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MoO,is an effective catalyst for the hydrodeoxygenation (HDO) of lignin-derived oxygenates to

generate high yields of aromatic hydrocarbons without ring-saturated products. The catalyst is

selective for the C—O bond cleavage under low H, pressures (<1 bar) and temperatures ranging

from 593 to 623 K. A bond-dissociation energy analysis of relevant phenolic C-O bonds indicates
that the bond strengths follow an order of Ph-OH > Ph-OMe > Ph-O-Ph > Ph-O-Me. However, for
all model compounds investigated, the MoO, catalyst preferentially cleaves phenolic Ph-OMe

bonds over weaker aliphatic Ph-O-Me bonds. Characterisation studies reveal that the catalyst

surface undergoes partial carburisation as evidenced by the presence of oxycarbide- and
oxycarbohydride-containing phases (i.e., MoO,C,H,). The transformation of bulk phases and the
surface modification of MoO, by carbon/H, are investigated to understand the role of surface

carbon in the stabilisation and enhanced activity of the partially reduced MoO, surface.

Broader context

The global economy is anticipated to grow four-fold by 2050 and energy
demand is projected to increase by 56% between 2010 and 2040.[1,2]
Currently, most energy-consuming sectors, especially the transportation
sector, rely heavily on non-renewable fossil-based fuels to meet their energy
requirements. Not only are fossil fuels undergoing fast depletion, but also
their use results in the emission of greenhouse gases, which can increase up
to 130% by 2050 at current rates.[1] Alternative energy sources must be
developed to meet the projected energy demand in the future in a
sustainable and environmentally conscious manner. Bio-oils generated via
biomass fast pyrolysis represent an attractive avenue for the production of
renewable fuels and chemicals. The key challenge in bio-oil upgrading is the
development of a catalytic system that can efficiently deoxygenate various
classes of compounds, particularly from the lignin-derived fraction, under
mild reaction conditions. Lignin-derived phenolic compounds are much
more refractory than other types of oxygenates found in biomass, requiring
high H, pressures and catalysts containing precious metals for upgrading. In
this contribution, we show that MoOj; is a promising catalyst to selectively
transform various phenolic compounds into aromatic hydrocarbons in high
yields using low H, pressures by eliminating oxygen-containing functional
groups without saturating the aromatic ring. The catalyst’s original activity
can be retrieved by simple calcination, thus showing that it is not only highly
active and selective, but also robust.

This journal is © The Royal Society of Chemistry 2012

Introduction

The utilisation of lignocellulosic biomass as a source of
renewable carbon for the production of fuels and chemicals has
garnered much attention in the last decade. Among the various
technologies  investigated for lignocellulosic  biomass
processing, fast pyrolysis and catalytic fast pyrolysis have
emerged as attractive and economically viable options.[3-5]
Although the liquid products from these pyrolysis processes,
(i.e., bio-oil) exhibit moderate energy densities, they cannot be
directly wutilised as transportation fuels without a prior
upgrading step. Further upgrading is required because oxygen
and water content of bio-oil is too high, resulting in several
drawbacks that include low energy density, immiscibility with
hydrocarbons, and wide variation in boiling point
temperatures.[6,7] Moreover, bio-oil has high acid content,
making it very reactive and unstable during transportation and
storage. Bio-oil is considered a hydrogen-deficient feedstock,
requiring the use of hydrogen for all upgrading processes.
Hydrogen can be obtained from different sources, including
steam reforming of methane abundant shale gas reserves,
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catalytic reforming of biomass-derived feedstock, or, ideally,
solar-based water splitting. [8]

Lignin-derived phenolic compounds represent a significant
fraction of bio-oil. Lignin comprises up to 30 wt% of
lignocellulosic biomass and it is composed of a heterogeneous,
amorphous matrix of polyaromatic units featuring numerous
ether linkages (C—O-C), as well as hydroxyl (-OH), and
methoxyl (-OMe) side groups. Unfortunately, these phenolic
molecules are much more refractory than sugar-derived
oxygenates and their effective processing currently represents
one of the grand-challenges in bio-oil upgrading.[9-11]

