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ABSTRACT

The effect of Mo loading (10, 12, 15, 17 and 20 wt.%) on the physicochemical properties and reactivities of Mo(x)/g-Al2O3 sulfide catalysts for the conversion 
of 2-methoxyphenol at 573 K and 5 MPa of hydrogen pressure were studied. The catalysts were characterized by specific area (SBET), electrophoretic migration 
(EM), X-ray photoelectron spectroscopy (XPS) and surface acidity techniques. The highest conversion observed for the catalyst with a Mo loading of 15 wt.% 
was attributed to an increase in the number of active sites due to highly dispersed Mo species. At higher Mo loadings, the formation of Mo aggregates led to lower 
guaiacol conversion. The differences in the phenol/catechol ratio were explained by the acid strengths of the sulfided catalysts.  
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1. INTRODUCTION

The increase in world energy demand during the 21th century and the limited 
oil reserves, in part, have driven the industry to look for new and alternative 
energy sources. In this regard, biomass has generated considerable interests 
because of its renewability and its inertness with respect to CO2 emissions. 
The fast pyrolysis of woody biomass leads to the formation of char, gases and 
liquid products knows as bio-oil (liquor or pyroligneous acid) [1]. However, 
due to its instability and undesirable properties, it is impossible to directly use 
the generated bio-oil as an alternative fuel to conventional petroleum fuels. 
Consequently, studies focusing on upgrading of bio-oil to fungible fuels using 
hydrodeoxygenation (HDO) catalysts have received renewed interests [2, 3]. A 
great number of these studies used model compounds to stimulate the catalytic 
HDO process: 2-methoxyphenol (guaiacol), a highly representative organic-
phase compound of bio-oil, has commonly been used because it possesses two 
different oxygenated functional groups (phenolic and methoxy groups) and 
also because of its refractory character to complete deoxygenation [4].

In recent years, the catalytic behaviors of metals [5], nitrides [6] and 
sulfides [7, 8, 9, 10, 11, 12, 13] for the conversion of guaiacol have been studied. 
Bui et al. [13] studied the effect of support of MoS2 catalysts on the activity 
and selectivity of the HDO of guaiacol. The authors found that the acidity of 
the supports greatly influences guaiacol transformation routes and possible 
catalyst deactivation (through coke deposition on the active sites). However, it 
is important to point out that the acidity of the support does not have exclusive 
control on activity and selectivity: morphological changes in MoS2 induced by 
differences in dispersion, as suggested Hensen et al. [14] in the hydrotreating 
of thiophene, dibenzothiophene and toluene, can also influence activity and 
selectivity. The authors reported that increase in the average layer stacking 
degree of supported MoS2 catalysts favored the hydrogenation pathway due to 
the adsorption on the edges of lamellar structures. In addition, Yang et. al [15] 
demonstrated that low stacking of MoS2 slabs favored hydrogenolysis over 
hydrogenation during the conversion of phenols over bulk MoS2. For supported 
catalysts these results may also depend on the MoS2 content. However, this is a 
largely unexplored area of HDO catalysis. 

The main objective of this work was to study the changes in the activity 
and selectivity in the HDO of guaiacol, influenced by differences in the Mo 
loadings of g-Al2O3-supported MoS2 catalysts.

2. EXPERIMENTAL

2.1 Catalyst preparation
Molybdenum-based catalysts were prepared by the wet impregnation 

method using excess solvent, (NH4)6Mo7O24×4H2O as Mo precursor and 

γ-Al2O3 (Gilder T-126) as support. The Mo loadings used for the catalysts 
preparation were 10, 12, 15, 17 and 20 wt. %. The impregnated catalysts were 
dried at 393 K for 8 h and then calcined at 823 K for 4 h. 

2.2 Characterization of the Catalysts 
The specific area (SBET) and pore volume (Vp) of the catalysts were 

determined from nitrogen isotherms at 77 K using a Micromeritics ASAP 2010 
equipment.  

The surface acidity was performed by potentiometric titration [16],  adding 
0.05 mL of a solution of butylamine in dissolution of 150 mg of sample in 
acetonitrile (0.1 mol / L-1) in constant agitation with a magnetic stirrer. The 
solution was agitated for 3h and then continuing the addition of 0.05 mL of 
butylamine in acetonitrile every 2 minutes until the potentiometric curve tends 
to a constant value of the potential. The glass electrode of Ag / AgCl was used 
and a pH-meter Mettler Toledo MP 220. 

Electrophoretic migration (EM) measurement were performed using a 
Zeta-Meter Inc. 3.0 apparatus using 30 mg of sample suspended in 300 mL 
of KCl (10-3

 molL-1).  KOH or HCl solutions (0.1 mol L-1) were used for pH 
adjustment. The zero point charge (ZPC) for all catalysts was obtained from 
the plot of pH vs. zeta potential, corresponding to the pH value where the curve 
intersects the abscissa.

