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ABSTRACT: Anisole hydrodeoxygenation data at 698 K and
ambient pressures indicate that cerium oxide is a hydrogen-
efficient catalyst that selectively cleaves carbon—oxygen bonds
without hydrogenating aromatics. Phenol and benzene are the
only major products observed, with benzene molar selectivity
exceeding 85% at conversions greater than 7.7% (698 K, 102
kPa H,, 0.07 kPa anisole, 0.008—0.042 g, i €t h™'). The
catalyst exhibits less than 17% loss in conversion over the
course of a 92-h run, and regeneration in air at 773 K returns
conversion levels to that corresponding to the fresh catalyst.
Benzene selectivity increases monotonically with hydrogen
pressure at constant values of anisole conversion, demonstrat-
ing the potential for using hydrogen pressure (in addition to

anisole conversion) as a lever to tune benzene selectivity. Overall, cerium oxide represents an inexpensive, highly selective,
stable, regenerable, tunable, hydrogen-efficient catalyst that can hydrodeoxygenate biomass-derived model oxygenates at

ambient pressures of hydrogen.

1. INTRODUCTION

Biomass conversion to fuels and chemicals represents a
sustainable alternative to traditional fossil-based routes that
currently account for %pproximately three-quarters of the
world’s energy supply.l_ Specifically, lignocellulosic biomass,
which is more abundant than sugars and starchy crops,”® less
detrimental to the environment (from the standpoint of
greenhouse gas emissions),”'’ and noncompetitive with the
food chain,'"’ is an ideal source of renewable fuels and
chemicals. Bio-oils derived from lignin deconstruction have
several unfavorable characteristics—high acidities, viscosities,
polarities, and corrosiveness, combined with low heating values
and immiscibility with hydrocarbon fuels—that prevent their
use as substitutes for fossil fuel-derived hydrocarbons.'>~"*
The large-scale use of bio-oils as sources of fuels and chemicals
is contingent on a reduction of their high oxygen content (10—
40 wt%) which is, in large part, responsible for the
aforementioned unfavorable characteristics.”'> Hydrodeoxyge-
nation (HDO)—the removal of oxygen as water by cofeeding
hydrogen—can be used to reduce the oxygen content of bio-
oils, rendering them closer in value to conventional fossil fuel-
derived hydrocarbons."®

Phenolic ethers are a mag'or component of the products of
lignin depolymerization,'” ™" and can be hydrodeoxygenated
to form valuable chemicals such as benzene, toluene, and
xylene. Anisole (methoxybenzene) is a widely used model
compound in HDO studies, because of the presence of the
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methoxy group that is highly prevalent in lignin-derived
phenolic ethers.”"~** Achieving high selectivity to the desired
product (benzene) is rendered challenging by several factors.
First, achieving high selectivity to benzene requires either
cleavage of the stronger phenolic C—O bond in anisole
(homolytic bond dissociation energy (BDE) = 385 kJ mol™")
over the weaker aliphatic C—O bond (BDE = 243 kJ mol™"),
or cleavage of an even stronger C—O bond in phenol formed
in primary reactions (BDE = 460 kJ mol™") to form benzene in
secondary reactions.”* Second, high hydrogen pressures
typically required to achieve C—O bond cleavage can result
in a loss of aromaticity, resulting from HDO hydro-
genation.zs_27 Third, side reactions such as C—C bond
hydrogenolysis and alkylation/transalkylation can result in
the formation of undesired side products.”*” These challenges
have prompted researchers to not only look for new classes of
catalysts but also to develop novel techniques including flame
spray pyrolysis, for synthesizing traditional HDO cata-
lysts,”" = and in situ spectroscopic techniques for developing
mechanistic insights into HDO chemistry.*™*® Despite the
multitude of catalyst formulations that have been evaluated for
the HDO of phenolic ethers, an inexpensive, easy to handle,
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stable, highly selective HDO catalyst that operates at ambient
pressures of hydrogen still remains elusive.

Cerium oxide, which is the most abundant rare-earth oxide
in the Earth’s crust,’’ is used commercially as an oxygen
storage component in three-way catalysts for the treatment of
automotive exhaust streams.”**” Apart from its abundance, low
cost, and hydrothermal stability, cerium oxide is also endowed
with the ability to act as a reversible sponge for oxygen—a
property that enables its role as a buffer during lean-rich cycles
that expose the catalyst to excess and substoichiometric
amounts of oxygen, respectively."”*' Sievers and co-workers
reported the HDO of guaiacol over ceria—zirconia materials at
ambient pressures of hydrogen and 548—673 K.** The main
strengths of the catalyst are 2-fold: the complete lack of
hydrogenated products and no significant catalyst deactivation
over the course of a 72-h long run. However, a relatively broad
distribution of products, including anisole, catechol, benzene,
cresol, and phenol, were observed in their experiments. Herein,
we report the highly selective HDO of anisole to benzene over
bulk ceria catalysts at ambient pressures of hydrogen. The
catalyst shows no significant deactivation over the course of a
92-h run and a complete absence of hydrogenated products,
exemplifying the principal features of an effective HDO
catalyst.