Hydrodeoxygenation (HDO) of biomass components
involves direct removal of oxygen from bio-oil via C—O bond
cleavage. HDO processes for phenolic compounds are
challenging since high yields of aromatic hydrocarbons can
only be achieved by selectively cleaving the strong C—O bond
without hydrogenation the aromatic ring. Excellent reviews are
available on HDO catalysts for lignin-derived molecules that
highlight the main bottlenecks faced during processing.[12,13]
Supported noble metals such as Ru, Rh, Pd, Pt, Re, as well as
base metals, such as Cu, Ni, Fe and their heterometallic alloys
are active for hydrogenation/hydrogenolysis reactions, but
demand high H, pressures and high temperatures, which
typically promote saturation of all double bonds.[14 15].
Molybdenumbased sulphides (such as MoS,, NiMoS,, and
CoMoS,), the typical industrial hydrotreating catalysts in
refining, are active HDO catalysts under high operating H,
pressures (15-80 bar), but experience a rapid deactivation in the
absence of a sulphur source and are sensitive to coke formation
and water poisoning.[16-18] Metal phosphides, such as Ni,P,
have shown higher HDO activity than commercial sulphide
catalysts for the conversion of guaiacol into phenol and
benzene.[19,20] Recently, Hicks and co-workers showed that a
bimetallic FeMoP catalyst is active and selective for C—O bond
cleavage of phenolics and aryl ethers in the liquid phase,
producing benzene with selectivities exceeding 90% at 673 K,
but require H, pressures in the range of 21-42 bar.[21]
Bifunctional (metal/acid) catalysts consisting of noble metals
supported on acid supports, such as Pt/H-Beta and Ga/H-Beta,
generate aromatics (benzene, toluene and xylene) during
vapour-phase processing of anisole and m-cresol feeds under
atmospheric H, pressure at 673—823 K and in aqueous phase
conditions under high H, pressures (>50 bar) but only in
moderate yields.[22-33]

Many challenges remain for the development of HDO
catalysts for bio-oil upgrading that do not use expensive noble
metals, that utilise minimum amounts of H, (i.e., low H,
pressures), and feature high stability. Recently, we
demonstrated that MoO; is an attractive, earth-abundant
catalyst active for the HDO of various biomass-derived
oxygenates, including aliphatic and cyclic ketones, furanics,
and phenolic feeds. Importantly, it was shown that MoO;
selectively cleaves C—O bonds to produce olefinic and aromatic
hydrocarbons, with high activity and selectivity using low H,
pressures (<1 bar).[34] We inferred that oxygen vacancies play
an important role in the reaction mechanism, but the nature of
the active site(s) was not identified. Chen and co-workers
presented a similar catalytic behaviour on transition-metal
carbide catalysts, for the conversion of C; oxygenates (e.g.,
propanal, propanol and acetone) into propylene under low H,
pressures and temperatures between 573—653K.[35,36]

In this contribution, we report the high selectivity, stability,
and hydrogen efficiency of MoOj; catalysts to produce aromatic
hydrocarbons from a set of lignin-derived model compounds

2| J. Name., 2012, 00, 1-3

that represent the spectrum of C—O bonds present in real lignin
fractions. Bond-dissociation energies (BDEs) of relevant C—O
bonds involved in the HDO of these model compounds were
estimated by density functional theory (DFT) computational
methods. Next, catalyst performance, temperature effects,
stability, and regenerability were investigated and compared
with predicted reactivity trends from the BDE analysis. Finally,
catalyst characterisation methods during the course of the HDO
reaction were used to reveal the transition of the catalyst
surface from an oxide phase to oxycarbide and
oxycarbohydride phases. Systematic catalyst pretreatments
were performed to gain understanding of the nature and genesis
of surface active sites.

Experimental section

Chemicals and materials

Phenol (299 wt%), m-cresol (99 wt%), anisole (>99 wt%),
guaiacol (=98 wt%) and diphenyl ether (=99 wt%) obtained
from Sigma-Aldrich were used as feeds with no further
purification. H, (99.999%, Airgas) and He (99.998%, Airgas)
were used as a reactant in the reaction experiments, and as an
inert carrier gas, respectively. O, (99.999%, Airgas) and air
(zero grade, Airgas) were used for catalyst regeneration. Iso-
butane (Airgas) and zinc granules (-20 mesh, 99.8%, Alfa
Aesar) were used during the synthesis of molybdenum
oxycarbohydride. Commercial molybdenum(VI) oxide, MoO;
(299.5 wt%), molybdenum(IV) oxide, MoO, (=99 wt%), and
molybdenum carbide, Mo,C (=99.5 wt%) were purchased from
Sigma-Aldrich. Prior to reaction, MoOj; was calcined at 873 K
(Witl} a ramp rate of 10 K min™") for 3 h under air flow (100 mL
min™).

A phase pure molybdenum oxycarbohydride (MoO,C,H,)
sample was synthesised according to the procedure used by
Glemser and Lutz.[37] Briefly, bulk commercial MoO; was
added into a 4N HCI aqueous solution containing an excess
amount of Zn granules. Evolved hydrogen generated in-situ
intercalates between the layers of MoOj; to form a hydrogen
bronze. The resulting slurry was washed with a generous amount
of deionised water to remove ZnCl, and remaining HCl. The
absence of chlorine ion was detected by AgNO; test, and the
excess Zn granules were sieved out. The hydrogen bronze of
molybdenum oxide was treated with a flow of H,/i-butane (200
mL min™!, 3:1 v/v H,:i-butane mixture) at 623 K for 12 h to
produce the oxycarbohydride.[38,39] The final product was dried
under vacuum and stored under moisture- and oxygen-free
conditions.