X-ray photoelectron spectra (XPS) of sulfide catalysts were obtained on an 
Microtech Multilab 3000 spectrometer, equipped with a hemispherical electron 
analyzer and MgKα (1253.6 eV) photon source. Prior to the measurements, 
the catalysts samples were pre-sulfided ex-situ under a flow of 10% H2S/H2 
mixture at 623 K for 4 h. The binding energies (BE) at 74.4 eV were referenced 
to the Al 2p level of the alumina support. 

2.3 Catalytic tests
HDO of guaiacol was carried out in an autoclave reactor operating in 

the batch mode at 573 K under pressure of 50 bar of H2. The liquid reactant 
mixture, 0.232 molL-1 of guaiacol, 0.0125 mol L-1 of CS2, 80 mL of decalin 
and 700µL of hexadecane (internal standard) were introduced to the reactor 
containing 250 mg of pre-sulfided catalyst (ex-situ at 623 K for 4 h under 10% 
H2S/H2 flow). The system was closed, and to avoid any air contamination, 
N2 was bubbled through the dispersion for 10 min. Still under N2, the reactor 
was heated up to the reaction temperature of 573 K under constant stirring. 
When the reaction temperature was reached, the H2 pressure was introduced 
into the reactor up to 50 bar of H2. The pressure was kept constant during 
the course of the experiment by monitoring the high pressure manometer. 
Samples were taken periodically during the reaction, through a sample outlet 
with a temperature below 40 °C, ensuring that all samples are in liquid phase. 
The samples were analyzed on a Perkin Elmer CG (autosystem XL), with a 
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semicapilar column CPSIL-5CB. The specific rate for the total conversion 
of guaiacol was deduced from the plot of the initial slope of conversion as a 
function of time, and expressed in mol g−1 s−1.

The selectivities (%) of phenol and catechol were determined at 10% 
conversion of guaiacol according to Eq. 1:   

Figure 2 shows the acid strength of the calcined and sulfided Mo(x)/g-
Al2O3 catalysts as functions of the Mo loading. For the calcined catalysts it 
is possible to observe that the acid strength increases with Mo loading up to 
15 wt.%. According to the interpretation   of the values of the initial electrode 
potential (Ei,) [16], the catalysts exhibited very strong acid sites. These 
strong acid sites can be attributed to Mo-OH terminal bonds from supported 
molybdenum oxide monomeric or polymeric species. Effectivelly, TopsØe 
and TopsØe [18] showed that a low Mo concentration, the active phase has a 
preferential interaction with the surface hydroxyl groups of alumina, and may 
form tetrahedrally coordinated Mo species, loading to Mo-OH terminal bonds.

     (Eq. 1)

Where Xi is the percentage of formation of phenol or catechol, and XT is 
the guaiacol conversion at 10%. The phenol/catechol ratio was then determined 
from the respective selectivities of each compound.

RESULTS AND DISCUSSION

3.1 Characterization of Mo(x)/g-Al2O3 catalysts.
The specific area (SBET) and total pore volume (Vp) of calcined Mo(x)/

g-Al2O3 catalysts are shown in Table 1. It can be seen that the SBET and Vp 
decrease gradually with the Mo content increases. This result suggests that 
Mo was well deposited inside the pores of the g-Al2O3 support, and that pore 
blockage was limited. 

Figure 1 shows the effect of pH on the zeta potential (ZP) of the Mo(x)/g-
Al2O3 catalysts. The ZPC initially decreased gradually with increasing Mo 
loading up to 15 wt.%. At higher Mo loading, the ZPC was nearly constant 
around a value of 6.8; this behavior is more clearly illustrated on the inset 
of Figure 1. The decrease in the ZPC indicates that the Mo species present a 
homogeneous distribution on the surface of alumina; the invariability of the 
ZPC for catalysts with Mo loadings higher than 15 wt.% indicates that the 
coverage of the free-surface of the support by Mo species was stalled because 
of their likely deposition in the form of multilayers. Similar behavior has been 
previously observed by Gil-Llambías et al. [17]. 
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Figure 1: Effect of pH on the zeta potential of the alumina support and 
Mo(x)/g-Al2O3catalysts. Inset: variation of the zero point charge (ZPC) of 
Mo(x)/g-Al2O3 catalysts with Mo loading. 

Table 1. Mo content, specific surface area (SBET) and total pore volume 
(Vp) of oxided samples.

