Hydrodeoxygenation of 4-Methylphenol over Mo Catalysts
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Introduction

Bio-oils derived from the pyrolysis of bio-mass contain high amounts of oxygen
(>10 wt.%) that contribute to the low heating value, high viscosity, and instability of these oils
[1]. Removal of the oxygen by hydrodeoxygenation (HDO) of bio-oils has been mostly
reported over Co/Ni promoted MoS, catalysts [2]. Furimsky et al. investigated the HDO of
substituted phenols using oxidic and sulfided CoMo/ALOs. Overall, the conversion over the
two catalysts was similar [3]. Matsuda et al. have shown that bulk MoO; with a surface area of
5 m?/g can be transformed into a microporous MoOy catalyst with an increased surface area of
180 mz/g after reduction in H, at 623 K [4]. Bunch and Ozkan concluded that reduced MoO,
catalysts carry out the same hydrogenolysis function as sulfided catalysts for the HDO of
benzofuran [2]. The objective of this study is to further examine the effect of the oxidation
state and ligand of Mo catalysts on the HDO of 4-methylphenol.

Materials and Methods

Reactions were carried out in a 300 mL stirred-batch reactor at 598-648 K and 4.14-
4.83 MPa H,. 4-Methylphenol (4MP) was used as a model reactant at 2.96 wt% in 100 mL
decalin. The reactant solution was slurried in the reactor with 11,000 ppm Mo catalyst. MoS,,
MoO,, and MoOs; (Sigma Aldrich) were tested without pretreatment. The catalysts were
characterized by means of XRD, TPR, and BET analysis. Reaction products were identified
and quantified via GC/MS analysis. The experimental data were used to examine the reaction
pathway and kinetics of the reaction.

Results and Discussion

Toluene was the main reaction product over MoO,, MoS,, and MoOs catalysts.
Hydrogenation products methylcyclohexane, 1-methylcyclohexene, and 4-methylcyclohexene
were also produced. Small amounts of isomerization products, such as ethylidenecyclopentane,
ethylcyclopentane, 1,3-dimethylcyclopentane, and 4,4-dimethylcyclopentene were detected.
Table 1 displays the selectivity of the quantified products from the HDO reaction at 598 K and
4.14 MPa. The product distribution for the HDO of 4MP over MoO; was found to be a strong
function of temperature. As the temperature increased the degree of hydrogenation and
cracking increased. For example, at 648 K the formation of new products such as
dimethylbenzene and hexane occurred. After 60 minutes the selectivity to methylcyclohexane
over MoO; was 7.20% at 598 K increasing to 15.4% at 648 K. However, temperature did not
affect the degree of hydrogenolysis over the MoOs catalyst since all products were oxygen
free. Hydrogenolysis was found to be the primary reaction followed by the hydrogenation of
toluene to saturated products.

MoOs was found to be more active than MoO, and MoS, for the HDO of 4MP (Table 1).

MoO; exhibited the lowest surface area and highest activation energy (118 kJ/mol) for HDO,
compared to 109 kJ/mol on MoO,,

Significance

MoO, and MoS,, with molybdenum oxidation states of (IV), had similar surface
areas, rate constants and selectivities for the HDO of 4MP. Both catalysts had the same degree
of hydrogenolysis, but differed in hydrogenation selectivity - with MoS, having a higher
selectivity for complete hydrogenation to m-cyclohexane. The Mo ligand had a minor effect on
the activity of the HDO reaction, and a small effect on product selectivity. Overall, the
oxidation state of the Mo played the most significant role in determining the activity and
degree of hydrogenolysis.

The surface areas reported in Table 1 are those of the fresh catalysts. The surface area of MoOs
increased from 0.3 m%g to 3.5 m%g after reaction at 598 K in H,. At the reaction conditions
full reduction of MoOs to MoO or zero valent metal does not occur. During TPR, less than 1%
reduction of MoOs occurred at 598 K but the catalyst’s color changed from light green to dark
blue (TPR), indicative of Mo oxidation states between (V) and (VI) [5]. The exterior phase of
MoO:s is likely reduced to a form of Mo,Oy and MoyO,H, at the reaction conditions. Thus, it is
suggested that this reduced exterior phase dispersed on MoO; performs the removal of oxygen
from 4MP with high selectivity. The higher oxidation state (Mo(V) versus Mo(IV)) increased
HDO activity, likely because Mo(V) is a strong electron acceptor for the oxygen of 4MP.
Opverall, both the Mo oxidation state and catalyst surface area play a role in the activity of the
catalyst.

The data presented herein will also be compared to MoP catalysts, which have been shown to
be active for HDO processes [6].

Table 1. 4MP HDO at 598 K and 4.14 MPa H,.

Cat. Surface k smp After approximately 4 h.
Area (mL.s".moly,") | Xave | Toluene | m-Cyclo- | 4-m-Cyclo-
(m%/g) (%) (%) hexane hexene
(%) (%)
MoS, 4.2 0.292 26.4 71.1 10.3 5.7
MoO, 5.3 0.294 24.7 68.5 3.8 10.1
MoOs 0.3 1.26 70.7 59.0 14.4 6.6
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