Catalyst activity measurement

The catalytic testing experiments were conducted in a vapour-
phase packed-bed flow reactor system. A stainless steel tube of
0.95 cm OD (wall thickness 0.089 cm) was used as the reactor,
which was mounted in an insulated single-zone furnace
(850W/115V, Applied Test Systems Series 3210). Temperature
was controlled using a thermocouple mounted slightly
downstream of the catalyst bed (Omega, model TJ36-CAXL-
116u) connected to a temperature controller (Digi-Sense, model
68900-10). The MoOj; catalyst bed (20—300 mg) was mixed
with an inert (a-alumina, Sigma-Aldrich) sieved through a
100200 mesh. The bed volume was typically 2 mL and
situated in the middle of the furnace. Liquid reactants were
introduced into the reactor via a syringe pump (Harvard

This journal is © The Royal Society of Chemistry 2012
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Apparatus, model 703005). In the case of phenol feed, the solid
reactant was mixed with an unreactive solvent, (e.g., 20 wt% in
mesitylene), prior to loading into the syringe. Carrier He gas or
reactant H, gas was mixed with vapourised reactants at the inlet
of the reactor. Each experiment was carried out at 573-673 K
and atmospheric pressure with a constant total gas flow rate of
70 mL min™'. All experiments were carried out under conditions
free of mass transfer limitations.[34] The space-time (W/F),
expressed in gcy (Mmolpeeq h™)!, is defined as the ratio
between the mass of the catalyst and the molar feed rate of the
reactants. For catalyst regeneration experiments, spent catalysts
were calcined in situ under pure O, or air at 593—673 K for 3 h.

Product analysis and data evaluation

The reactor effluent lines were heated at 523 K to prevent any
condensation of products, which were directly analysed and
quantified by an online gas chromatographer equipped with a
flame ionisation detector (GC—FID, Agilent Technologies,
model 7890A) equipped with a DB-5 column (Agilent, 30 m x
0.25 mm id, 0.25 pm). The GC was operated with ultra-high
purity helium as the carrier gas at a constant flow rate of 1.0 mL
min"'. The GC parameters used for the analysis were as
follows: injector temperature 523 K; detector temperature 573
K; split ratio 1:100. The temperature program started at 343 K
and held for 5 minutes; then the temperature was increased at
20 K min" to 533 K, followed by a 7-min hold. Product
identification was performed using a mass selective detector
(MSD, Agilent Technologies, model 5975C). The nature and
quantity of carbon residues on spent catalysts were analysed by
a combination of thermogravimetric analysis (TGA, TA
Instruments TGA-Q500) and mass spectrometry (MS, Hiden
Analytical HPR-20/QIC). The TGA-MS experiments were
performed by using 5 vol% O,/He with a total flow rate of 100
mL min~'. The temperature was ramped from 323 K to 923 K
with a heating rate of 7.5 K min ' and held at the final
temperature for 30 min. The evolution of CO, (m/z = 44) and
H,0 (m/z = 18) were continuously monitored by the MS.

The following definitions are used to quantitate
experimental data:

moles of carbon in reactant consumed
moles of carbon in reactant fed

Conversion% = x100 (1)

Selectivity to hydrocarbons%
sum of moles in aromatic products

= X
moles of carbon in reactant consumed 100

@)

sum of carbon in product

- o/ —
Yield% moles of carbon in reactant fed

%100

3)

The catalyst deactivation profiles were obtained using a first-
order decay kinetic model.[40] The activity of the catalyst is
given by:

P /N rate of reaction A at any time ¢ 4
aft) —Fa(fresh)  rate of reaction A with fresh catalyst “)
For first-order decay:

1
() = exXp(~peas ). Where a) = C Ln( =) )

Combining gives:

This journal is © The Royal Society of Chemistry 2013
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1
Ln LH(E) = —kpeactt + C’

(6)
where x = fractional conversion, kpe, = first-order deactivation
rate constant, and 7 = time.

Characterisation

The powder X-ray diffraction (PXRD) patterns of fresh and
spent catalyst samples were recorded on a Bruker D8 Discover
diffractometer, equipped with a Nickel-filtered Cu-Ka radiation
(A = 1.5418 A). Diffraction data recorded on a 2D image plate
were integrated between 20° and 90° 20. The surface area was
determined by nitrogen adsorption/desorption experiment using
a Quantachrome Autosorb iQ automated gas sorption system.
X-Ray photoelectron spectroscopy (XPS) data were collected
using a PHI Versaprobe II equipped with a multichannel
hemispherical analyser and aluminium anode X-ray source
operating at 100 W with a 100-um beam scanned over a 1.4-
mm line across the sample surface. A dual-beam charge
neutralisation system was used with an electron neutraliser bias
of 1.2 eV and Argon ion beam energy of 10 eV.