Catalysts Mo (%)
Vp

(cm3 g-1)

SBET

(m2 g-1)

g-Al2O3 -- 0.38 220

Mo(10)/g-Al2O3 10 0.36 210

Mo(12)/g-Al2O3 12 0.36 200

Mo(15)/g-Al2O3 15 0.34 190

Mo(17)/g-Al2O3 17 0.30 170

Mo(20)/g-Al2O3 20 0.31 170

Figure 2: Effect of Mo loading on acid strength of oxided and sulfided 
Mo(x)/g-Al2O3 catalysts.

The decrease in acid strength at Mo loadings over 15 wt.% is attributed 
to growth in formation of three dimensional  MoO3 particles, [19], probably 
forming clusters (Mo-O-Mo species) which decreases Mo-OH groups, in 
agreement with the results from EM measurements. Moreover, Figure 2 shows 
that after sulfidation the acid strength of the catalysts decreased significantly. 
This trend can be attributed to the fact that the sulfiding process causes the Mo-
OH bond to be replaced by the less acidic Mo-SH of the Mo 4+ ions, as suggested 
by Arnoldy et al. [20]. Also, the Figure 2 show that the acid strength of sulfides 
catalysts decreases with the Mo content up to 15 wt.%, then increases. The 
site acid of sulfides catalysts can be related with free Al-OH bonds of support 
together with Mo-SH bonds; therefore the decreases in the acid strength up to 
15 wt.% of Mo can be attributed to decreases of free Al-OH bond of support 
by increases homogeneous distribution of MoS2. However, the formation of 
aggregates of MoS2 and/or oxysulfides species over 15 wt.% of Mo could favor 
the slightly increases in the acid strength.

The XP spectra of all sulfided catalysts in the Mo 3d region (not shown) 
exhibited two partially overlapped doublets, each one containing the Mo 3d5/2 
and 3d3/2 peaks: the binding energies (BE) of these peaks are summarized in 
Table 2. The primary Mo 3d5/2 component of the most intense doublet remained 
constant (at about 229.2 eV) over the whole considered Mo loading range, 
corresponding closely to the value reported for Mo (V) species attributed to 
MoS2 phase [21, 22, 23]. The Mo 3d5/2 peak of the less intense doublet remains 
constant at BE close to 232.2 eV, and can be assigned to molybdenum oxysulfide   
species [24, 25]. These observations show that Mo sulfidation was incomplete 
due to strong interaction between the support and the Mo specie; these results 
are in agreement with the relative proportion of Mo (shown in parenthesis in 
Table 2) derived from XPS measurements. The relative proportion of surface 
MoS2 species was around of 82 % for the catalysts with Mo loading between 10 
to 17 wt.%. On the other hand, Table 2 shows that Mo/Al atomic ratio increases 
with the Mo loading; this behavior is better illustrated in Figure 3. The Mo/
Al atomic ratio increases linearly with metal loading up to 15 wt. %; at higher 
Mo loadings above 15 % positive deviation from linearity was observed. This 
deviation over 15 % of Mo/Al atomic ratio suggests a re-dispersion of Mo 
species over the surface. However, EM results showed that over 15 % of Mo, 
occurs the formation of MoS2 aggregates. Therefore, the deviation in the Mo/
Al atomic ratio over 15 % must be to an overestimated experimental observed 
at higher Mo loadings attributed to the aggregates formation  of oxysulfide 
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species over monolayer, leading to a lower quantity of exposed support surface 
and consequently an increases considerably in the Mo/Al atomic ratio. This 
overestimation also have been observed in the Re(x)/C catalysts by Lagos et 
al. [26]. 

Table 2.  XPS binding energies (eV) and surface atomic ratios of sulfide 
catalysts. 

Catalysts Al2p
(eV)

Mo 3d5/2
(eV)

S 2p
(eV) Mo/Al

Mo(10)/g-Al2O3 74.5 229.1 (83)
232.3 (17) 162.0 0.064

Mo(12)/g-Al2O3 74.5 229.2 (82)
232.3 (18) 162.0 0.080

Mo(15)/g-Al2O3 74.5 229.2 (82)
232.2 (18) 162.0 0.117

Mo(17)/g-Al2O3 74.5 229.2 (83)
232.2 (17) 162.0 0.156

Mo(20)/g-Al2O3 74.5 229.1 (76)
232.1 (24) 162.0 0.176

Figure 3: Relationship between the Mo/Al atomic surface ratio and the 
nominal surface density of Mo for Mo(x)/g-Al2O3 catalysts.

