acidic sites of the alu-
mina support (spectra not shown). In these conditions, a subse-
quent adsorption of CO shows that water does not interact
significantly with the sulfide phase sites. A decrease in the number
of these sites is only observed when large amounts of water are in
contact with the catalyst [46]. Hence, in mild conditions (small
partial pressure of water at 295 K), water preferentially adsorbs
on the oxide support than on the sulfide phase.

OH

0.1

200 2000 2000

Table 3
Effect of the posttreatments with H,O and H,S on the variation of CO uptake on the
various sulfided sites of (Co)Mo catalysts.

Catalysts Mo/ CoMo/Al,03
Al 05
vCO frequency (cm™') 2110 2110 2072,
2055
After water treatment at 623 K —45% —72% —28%
After water treatment and resulfidation at - —54% +6%
623 K

Adsorption of CO on Mo/Al,05; and CoMo/Al,0s sulfide catalysts
after water treatment at high temperature leads to spectra show-
ing similar bands as after sulfidation (Fig. S1), but with different
intensities. Fig. 3 compares the spectra obtained before and after
water treatment at 623 K on sulfided (Co)Mo/Al,03 and shows that
the CO uptake by the sulfide sites strongly decreases after water
treatment. Such a decrease is observed for both Mo and CoMo cat-
alysts. On the CoMo catalyst, water treatment has not the same im-
pact on non-promoted Mo sites (2110 cm™') and promoted sites
(2072-2055 cm™!): the decrease in the intensity of the CO band
characterizing the non-promoted Mo sites is significantly larger
(=72 +14%) than that of promoted sites (—28 +7%), as shown in
Table 3. An intermediate decrease is observed on the non-pro-
moted Mo/Al,05 catalyst (~—45%).

In order to check the reversibility of the water poisoning, a
resulfiding treatment was carried out on the CoMo catalyst under
the same conditions as for the initial sulfidation (623 K, H,S/H;
10/90, 2 h). Fig. 3b and Table 3 clearly show that such a treatment
leads to the complete regeneration of the promoted CoMoS sites,
while the non-promoted sites are still strongly poisoned after
resulfidation (—54%, Fig. 3 and Table 3).

Finally, IR and Raman analysis of the water treated samples did
not reveal the presence of v(Mo=0) bands, indicating that no oxi-
dic entities (MoOs or oxomolybdate species) were formed after
such a treatment.

3.2. HRTEM analysis

HRTEM micrographs of sulfided (Co)Mo/Al,03 catalysts present
black thread-like fringes as observed in previous HRTEM studies
that correspond to the MoS, slabs [47,48]. An example of TEM im-
age is presented in the Supplementary information (Fig. S2). After
water treatment at 623 K, no major changes in the aspect and
repartition of the sulfide slabs were noted. To compare quantita-
tively the distribution of slabs length and stacking before and after
water treatment, statistical analyses were made based on the anal-
ysis of about 50 images and 1000 slabs located in various parts of

2200 2100 2000 /em!

Fig. 3. IR spectra of CO adsorbed on sulfided catalysts after sulfidation (line), after water treatment at 623 K (dashed line), after resulfidation at 623 K (dotted dashed line) -

A- Mo/Al,05; B - CoMo/Al,05.
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Fig. 4. HRTEM analysis of the effect of water treatment on the slab length of
sulfided (Co)Mo/Al,03 catalysts - A — Mo/Al,03; B — CoMo/Al,O5 - blue bars: after
sulfidation; red bars: after sulfidation and water treatment at 623 K. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

the same sample. The sulfide slab length and stacking distribution
for Mo and CoMo catalysts are presented in Fig. 4 and Table 4.

After sulfidation and in the absence of water treatment, the
average slab length of the sulfide slabs is close for Mo and CoMo
catalysts (2.4 and 2.6 nm, respectively).

After water treatment of the sulfided Mo catalyst, the slabs
length distribution is clearly shifted toward lower slab lengths,
resulting in the decrease of the average slab length from 2.4 to
1.6 nm (Table 4). The average stacking is not significantly changed
on this sample. In addition, no MoOs crystallites were detected
after water treatment.