Computational methods

Lignin-derived model compounds and their corresponding
radicals were fully optimised at the DFT/B3LYP/6-311+G(d,p)
level of theory using Gaussian 09 software.[41,42-44]
Frequency calculations were performed at the same level of the
theory to characterise the stationary points and evaluate the
energetics. The homolytic C—O bond-dissociation energies
(BDEs) of the compounds were estimated from the expression:
C,—0y, > C,"+0,° (N
where C,—O, = parent lignin-derived compounds; C,* = phenyl,
its derivative or methyl radicals; and O," = hydroxy, methoxy
or phenolate radicals. The C—O BDEs were calculated as
follows:

BDE = H(C,*) + H(O,") — H(C,—O,) ®)
where H(i)s are the enthalpies of different species i, at 593 K in
the gas phase.

Results and discussion

C—O BDE analysis

The energetics of the different types of C—O bonds in lignin-
derived model compounds were computed to gain insight into
HDO processes. Three types of C—O bonds were considered: 1)
the bond between Cpyromatic and Opygroxy (i.€., Ph—OH); 2) the
bond between Caromaiic and Opjehoxy (i-€., Ph—OMe); and 3) the
etheric bonds between Oppeporate aNd Chtetnyt O Caromatic (i-€., Ph-
O—Me or Ph—O—Ph, respectively). The C—O BDEs of three
monolignols featuring these types of bonds, namely p-coumaryl
alcohol (Cou), coniferyl alcohol (Con) and sinapyl alcohol
(Sin) were calculated to assess the effect of type, number, and
position of the functional groups on the BDE. (see Fig. S1) The
p-coumaryl alcohol, containing a cinnamyl alcohol unit with
one —OH substituent, possesses one C—O bond with
BDE(Ph—OH)c,, of 106.7 kcal mol'. Coniferyl alcohol
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contains three different C—O bonds with BDEs of 105.2 kcal
mol!, 90.7 kcal mol™, and 54.2 kcal mol! for (Ph—OH)cqp,
(Ph—OMe)con, and (Ph-O—Me)c,,. respectively. Sinapyl alcohol,
contains one —OH and two —OMe substituents, with calculated
BDEs of 108.4 kcal mol”, 91.1£1.3 kcal mol”, and 51.2+3.1
kcal mol! for (Ph—OH)g;,, (Ph—OMe)s;,, and (Ph-O—Me)s;,,
respectively. The calculations indicate that the BDEs of each
type of C—O bond are not influenced significantly by the
number or type of additional substituents, and follow an order
of Ph—OH (106.8+1.6 kcal mol'") > Ph—-OMe (91.5+1.4 kcal
mol™!) > Ph-O—Me (52.243.5 kcal mol ™). The estimated BDE
numbers and trend are consistent with previously-reported
experimental values.[45]

A similar BDE analysis was applied to the model
compounds phenol, m-cresol, anisole, guaiacol, and diphenyl
ether. The energetics of C—O bonds in the model compounds
correlate well with those in the real lignin monomers and show
a trend of Ph—OH > Ph—OMe > Ph—O—Ph > Ph-O—Me (see
Fig. 1). Specifically, the BDEs of (Ph—OH) in phenol (106.1
kcal mol™), m-cresol (106.0 kcal mol™) and guaiacol (109.2
kcal mol™") are similar to the average (Ph—OH) BDEs in the
monolignols (106.8%1.6 kcal mol™"). Similarly, comparable
values were obtained for the (Ph—OMe) and (Ph-O—Me) bonds
of anisole and guaiacol when compared to the analogous groups
in sinapyl alcohol. The BDE for diphenyl ether,
BDE(Ph—O—Ph) was 69.7 kcal mol™!, which lies in between the
BDEs for (Ph—OMe) and BDEs(Ph-O—Me). As expected, the
BDE analysis shows that an etheric C—O bond (i.e., Ph—O—Ph
and Ph-O—Me) is weaker than a phenolic C—O bond (e.g.,
Ph—OH and Ph—OMe).

Conversion of lignin-derived model compounds

Table 1 shows the total conversion and the corresponding
product distribution from reacting lignin-derived model
compounds with MoO; under atmospheric pressure at 593 K
and identical contact time (W/F, defined as gc, (Mmolgeeq
h™")™"). Prior to each run, the catalyst was treated under flowing
H, at 593 K for 3 h. Phenol was converted to benzene with, a
selectivity of 94% at 29% conversion. Neither cyclohexane nor
cyclohexene was observed in the product mixture, thus
indicating that deoxygenation via ring saturation followed by
dehydration is unlikely and instead suggests a pathway
involving direct C—O bond cleavage. Similarly m-cresol was
converted to toluene with 99% selectivity at 49% conversion.
At 79% conversion, anisole yielded 44% benzene and 20%
alkylbenzenes. Minor phenolic products included phenol,
methyl anisole, cresol, and alkylphenols with yields of 2%, 1%,
3%, and 3%, respectively. In a similar manner, benzene,
alkylbenzenes, phenol, and alkylated phenols were mainly
produced from guaiacol with yields of 12%, 9%, 31% and 9%,
respectively, while methane (6% yield) and methanol (2%
yield) were also detected as minor products. Diphenyl ether was
selectively converted to benzene with 87% selectivity at 83%
conversion. Overall carbon balances typically exceeded 94%,
with the remaining carbon being assigned to soft coke and
carbon intercalation into the oxide lattice, as analysed by TGA—
MS and XRD of the spent catalysts (vide infra).