3.2 Catalytic activity
The evolution of the transformation of guaiacol and the yield of products 

for the Mo(x)/g-Al2O3 catalysts are shown in Figure 4. The variation of the 
reactant and products with time can be explained by reaction schemes proposed 
by Laurent and Delmon [8] and complemented by Bui et al. [13]. On the basis 
of this reaction scheme, the majority of the reaction proceeded through the 
direct demethoxylation route (DMO) to form phenol via hydrogenolysis of 
the aromatic carbon–oxygen bond. The second reaction pathway involved 
hydrogenolysis of the O–CH3 bond (demethylation route, DME) on guaiacol 
to form catechol, which was then transformed to phenol. Subsequently, further 
hydrodeoxygenation leads to benzene, hexane, cyclohexene and cyclohexane. 
In relation to formation of secondary products, X. Zhu et al [27] found that 
the presence of acid sites in the catalyst favour the formation of methyl 
phenolic compounds (methylcatechols, methylphenols, etc.), attributed to the 
transferred of methyl from the methoxyl groups to the aromatic ring through 
acid catalyzed transalkilation reactions. This transfer can only occur when the 
metal is in intimate contact with the acidity of the support. In addition, some 
investigations have shown that the interaction of phenolic compounds with 
sulfided catalysts and the acid sites presents in the catalysts produces the coke 
poisons [8, 28-30]. In fact, Popov et. al. [31] studied the adsorption of different 
phenolic groups on (Co)Mo/Al2O3 catalysts demonstrated that the guaiacol 
anchor on the alumina support as phenate-type species, and interact also with 
the sulfide phase poison the actives sites.
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Figure 4: Variation of the transformation of guaiacol and the yield of 
products with time over Mo(x)/g-Al2O3 catalysts, a) 10 wt%, b) 12 wt%, c) 15 
wt%, d) 17 wt% and e) 20 wt%.

Table 3. Catalytic activity of sulfided catalysts.

Catalysts
Mo(x)/g-Al2O3

Specific initial rate
(x 106mol gcat

-1s-1)
R(phenol/catechol)
(10% conv.)

Mo(10)/g-Al2O3 3.04 0.21

Mo(12)/g-Al2O3 3.87 0.26

Mo(15)/g-Al2O3 4.28 0.55

Mo(17)/g-Al2O3 3.74 0.34

Mo(20)/g-Al2O3 3.22 0.34

In summary, Figure 5 shows that the principal route favoured by Mo(x)/g-
Al2O3 catalysts for the transformation of guaiacol was the DME route. The 
detected products from this reaction were phenol and hydrodeoxygenated 
compounds, while no possible secondary products were detected. 

The initial guaiacol conversion rates of the all catalysts are summarized in 
Table 3 and illustrated in Figure 6. The initial rate increases with Mo loading 
up to 15 wt.% and then decreases at higher Mo loading, as demonstrated in 
Figure 6. The increase in the initial specific rate up to 15 wt.% loading could be 
attributed to an increase in the active sites due to the homogeneous distribution 
of Mo on the surface.  Considering that the active sites in the HDO are similar 
to the HDS on sulfide catalysts, is possible to do the comparison in relation 
to morphology of sulfide catalysts. In this context, different authors proposed 
that hydrogenolysis/hydrogenation ratio is strongly depends of the stacking and 
length of sulfide catalysts [32-34]. In fact, these authors found that in the HDS 
reactions, the increase in the activity is correlated to the formation to the edge 
planes of MoS2.  This is consistent with the observation that the Mo species 
were deposited homogeneously up to about 15 wt.% content according to the 
EM (in the oxide state) and XPS (in the oxysulfide state) measurements. Further 
increase in Mo loading leads to the formation of aggregates of oxysulfide 
Mo species, which are associated to decrease in the number of active sites; 
consequently, there is a slight decrease in initial specific rate for the conversion 
of guaiacol.

The selectivity, expressed by the phenol/catechol ratio calculated at 10% 
of conversion of guaiacol, is shown in Table 3. It can be observed that the 
phenol/catechol ratio increases up to 15 wt.% of Mo and then subsequently 
decreases. These results confirm that the phenol/catechol ratio is related with 
the acid strength of catalysts. In fact, the strong acid sites favour the DME 
route while weak acid sites favour the DMO route previously reported [11, 35].   

4.- CONCLUSION

The increase in the specific initial rate up to 15 wt.% of Mo loading was 
attributed to greater numbers of active site due to highly dispersed Mo species. 
Higher Mo loadings lead to the formation of Mo aggregates which causes 
decrease in the initial guaiacol conversion rate. On the other hand, the strong 
acid sites of the Mo(x)/g-Al2O3 sulfide catalysts favoured the DME pathway to 
initially produce catechol which was then converted to phenol. 

Figure 5: Reaction scheme of conversion of guaiacol from ref [8, 13] 

Figure 6: Specific initial rate of Mo(x)/g-Al2O3 catalysts.
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