The size of the sulfide slabs of the CoMo catalyst appear much
less affected by the water treatment: no effect on stacking can be
detected from the change of the average values, whereas the aver-
age sulfide slab length decreases from 2.6 to 2.4 nm after water
treatment. Although this difference is small, a chi-square (j?) test

Table 4
Effect of water treatment on the average slab length (L) and stacking (n) of sulfided
slabs of (Co)Mo/Al,0s.

Treatment Mo/Al,05 CoMo/
Al,04
L n L n
(nm) (nm)
Sulfidation by H,S/H, at 623 K 24 14 26 1.0

Sulfidation by H,S/H, at 623 K followed by water 1.6 1.1 24 1.1
treatment at 623 K

Sulfidation by DMDS at 623 K - - 2.4 1.3

Sulfidation by DMDS at 623 K followed by - - 23 1.2
standard HDO test

used to compare the length distribution before and after water
treatment showed a statistically significant difference between
both distributions (p < 0.01). In order to confirm the low sensitivity
of CoMo catalysts to water, a HRTEM analysis of CoMo/Al,03 cata-
lyst was performed after the sulfidation procedure used in catalytic
test as well as after HDO test of 2-ethylphenol (Table 4). Similar
average slab length and stacking are measured before and after
the HDO test.

In conclusion, although water treatment leads to a decrease in
the average slab length for both catalysts, the non-promoted
Mo/Al,05 catalyst is much more sensitive to water than CoMo/
Al,05.

3.3. DFT calculations

3.3.1. Stability of the MoS, phase

The stability of non-promoted MoS, surfaces under typical
hydrotreating conditions has been widely studied and reviewed
in the last years [16-18,40,41,49]. In presence of H, and H,S, the
most stable surface [16,40,41], which will be used as reference, is
presented in Fig. 1. The molybdenum-edge is covered with sulfur
atoms, yielding sixfold coordinated Mo edge atoms [17,40]. Within
the same partial pressure and temperature range, the sulfur edge is
reduced: half-sulfur atoms are removed from the surface leading to
fourfold coordinated molybdenum atoms.

Water can adsorb on unsaturated molybdenum sites of the sur-
face or lead to sulfur-oxygen atom exchanges, hence strongly
modifying the surface state. In a previous work [32], we investi-
gated the effect of water on the stability of the two types of edges
considering only sulfur-oxygen (S—0) exchanges. In the present
study, we report in addition the adsorption of H,S and H,O on
the molybdenum phase in order to get a more complete view of
MoS, stability under HDO conditions.

On the M-edge (Table 5), neither adsorption of H,O (or H,S) nor
S—O0 exchange lead to stable surfaces in the partial pressure range
investigated in this study (10~% < P(H,X) < 102, with X=0 or S).
The M-edge is fully covered by S atoms, and Mo atoms remain six-
fold coordinated.

On the opposite, the presence of water in the gas phase induces
surface modification of the S-edge (Fig. 5). On this edge, H,O and
H,S adsorption are dissociative and less endothermic as compared
to the M-edge (Table 5). The values of H,O and H,S adsorption
Gibbs free energies indicate that stable adsorption should occur
under high partial pressure. Interestingly, H,O adsorption is more
difficult than H,S adsorption on the S-edge. Finally, Gibbs free
energy calculations demonstrate that exchange of the sulfur atoms
located on the edge by oxygen atoms is possible for water partial

Table 5

MoS, AG® (eV) calculated at 350 °C (corresponding to the AE + Au®(T) term) for the
three following reactions: (1) adsorption of n H,0 molecules, (2) adsorption of n H,S
molecules, (3) n S—0 exchanges - the free energy reaction is divided by n.