These reactivity data suggest that MoO; promotes both
deoxygenation and demethylation/transalkylation reactions in
the presence of methoxy substituents in the ring. To identify
primary products, the HDO of anisole was investigated under
differential conditions. As shown in Table 2, the ratio of total
aromatic hydrocarbons to total phenolic intermediates is
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approximately 1:1 when extrapolated to 0% conversion.
Consequently, the selectivity to aromatic hydrocarbons
continues to increase with increasing conversion once the
phenolic intermediates also undergo HDO reactions. These
results indicate that the strength of the relevant C—O bonds in
the feed molecules cannot always explain observed product
distributions. Thus, it is expected that the weaker etheric C—O
bonds of an aryl ether (e.g., Ph—O—Ph bond of diphenyl ether)
or a methoxy group (e.g., Ph-O—Me bond of anisole or
guaiacol) would be more reactive than the Cpomaic—O bonds
(e.g., Ph—OH bond of phenol or guaiacol, and Ph—OMe bond of
anisole or guaiacol). However, while diphenyl ether showed the
highest level of conversion amongst the model compounds
investigated, the model compounds containing, methoxy
groups, such as anisole and guaiacol, showed that
demethylation/transmethylation  reactions resulting from
cleaving weaker aliphatic C—O bonds to yield phenolic
products and methane do not dominate over phenolic Ph—OMe
bond cleavage to produce benzene, methanol, and other
transalkylated aromatic hydrocarbons directly. As expected, the
yield of aromatics increases with increasing conversion (see
Table 2). Specifically, the selectivity toward aromatic
hydrocarbons increased from 40 to 82% when the conversion
increased from 6 to 79%. Note that MoOj effectively minimises
carbon loss in the final product by promoting transmethylation
reactions of the methanol byproduct and/or the anisole feed
itself with the aromatic ring to form alkylbenzenes.

Catalyst stability

Fig. 2 shows the results of investigating catalyst stability over a
temperature range of 573 K to 673 K using m-cresol as feed.
The MoOj catalyst bed was treated under flowing He during the
temperature ramp, and once the target temperature was reached,
the feed/H, mixture was introduced. At the highest reaction
temperature (i.e., 673 K), complete m-cresol conversion was
observed at short time-on-stream (TOS). However, rapid
deactivation ensued to reach ca. 10% conversion after 4 h,
followed by a slower deactivation rate from 4 to 7 h TOS. (see
Fig. 2a). A first-order deactivation model accurately captures
the deactivation profile, generating kpe,e of 0.898 h™! and 0.156
h' for the 0-4 h and 4-7 h regimes, respectively. This catalytic
behaviour is consistent with results obtained previously with
MoO; during acetone HDO under similar reaction
conditions.[34] At a lower reaction temperature (i.e., < 623K),
the catalyst showed drastically slower deactivation kinetics.
Specifically, at temperatures below 623 K, a single deactivation
regime exists in the 24 h period investigated (see Figs. S2) and
first-order deactivation constants of 0.149 h™', 0.058 h™', 0.048
h! were obtained for data collected at 623, 593 and 573 K,
respectively (see Fig. 2b). These values translate to deactivation
rates that are ~6, ~15, and ~19 times slower than the
deactivation rate observed at 673 K. Interestingly, an induction
period was observed wherein the catalyst requires ca. 1 h to
display full catalytic activity. We hypothesise that the catalyst
surface undergoes an in-situ modification during the induction
period which promotes both increased activity and stability. An
optimal temperature of 593 K was used for all further HDO
studies.

Spent catalyst analysis

To gain a better understanding of the deactivation
mechanism and the observed induction period, the spent

This journal is © The Royal Society of Chemistry 2012
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catalysts were characterised using PXRD, TGA-MS, and XPS.
PXRD patterns in Fig. 3 indicate that MoOj; undergoes drastic
phase transformations regardless of the reaction temperature
used. Specifically, analysis of the spent catalyst used at 673 K
shows that MoO; reduces into a catalytically-inactive MoO,
phase, which is consistent with the observed fast deactivation at
this temperature (see Fig 3d). Ressler and co-workers used in
situ XRD and XAFS techniques to show the transformation of
MoO; into MoO, at temperatures above 623 K.[46] At
temperatures below 623 K, a mixed phase consisting primarily
of MoO,C,H, with minor MoO, impurities was identified. The
identity of the oxycarbohydride was confirmed by comparing
PXRD patterns of the spent catalyst with a phase pure
MoO,C,H, synthesised using the protocols outlined by Ledoux
and co-workers (see Fig 3e-g). [38,39]