2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. Bulk cerium oxide was prepared
using the procedure reported by Schimming et al.*’
Precipitation of cerium oxide was performed by adding
cerium(III) nitrate hexahydrate (Acros Organics, 99.5%) to
an aqueous solution of ammonium hydroxide (ACS reagent
grade, 28%—30%). Specifically, a 0.1 M solution was prepared
by dissolving 21.77 g of Ce(NO;);:6H,0 in 498.6 g of
deionized water. This solution was then added dropwise to 512
mL of aqueous NH,OH with continuous stirring at a rate of
500 rpm over the course of 1.2 ks. The precipitate was filtered
using a hand vacuum pump and rinsed twice with S0 mL of
deionized water per 200 mL of solution filtered. The obtained
powder was dried overnight at 373 K in an oven and calcined
in a muffle furnace for 14.4 ks at 773 K under 3.33 cm® s™" air
(Matheson, zero-grade) with a ramp rate of 0.083 K s™', which
is a procedure that is similar to other reports in the
literature.””** A quantity of 8.4 g of catalyst was recovered
in the process and used for characterization and reactivity
studies.

2.2. Material Characterization. Powder X-ray diffraction
patterns were collected on a Rigaku SmartLab Diffractometer
using Cu K- radiation (40 kV, 30 mA) in the range 26 = 20—
80° with a step size of 0.02° and a scan rate of 0.167° s™". N,
physisorption isotherms were measured using a Micromeritics
3 Flex instrument at 77 K, with the samples degassed at 473 K
and 10.67—13.33 Pa for 14.4 ks.

2.3. Reactivity Studies. The catalyst sample was loaded in
a quartz tube (inner diameter of 0.004 m) mounted in an
insulated single-zone furnace (1060 W/11S V, Applied Test
Systems Series 3210) with a thermocouple (Omega, Model
KMQXL-062U-15) placed at the top of the catalyst bed,
connected to an Applied Test Systems temperature controller
(Model 17-16907), which was used to control the bed
temperature and ramp rates. The sample was heated to 773 K
at a ramp rate of 0.046 K s™' and then pretreated under a flow
of 0.83 cm’® s' air (Matheson, zero-grade) for 3.6 ks.
Following pretreatment, the sample was cooled to reaction

temperature (698 K) at 0.021 K s™" under air and purged with
N, (0.83 cm® s7!, Matheson, ultrahigh-purity) for 3.6 ks.
Vapor-phase anisole HDO reactions were performed by
feeding a mixture containing anisole, H, (Matheson, ultra-
high-purity), ethane (internal standard) (2.01% in N,, Praxair,
certified standard), and N, (carrier) (Matheson, ultrahigh-
purity). Anisole (Sigma, 99%, ReagentPlus) was fed using a
syringe pump (KD Scientificc, Model 100), with tubing
downstream of the syringe pump heated to 373—393 K to
prevent condensation of anisole and HDO products. Spent
catalysts were regenerated at 773 K under 0.83 cm® s™" air for
28.8 ks. Product molar flow rates were quantified using a flame
ionization detector on an Agilent Model 7890B gas chromato-
graph that was equipped with a methyl-siloxane capillary
column (HP-1, 30 m X 320 gm X 3 um). Anisole conversion
was calculated by comparing the total molar flow rate of
aromatics by the inlet flow rate of anisole.

3. RESULTS AND DISCUSSION

3.1. Selectivity. One of the key challenges in achieving
high selectivity to benzene in the hydrodeoxygenation of
anisole is the mitigation of hydrogenation reactions that result
in a loss of aromaticity. Such inefficient use of hydrogen is
reflected in non-negligible selectivity to hydrogenated products
reported during anisole HDO over traditional hydrotreating
catalysts such as cobalt—molybdenum sulfide on alumina,***
copper chromite,”® supported noble metal,"”** transition-
metal phosphide,” and carbide catalysts.”" Anisole HDO over
cerium oxide at 698 K yields exclusively aromatic products
with no traces of hydrogenated compounds detected in the
product stream, thus exhibiting complete hydrogen efficiency,
where hydrogen efficiency is defined as the fraction of
hydrogen consumed in the reactor exclusively to break
carbon—oxygen bonds. The only C¢" products observed are
phenol, benzene, toluene, cresol, and an unidentified C,"
oligomer, with no C,—C; products resulting from C—C bond
hydrogenolysis detected. Methane was the only aliphatic
product observed under these conditions, with methanol
being absent from the product stream at all conversions tested
in this study, suggesting that hydrodeoxygenation to benzene
proceeded through cleavage of the aliphatic C—O bond to
form phenol and methane in primary reactions, and phenol
undergoing hydrodeoxygenation to form benzene in secondary
reactions. The absence of methanol production is similar in
nature to anisole HDO data reported on cobalt—molybdenum
sulfide and noble-metal catalysts,*>>" but is in contrast with
the performance of molybdenum carbide catalysts that show
increasing methane and decreasing methanol selectivities with
anisole conversion.”"”>> Confirmation of the rank of these two
steps and mechanisms mediating their turnovers will require a
more-detailed kinetic study, which is not the focus of this
Research Note. Rather, we emphasize here the fact that ceria
catalyst under investigation exhibits >85% molar selectivity to
benzene at conversions of >7.7% at 698 K, with phenol,
toluene, and cresol being minor products (Figure 1). Such high
selectivity to benzene during anisole HDO is in contrast with
most of the aforementioned classes of catalysts, for which
benzene comprises less than half the product car-
bon,*#*#305133 We note that the lack of hydrogenated
products observed in this study has similarities to the HDO
data over molybdenum oxide reported by Roman-Leshkov and
co-workers.>*>> As discussed above, selective formation of
benzene is contingent on either cleaving the stronger phenolic
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Figure 1. Product distribution, as a function of anisole conversion.
[Conditions: 698 K, 102 kPa H,, 0.07 kPa anisole, 0.008—0.042 g_,ic.ie