Reaction Number of reactions M-edge S-edge
n
(1) H,0 1 1.00 0.64
adsorption (molecular) (dissociative)
2 1.09 0.60
(molecular) (dissociative)
(2) HpS 1 1.29 0.25
adsorption (molecular) (dissociative)
2 1.44 0.20
(molecular) (dissociative)
(3)S—0 1 0.62 0.21
exchange
2 0.55 0.24
4 0.60 0.26
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Fig. 5. Stability diagram of the thermodynamic stable surfaces of the MoS, S-edge
under HDO conditions as a function of log (P(H,S)/P°) and log (P(H,0)/P°).

pressure greater than 40 times the H,S partial pressure. It is worth
noting that this exchange could occur even at low total HO/H,S
pressure.

Taking into account both reactions and thermodynamic correc-
tions, the diagram shown Fig. 5 can be built, which shows that sev-
eral types of surfaces are stable in the HDO conditions: the fully
sulfided edge with fourfold coordinated molybdenum atoms (ref-
erence surface); at high H,S partial pressure (log (P(H,S)/
P%)>1.7) and whatever H,0O partial pressure, H,S dissociative
adsorption is possible, leading to the formation of S—H groups on
the surface; for lower H,S partial pressures (log (P(H,S)/P°) < 1.7),
the increase in H,O partial pressure can lead to the exchanges of
one (or more) sulfur atoms (one exchange for P(H,0)/P(H,S) > 40;
full exchange for P(H,0)/P(H,S) >200). These surfaces are then
oxygenated, but the formal oxidation state and the coordination
of the Mo atoms are kept constant.

The stability diagram (Fig. 5) shows that it is essential to keep a
partial pressure in H,S during the HDO process in order to avoid
the desulfurization of the catalyst, which is consistent with exper-
imental observations [27]. However, the amount of H,S to be
added in the feed need to be controlled otherwise, it leads to H,S
adsorption on the MoS; catalyst and will inhibit the HDO reactions
[10,23,25].

3.3.2. CoMoS phases

The addition of promoter atoms such as cobalt or nickel on the
catalyst increases its activity [7,12,31,50,51]. The evolution of the
surface stochiometry as a function of the partial pressures in H,O
and H,S will be the key parameter to improve our understanding
of the reaction. Based on STM observations [52,53], it was proposed
that the Co atoms are mostly localized on the S-edge. However, IR
experiments [44,54] suggest that a part of the Co atoms, in the case
of high Co/Mo ratio, is also located on the M-edge. According to
DFT studies [17,53,55,56], the S-edge is supposed to be fully pro-
moted, while the M-edge is only partially substituted. In order to
be able to describe the experimental Co/Mo ratio, we performed
a systematic study of the promoter effect on the surface stability
in presence of water.

Similarly to the results described on the non-promoted system,
the addition of water is not favored on the promoted surface
(Table 6). This result is valid for both edges and for molecular or

Table 6
CoMo AG® (eV) calculated at 350 °C for the three following reactions: (1) adsorption
of n H,O molecules, (2) adsorption of n H,S molecules.

Reaction Promotion degree M-edge S-edge
(%)
(1) H,0 25 0.70 0.35
adsorption (dissociative) (molecular)
50 0.32 0.30
(molecular) (molecular)
100 0.50 1.28
(molecular) (molecular)
(2) HoS 25 0.95 0.54
adsorption (dissociative) (dissociative)
50 0.44 0.35
(molecular) (dissociative)
100 0.29 1.19
(molecular) (dissociative)
Table 7

CoMoS AGP (eV) calculated at 350 °C for n S—O exchange reactions - the Gibbs free
energy is divided by n.

Promotion degree Number of reactions n M-edge S-edge
25% 1 0.68 0.12

2 0.69 0.15

4 0.72 0.37
50% 1 0.12 (top) 0.23

2 0.13 (top) 0.31

4 0.41 (basal) 0.37
100% 1 0.96 0.86

2 0.90 0.81

4 0.95 0.86

dissociative adsorptions. It can be noticed that adsorption energies
are the most endothermic for the fully promoted edges.