Temperature-programmed oxidation (TPO) studies of the
spent catalysts were carried out to gain insights into the nature
of the carbonaceous species present post-reaction (see Fig. 4).
Reference materials, including activated carbon, “soft coke”,
Mo2C and MoOxCyH,, were used to establish 3 different CO,-
evolution temperature zones. The low temperature zone 1 (550—
630 K) was based on the TPO of Mo,C (spectrum h, Fig. 4),
while the high temperature zone 3 (above 750K) was based on
the TPO of graphitic carbon (spectrum a, Fig. 4). The
intermediate temperature zone 2 (630-750K) was based on the
TPO of both MoO,C,H,, (spectrum f, Fig. 4) and the “soft coke”
sample prepared by treating the MoO; with m-cresol feed under
He at 593 K for 3 h (spectrum g, Fig. 4). The “soft coke”
sample is intended to represent the carbonaceous residue
present after the reaction. The oxidation of a molybdenum
oxycarbohydride (MoO,CyH,) has been previously shown to
occur at temperatures between 668-693 K.[38,39,47] For all
spent catalysts, CO, and H,O evolution were detected within
zone 2, suggesting that the carbonaceous species are likely a
combination of oxycarbidic carbon and soft coke (see Fig. S3).

TGA data confirm that the overall carbon contents on the
spent catalysts at 573, 593, 623 and 673 K are 3.7, 4.6, 6.5 and
7.1 wt%, respectively. It is noted that the amount of carbon
from the 673 K run is comparable to those from lower
temperature runs; however, only contributions from soft coke
are expected for this sample since the MoOxCyH, phase was not
detected by PXRD (spectrum d, Fig. 3). The TPO profiles show
that calcining under pure O, flow at 673 K should regenerate
the spent catalysts. A regeneration study confirmed that
catalytic activity and selectivity can be completely recovered
when calcining the catalyst at 673 K for 3 h (see Fig. 5). The
use of either pure O, or air at a lower calcination temperature
(i.e., 623 K) is insufficient to regenerate the MoOj catalyst. (see
Fig. S4) Although it has been shown that MoO, can be fully
oxidised to MoO; at 623 K,[48] this temperature is too low to
burn off the deposited soft coke on the catalyst surface as
evidenced by the lack of CO, evolution during TPO at
temperatures below 623 K.

Induction period and carburisation of MoO;

A systematic investigation of different pretreatment conditions
on the MoOj; catalyst was performed to gain insight into the
effect of the pre-reduction and surface carbon incorporation on
catalyst activity. Fig. 6 shows the impact of the H, pre-
reduction (593 K and atmospheric pressure) on the initial HDO
activity of m-cresol conversion at 593 K. Exposing the MoO;
catalyst to a H, flow for 3 h prior to the Hy/feed mixture
completely eliminated the induction period, generating the

This journal is © The Royal Society of Chemistry 2013
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maximum steady-state conversion (~50%) observed for the
non-pretreated catalyst from the beginning of the experiment.
The catalyst deactivation profile remained virtually identical
after reaching steady state (see Fig. 6b). PXRD patterns
revealed that MoO; does not undergo a phase transformation
after H, reduction at 593 K up to 3.5 h (see spectra b and ¢, Fig.
7). However, after a 7 h reduction, MoOj; is transformed mostly
into MoO, with trace amounts of an oxyhydride (MoO,H,)
phase (see spectrum d, Fig. 7).[49,50] In the absence of H,,
treating MoO; with m-cresol under He for 3 h did not result in
the formation of an oxycarbide phase (see spectrum e, Fig. 7).
Interestingly, when pre-reduced MoO; (H, for 3 h at 593 K) is
exposed to an m-cresol feed for 0.5 h, a MoO,C,H, phase is
observed along with MoO, (see spectrum f, Fig. 7). Similar
mixed phases of MoO,C,H, and MoO, are also observed when
a MoOj; sample is treated with a m-cresol/H, mixture for 3.5 h
at 593 K (compare spectra f and g, Fig. 7); however, exposing
MoO; to an m-cresol/H, mixture for 0.5 h is insufficient to
create the oxycarbohydride phase (compare spectra g and h,
Fig. 7). Unlike the synthesis of a pure MoO,C,H, phase from
the bronze precursor, the concomitant formation of MoO, phase
is inevitable when bulk MoOs is used as a starting material.[51]
These results indicate that the H, pre-reduction is essential to
activate the MoQOj; surface, and the oxycarbohydride phase can
be readily formed upon the introduction of a carbon source (i.e.,
m-cresol). In agreement with the observations by Ledoux and
co-workers, we posit that during the H, reduction, the MoO;
structure undergoes a shared-plan reconstruction, wherein
freshly-created oxygen vacancies are quickly filled with carbon
to create an oxycarbohydride phase that slows down the
formation of unreactive MoO,.[50]