The S—O exchange energies are reported in Table 7. On the
M-edge, the substitution of one Mo atom by one Co (25% promoted
M-edge) leads to the formation of fivefold coordinated atoms as al-
ready mentioned [16,18], but the addition of water or the S—O ex-
change remains not favored. The same conclusion occurs for the
fully promoted M-edge. On the opposite, the S—0 exchange is pos-
sible on the 50% promoted M-edge as soon as P(H,O)/P(H,S) is
greater than 10 (Fig. 6). The terminal Mo—S bond is easily trans-
formed in a Mo—O one in presence of water in the gas phase. How-
ever, this exchange does not change the coordination of the Co
atom, which would be the adsorption site of the reactive
molecules.

The results on the S-edge show that addition of promoter Co
atoms will stabilize the sulfide phase, almost stable under HDO
conditions. The presence of traces of sulfur in the feedstock should
be enough to get a stable catalyst. Fig. 7 summarizes the calcula-
tions on the S-edge surface stability giving the number of ex-
changed atoms depending on the promotion degree and reaction
conditions.

3.4. Hydrodeoxygenation of 2-ethyphenol

Some of us reported previously [31] that the 2-EtPh transforma-
tion over (Co)Mo/Al,03 sulfided catalysts follows three pathways
(Scheme 1). The first one called the hydrogenation route (HYD)
leads to the production of 1-ethylcyclohexene, 3-ethylcyclohexene
and ethylcyclohexane. The second route, the direct deoxygenation
(DDO), leads to the formation of ethylbenzene. In the present
experimental conditions, ethylbenzene is not hydrogenated into
ethylcyclohexane, indicating that these two routes are parallel. A
third pathway (ACI) which involves mainly the acidic sites of the
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alumina support leads to the formation of oxygenated compounds
by isomerization and disproportionation reactions (phenol, dieth-
ylphenols and 3-ethylphenol). These oxygenated compounds are
further deoxygenated and produce benzene, cyclohexane, cyclo-
hexene diethylbenzenes and diethylcyclohexanes.

In the presence of 30 kPa of H,S in the feed (and in absence of
added water - step 1 conditions), the Co-promoted sulfide catalyst
is three times more active in deoxygenation than the unpromoted
catalyst (Fig. 8a). In fact, both the activities for the HYD and DDO
pathways are greater over the CoMo/Al,03 (Fig. 8b-c) than over
Mo/Al,O5 catalyst. The DDO activity is markedly improved in pres-
ence of cobalt. The DOD/HYD ratio increases from 0.26 for unpro-
moted catalyst to 0.85 for CoMo catalyst. In these conditions
(step 1), the deoxygenated products represented about 80% of
the total compounds over the CoMo catalyst and about 58% over
the non-promoted catalyst. Consequently, the amount of water

generated by the HDO reaction is 4.9 kPa for the unpromoted cat-
alyst and 7.8 kPa for the promoted catalyst.

To determine the effect of water on the stability and selectivity
of the sulfided catalysts, quantities of water (between 250 kPa and
730 kPa) larger than that formed during the HDO reaction were
introduced on the catalyst (step 2 conditions). Thus, one can con-
sider that the partial pressure of water is constant on the two cat-
alysts irrespective of the time on stream. It should be mentioned
that large amounts of water can be typically found during the
HDO of bio-oils [4] and that the partial pressures used in the pres-
ent study are in the range of those used in previous studies (see,
e.g., [33,34]). The activity-time profiles for the HYD and DDO
routes on the Mo catalyst are reported Fig. S2 in the Supplementary
information. It clearly evidence a fast decrease in the HYD activity
in the presence of water as well as a fast recovery (about as fast as
the initial decrease), which is only partly reversible. Fig. 8a shows
the effect of water addition on the steady-state HDO activity for
Mo and CoMo catalysts. This causes a decrease in activity of the
two catalysts. The activity drop is independent of the added water
partial pressure. Over the unpromoted catalyst, the HDO activity
(Fig. 8a) is reduced by about 2.2 times, whereas over the Co-pro-
moted catalyst, the HDO activity is only decreased by a factor of
1.3.

The effect of water addition is different for the two 2-EtPh deox-
ygenation pathways. For unpromoted and promoted catalysts, the
HYD pathway is most sensitive to water addition than the DDO
route (Fig. 8b and c). Indeed, the HYD activity drops by a factor
about 3 for the Mo catalyst and by a factor of 1.3 on the CoMo cat-
alyst. By contrast, the DDO pathway appears almost insensitive to
water addition on the two catalysts. Such a difference leads to a
marked improvement of the DDO/HYD selectivity when water is
added. The ratio is increased from 0.26 to 0.81 for the unpromoted
catalyst and from 0.85 to 1.11 for the promoted catalyst. This
improvement of the DDO over the HYD activity reduces the H, con-
sumption with only a small penalty in overall HDO activity.

In the last step, the test conditions are set to their initial values
in order to estimate the catalyst sensitivity to water addition. For
the various routes, the activity ratios (A,)/(A;) (A residual activity,
A;: activity in step 1) are presented in Table 8. For the unpromoted
catalyst, the initial HDO activity is not totally recovered. Indeed, for
the Mo catalyst, the (A,/A;) ratio is equal to 0.75, mainly due to an
irreversible loss of activity in the HYD route. In the absence of
water, this ratio is 0.96 after the same time on stream (80 h), indi-
cating a moderate deactivation in the absence of water, likely due
to coke and/or water produced during the reaction. By contrast,
over the Co-promoted catalyst, the (A,/A;) ratio is 0.91 for HDO
vs. 0.93 after the same time on stream in absence of added water.
The activities in both deoxygenation routes are equally recovered.
These catalytic results show that the catalyst stability under a
water cover is improved by the presence of the cobalt that also acts
as promoter.

3.5. Chemical and XPS analysis of spent catalysts

Chemical analysis of sulfur was carried out on the Mo catalyst
after catalytic testing for the same time on stream, in the presence
or the absence of added water. The sulfur content was similar in
both cases within the precision of the method (4.9 + 0.2 wt.%).

Quasi in situ XPS analysis of Mo and CoMo catalysts was also
carried out. The corresponding spectra are reported in Fig. S4 of
the Supplementary information section and elemental surface
composition from XPS is reported in Table 9. Fig. S4 shows that
the Mo 3d XPS spectra of the spent catalysts with or without added
water are nearly superimposable, indicating that no significant
change of the Mo oxidation state occurs during the water treat-
ment. Similarly, Table 9 indicates that no significant change in
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Scheme 1. Transformation of 2-ethylphenol over sulfided Mo-based catalysts.

the amount of sulfide molybdenum (Mo(IV)) and sulfur (S(-II)) oc-
curs after the water treatment, within the uncertainty due to the
deconvolution of the XPS spectra. Hence, no significant oxidation
of the sulfide phase could be evidenced by any of the characteriza-
tion techniques used in the present study (TEM, IR, Raman, XPS,
elemental analysis).

4. Discussion

For both the Mo and CoMo catalysts, an inhibition upon H,O
addition is observed in the deoxygenation of 2-EtPh. Nevertheless,
the Mo catalyst is much more sensitive to water addition than
CoMo. The results also show that water affects much more the
HYD than the DDO pathway. This strongly suggests that different
types of active sites are involved in these two routes, as already
proposed by several authors for deoxygenation of phenolic com-
pounds [24,25]. Similar proposals were already proposed for HDS
of dibenzothiophenic compounds, which are also desulfurized by
two parallel ways (namely DDS and HYD routes) [57] and for
HDN reactions [58].

The effect of water addition on the HDO activity is almost com-
pletely reversible on the CoMo catalyst, while the activity of the
Mo sample is not fully recovered when water is removed. The
question of the origin of the water effect arises. Several hypotheses
can be proposed: (i) formation of an oxidic phase, (ii) sintering or
demixion of the sulfide phase, (iii) poisoning of the active sites
by water and (iv) S—0O exchanges of the outer layer of the sulfide
slabs.