The MoO,C,H, phase is created from an in-situ surface
modification of MoO; during reaction. To investigate the
dynamics of this transition, we performed PXRD analysis on
samples extracted from the reactor at different times on stream
for reactions performed at two different temperatures (see Fig.
8). At 673 K, the starting MoOj catalyst is fully converted into
MoO, after 0.5 h. The catalyst undergoes severe deactivation,
losing over 80% of its activity by 3 h. At 593 K, a drastically
different behaviour is observed. After 0.5 h, MoO; does not
undergo a phase transformation and HDO activity is clearly
located within the induction period regime. After 1.5 h, the
MoO; is completely transformed into an oxycarbohydride
(MoO,CyH,) phase containing MoO, impurities and reactivity
is located at the steady-state regime. This phase is maintained
throughout the entire experiment with the catalyst undergoing a
slight first-order deactivation. When comparing both analyses,
the experimental data indicates that below 623 K, the catalyst
features improved stability and selectivity when the MoO,C,H,
phase is present.

Recently, it has been reported that Mo,C and WC are active
for HDO of small oxygenates and selective toward olefin
productions.[35,36] The materials were synthesised, and tested
in a vapour-phase under low H, pressure at 573-653K.
However, no characterisation data was provided to show if an
oxycarbide phase was present. It is possible that Mo,C may
undergo partial oxidation to form an oxycarbide during the
reaction.[52,53] Weckhuysen and co-workers tested Mo,C and
W,C supported on carbon-nanofibers for the HDO of guaiacol
in liquid phase and 55 bar H, pressure at 573—648 K, but
observed mainly phenol and cresols with concomitant poor
hydrocarbon yields (<10%).[54] Unfortunately, the nature of
catalytic sites on the carbide catalysts remains unidentified.
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A MoO,C,H, phase has been suggested as the active phase,
for the isomerisation of n-alkanes to i-alkanes.[39,49,50] The
reaction proceeds via a bond-shift mechanism involving
metallocyclic intermediates. Other reports suggest that a
molybdenum suboxide (MoOs_,) is responsible for the active
site, and the reaction proceeds via a conventional bifunctional
pathway.[55-59] Goguet and co-workers observed the
formation of an oxycarbidic phase on the MoO; catalyst, but
indicated that lattice carbon did not influence isomerisation
activity.[60] Nonetheless, both phases (i.e., MoO,C,H, or
MoO;_,) contain lower valence Mo and Mo*" states.[50,56]
Control experiments show that MoO, and MoS, (i.e., Mo*
state) are completely inactive for the HDO of phenolic
compounds. Since pristine MoOs (i.e., Mo®" state) shows an
induction period when treated with a H,/carbon mixture, we
hypothesise that Mo>" species are required to promote HDO
chemistry. Mo®" species can be generated either from the
carburisation of MoOs to MoO,C,H, or during the reduction of
MoOj; to MoOs_, in the presence of H,. Our data does not allow
us to discriminate species between these two scenarios for the
creation of Mo”*species. However, lattice carbon may help in
the stabilisation of the Mo®" state, preventing over-reduction of
Mo®* to Mo*" by creating an oxycarbohydride phase. Fig. 9
presents the surface characterisation of the spent catalysts by
the XPS. The Mo 3d doublet contains mixed oxidation states
with contributions from Mo*", Mo®", and Mo®" with the 3ds),
bands located at 229.7, 230.8 and 232.6 eV, respectively.[50,56]
No signals corresponding to Mo,C (i.e., Mo®" state) or Mo metal
(i.e., Mo state) were detected. Signals associated with surface
Mo®" were generated during O, passivation. Peak integration
shows that the MoO, sample contains only 13% of Mo>" thus
confirming that its formation from Mo*’, if possible, is fairly
small (see Fig. S5). Therefore, the large amounts of the Mo>"
detected on the spent catalysts are derived from the in-situ
surface modification of MoO; by the H,/feed mixture during
reaction. The amount of Mo*" increases with increasing
reaction temperatures, which is consistent with a more severe
reduction of Mo®". In contrast, Mo>" is more prevalent at lower
reaction temperatures, suggesting a more favourable formation
of the oxycarbohydride. The XPS data is consistent with the
PXRD patterns showing a more dominant MoO, phase at a
higher reaction temperature and a more dominant MoO,C,H,
phase at a lower one (see Fig. 3). The partially reduced MoO;
phase (i.e., presumably Mo>" state) is expected to behave as a
Lewis acid site (i.e., oxygen vacancy) that may weaken C—O
bond upon adsorption of the molecule on the active site.
Detailed computational studies on the reaction pathways on
partially reduced surfaces of MoQOj are currently underway.