The multitechnique characterization of the catalysts of this
study will allow discriminating between these proposals.

4.1. Formation of an oxidic phase

Under reaction conditions, the H, partial pressure is always
very high (Table 2). Thus, even in the presence of added water,
an oxidation of the metallic atoms of the catalyst is thermodynam-
ically unlikely. Furthermore, IR and Raman spectroscopies of the
water treated samples do not reveal the presence of any oxidic
entities (MoOs or oxomolybdate entities), in agreement with

HRTEM analysis of the sulfide catalysts after water treatment,
although the latter is not very sensitive to the presence of oxysul-
fide phases [48]. However, as indicated by the quasi in situ XPS
analysis of the spent catalysts after testing with or without added
water, no formation of a significant fraction of oxysulfide phase un-
der the HDO conditions with added water was evidenced.

4.2. Sintering or demixion of the CoMoS phase

HRTEM observations show a decrease in the sulfide slab size
after water treatment on Mo and CoMo catalyst (Table 4). There-
fore, sintering of the sulfide particles cannot be considered to ac-
count for the water effect. For the CoMo catalyst, this conclusion
is confirmed by the total reversibility of the water effect on the
HDO activity (Table 8) as well as on the IR spectra of CO adsorbed
on the CoMoS phase (Table 3). These experimental observations
also prove that cobalt demixion from the CoMoS phase does not
occur significantly in presence of water.

4.3. Poisoning of the active sites by water

IR monitoring of CO adsorption indicates that, at 298 K, water
strongly interacts with the alumina support whereas it does not
much affect the sulfide sites. On the unpromoted catalyst, DFT cal-
culations show that H,O is only weakly adsorbed on the preferen-
tially exposed M-edge of MoS,. Moreover, CO adsorption energy on
this edge is much higher than that of H,0 (0.5-0.6 eV vs. 0.2 eV).
Hence, molecularly adsorbed water - if any - would be displaced
by CO. Although adsorption energies of H,O and CO are similar
on the S-edge (~0.7 eV), it is difficult to draw any clear conclusion
from the experimental spectra because CO adsorption on S-edge
sites is difficult to quantify from the IR spectra [45]. Similar conclu-
sions can be drawn from DFT calculations of the adsorption energy
of water and CO on promoted system (—0.85eV and —1.59 eV,
respectively, for the 50% promoted M-edge). These finding are in
good agreement with our experimental results showing that on
sulfided catalysts (Mo/Al,0; and CoMo/Al,03), water in the gas
phase hardly competes for adsorption sites on the sulfide phase
as already observed by Laurent and Delmon [25].
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Table 8
Effect of water addition on the catalytic stability of sulfided (Co)Mo/Al,0O3 for the
different routes of EtPh HDO.

Ar/Ai

Mo/Al,05 CoMo/Al,03
HDO 0.75 (0.96)* 0.91 (0.93)*
HYD 0.73 (0.96)* 0.90 (0.93)?
DDO 0.91 (0.96)* 0.92 (0.93)*

2 In bracket: relative activity after the same time on stream in the absence of
water.

4.4. S—0 exchanges of the outer layer of the sulfide slabs

DFT calculations show that a sulfur-oxygen exchange is possi-
ble on the outer layer of the sulfide slabs (Figs. 5-7). This exchange
certainly modifies the electronic properties of the edge sites
of the sulfide slabs and may be at the origin of the water effect
experimentally observed by different techniques. Furthermore,
our calculations point out that this exchange is easier on the
non-promoted edges than on the promoted ones whatever the

Table 9
Surface composition of spent catalysts tested with or without added water derived
from XPS spectra.

Catalyst Condition Mo(IV)/Al S(-11)/Al
Mo/Al,05 Without H,0 0.027 0.074
With H,0 0.021 0.089
CoMo/Al,05 Without H,0 0.025 0.117
With H,0 0.027 0.095
Table 10

Evolution of the Mo—Mo computed distances (in A) due to the S—O exchange.