Conclusion

MoO; is an effective catalyst for the HDO of various lignin-
derived model compounds, including phenol, m-cresol, anisole,
guaiacol, and diphenyl ether. The catalyst is capable of
selectively converting all model compounds into aromatic
hydrocarbons with high yields under atmospheric H, pressures.
The bond-dissociation energy (BDE) calculation suggests that
the strength of each C—O bond type is only slightly influenced
by number or type of additional substituents in the ring. The
trend of BDEs follow an order of Ph—OH > Ph—-OMe >
Ph—O—-Ph > Ph-O—Me, indicating an etheric C—O bond is
generally more reactive than a Cpromaic—O bond. Although
diphenyl ether shows the highest reactivity of all model
compounds tested, MoO; preferentially cleaves phenolic
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Page 6 of 13

Ph—OMe over the weaker aliphatic Ph-O—Me bond. The
catalyst undergoes first order deactivation at temperatures
below 623 K, and the original HDO activity can be regained by
a simple calcination of spent catalysts. During reaction, the
catalyst undergoes a partial surface carburisation, which plays a
role in stabilizing a Mo>" state on the MoOj; surface and in
slowing down the over reduction of MoOj; into an inactive
MoO, phase.
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Table 1 Conversion and product distribution of lignin-derived model
compounds on MoO; catalysts’

Table 2 Conversion and product distribution of anisole on MoO;
catalysts at various W/F

Feed Ph Cr An Gua DPE
Temperature (K) 593 593 593 593 623 593
Conversion (C-mol%) 28.7 489 787 742 975 826
Selectivity to HCs 93.7 994 854 363 535 869
Yield (C-mol %)
Hydrocarbons
Methane 0 0 2.9 6.1 7.6 0
Benzene 26.9 0 440 119 328 7138
Toluene 0 486 156 5.9 9.4 0
Other alkylbenzenes 0 0 4.7 3.0 2.4 0
Oxygenates
Methanol 0 0 0.3 2.0 0.5 0
Anisole 0 0 21.3 2.3 10.8 0
Methyl anisole 0 0 1.3 0 0 0
Phenol 71.3 0 1.9 31.1 293 8.7
Cresol 0 51.1 2.9 6.6 0 0
Other alkylphenols 0 0 2.8 0 0 0
Guaiacol 0 0 0 258 25 0
Diphenyl ether 0 0 0 0 0 17.4
Total carbon yield 98.2 99.7 975 948 953 98.0

W/F(g_ (mmol_h7)7) 00029 00078  0.035
Conversion (C-mol%) 6.0 22.9 78.7
Yield (C-mol %)
Hydrocarbons
Methane 0.2 1.7 2.9
Benzene 1.9 10.6 44.0
Toluene 0.4 1.3 15.6
Other alkylbenzenes 0.1 0.3 4.7
Oxygenates
Methanol 0.1 0.2 0.3
Anisole 94.0 77.1 213
Methyl anisole 0.3 1.0 1.3
Phenol 1.1 2.7 19
Cresol 0.6 1.8 2.9
Other alkylphenols 0.3 1.0 2.8
Total carbon yield 98.9 97.7 97.5
Selectivity (C-mol %)
Aromatic hydrocarbons 40.0 53.3 81.7
Phenolic products 38.3 28.4 11.3

? Feed legend: phenol (Ph), m-cresol (Cr), anisole (An), guaiacol
(Gua), and diphenyl ether (DPE). Reaction conditions: Prg, =
1.013 bar (0.015 bar Pg..q, balance H,), W/F = 0.035 gc,;
(MmMOlgeeg h ™)™, H, pre-reduction = 3 h, and TOS = 0.5 h.

8 | J. Name., 2012, 00, 1-3

Reaction conditions: Feed = anisole, T = 593 K, Py = 1.013
bar (0.015 bar Pg..q, balance H,), pre-reduction = 3 h, and TOS
=0.5 h. Aromatic hydrocarbons = benzene + toluene +
alkylbenzenes. Phenolic products = phenol + cresol +
alkylphenols.

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 Effect of different pretreatments of the MoOj catalyst.
The normalised PXRD patterns were measured at room
temperature. Pretreatment conditions: Feed = m-cresol (a
carbon source), T =593 K, Pryy = 1.013 bar (100% H, or He).
Prior to the analysis, the samples were passivated using 1 vol%
0,/N, mixture at room temperature for 3 h. The symbol (*)
and (+) indicates the peak assignment corresponding to

MoO,C H, and MoO, phases, respectively.
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Fig. 9 XPS of the Mo (3d) energy region of the fresh and spent
MoOj; samples derived from the experiments shown in Fig. 2.
Prior to the analysis, the samples were passivated using 1 vol%
0,/N, mixture at room temperature for 3 h. The numbers in
parentheses are the corresponding oxidation state
percentages of Mo®, Mo®* and Mo*', respectively.
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