Parallel to the edge Perpendicular to the

edge
MoS, without 3.05 and 3.25 3.09 +0.02
exchange alternatively
MoS, partial exchange Between 2.92 and 3.41 3.10+£0.10
MoS, full exchange Between 3.08 and 3.52 3.10+0.12

degree of promotion. In the same way, the experimental data (IR,
HRTEM and activity tests) demonstrate the greater water sensitiv-
ity of the unpromoted sulfided phase.

The particle size decrease after water treatment (HRTEM) is
compatible with the formation of an oxy-sulfide outer layer. In-
deed, the exchange of sulfur by an oxygen atom on the edges leads
to a structural distortion and a crystallinity loss of the external
layer of sulfide slabs. Table 10 shows the Mo—Mo distances in
non-exchanged and oxygen exchanged MoS; model surfaces. These
data clearly confirm that sulfur-oxygen exchange leads to signifi-
cant changes of Mo—Mo distances. This effect can be accounted
by the strong differences in Mo—0O and Mo—S average bond lengths
(0.19 and 0.23 nm, respectively). Such a distortion would lead to
the absence of diffraction fringes from the outer Mo layer of the
MoS, sulfide slabs. Consequently, this could explain why the sul-
fide particles appear smaller in HRTEM. Taking into account the
Mo—Mo distance in crystalline MoS, (0.316 nm), the exchange of
edge sulfur atoms by oxygen should lead to a decrease of ~0.6-
0.7 nm of the slab length as observed by HRTEM. These values
are very close to the decrease of 0.8 nm of the average slab length
observed on the Mo/Al,03 catalyst after water treatment. The ab-
sence of a large decrease in the slab length on CoMo/Al,03 is ex-
plained by the presence of Co atoms on the MoS, slab edges,
which (i) does not contribute to the diffraction pattern and (ii) lim-
its the extent of S—O exchanges.

The strong decrease in CO uptake by unpromoted catalyst ob-
served after water treatment can be explained by a decrease in
the number of edge sulfide sites induced by S—O exchange. Com-
puted adsorption energy of CO on the M-edge of MoS, decreases
from 0.6 eV on the non-exchanged surface to 0.1 eV on the fully
0-exchanged M-edge. Such a decrease can be explained by the lar-
ger electronegativity of the oxygen with respect to sulfur, which
lowers the extent of back-donation of Mo d electrons in the w*
CO orbital.

5. Conclusion

Several techniques were used to understand the impact of
water on the stability of Mo and CoMo sulfide catalysts supported
on alumina. The main findings can be summarized as follows:

(i) Water addition during the hydrodeoxygenation of 2-ethyl-
phenol decreases slightly the catalyst activity. This is fully
reversible on the CoMo catalyst, but partly irreversible on
the unpromoted Mo catalyst.
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(ii) IR characterization highlights that a water treatment at reac-
tion temperature leads to a strong and irreversible decrease
in the number of unpromoted Mo sites, while the poisoning
of the Co-promoted sites occurs to a lower extent and is fully
reversible.

(iii) HRTEM demonstrates that a water treatment at reaction
temperature leads to a strong decrease in the average length
of crystalline MoS, slabs of the unpromoted catalyst
(—0.8 nm), while this length is almost unchanged on the
promoted CoMo catalyst.

(iv) DFT calculations show that incorporation of cobalt at the
edge of the MoS, sulfide phase increases its stability toward
water.

All these findings indicate that on unpromoted MoS, catalysts,
the presence of large amounts of water at reaction temperature
can lead to the exchange of a large fraction of edge sulfur atoms,
hence changing the nature of MoS, edge sites. For Co-promoted
catalyst, the extent of water poisoning is much lower and revers-
ible because Co atoms prevent sulfur-oxygen exchanges. Hence,
in HDO, Co does not only increase the intrinsic activity of the cat-
alyst (promotion effect) but also stabilizes active phase in the pres-
ence of water (passivation effect).
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