gcat_l h_l']

C—O bond in anisole or cleaving the even-stronger phenolic
C—0 bond in phenol formed in primary steps of anisole HDO,
both of which have proven to be highly challenging. This
unfavorable order of homolytic BDEs constitutes at least part
of the explanation as to why phenol is typically reported to be
the major product in anisole HDO over traditional hydro-
treating catalysts.*”*"%?

3.2. Catalyst Lifetime and Regenerability. One of the
major challenges in designing effective HDO catalysts is
overcoming catalyst deactivation, which has been shown to
adversely affect HDO performance of several classes of
catalysts evaluated in the literature. For example, silica-
supported phosphorus-modified sulfided Co—Mo—W catalysts
showed a 19%—72% loss in HDO activity within the first 4 h at
3 MPa and 583 K.’ Zhu et al. reported a 60% decrease in
anisole conversion over 1 wt % platinum supported on silica or
HBEA zeolite at 673 K and atmospheric pressure.”” Li et al.
reported a 30% decrease in anisole conversion over 0.5 wt %
Ni—Mo phosphide supported on silica at 573 K and 1.5 MPa
over the course of a 10-h run, with a concurrent increase in
benzene selectivity at the expense of cyclohexane selectivity.””
Interestingly, MoO; (a reducible oxide), although highly
hydrogen-efficient, also shows a 40% drop in anisole
conversion in the first couple of hours at 673 K and
atmospheric pressure.”® The cerium oxide catalyst reported
in this study shows minimal changes in both conversion and
product distribution during anisole HDO at 698 K over the
course of a 92-h run (Figure 2). Conversion decreases by 10%
between 18 h and 36 h on stream with a negligible rate of
change in conversion after the first 36 h, demonstrating that
cerium oxide, in addition to being highly selective to benzene,
is also resistant to deactivation. Moreover, minor changes in
conversion and product distribution were recovered upon
regenerating under air at 773 K for 28.8 ks (Figure 3),
demonstrating regenerability of the catalyst. The lower bound
for the turnover number, calculated by assuming every surface
oxygen atom to be an active site for this chemistry over a 92-h
run, was calculated to be 2, demonstrating that the process is
catalytic in nature (detailed calculations are presented in
section S3 in the Supporting Information). The precise cause
of the rather-limited amount of catalyst deactivation is not
well-understood at this point, but a decrease in pore volume
and surface area of the spent catalyst compared to the fresh
catalyst that can partly be recovered upon regeneration in air at

- Benzene - Phenol - Toluene - Cresol |:| Other

100

S | L 20
b~
= 80 L
£
3
< 1 L 15 <
" 60 9
L - [4
- Q
© p
£ - 10 g
S 404 3
© 3 (J
£ 9\
5 |
[] -
£ 20- 5
R ] L

0 Lo

18 36 56 76 92

Time on stream / h

Figure 2. Time-on-stream dependence of conversion and product
distribution in the hydrodeoxygenation (HDO) of anisole. [Con-
ditions: 698 K, 105 kPa H,, 0.07 kPa anisole, 0.24 g CeO,, 0.042
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Figure 3. Conversion and product distribution for fresh and
regenerated ceria. [Conditions: 698 K, 109 kPa H,, 0.07 kPa anisole,
0.042 €, is0le 8ot | h™'; regeneration: 0.83 cm® s air, 773 K, 28.8 ks.]

773 K (see Figure S4 in the Supporting Information) suggests
that carbon deposition blocking active sites may contribute to
at least part of the decrease in conversion.

3.3. Tunable Benzene Selectivity. As shown above,
benzene molar selectivities in excess of 85% can be achieved at
102 kPa of H, and 698 K. We note an additional interesting
kinetic phenomenon that results in a monotonic increase in
benzene selectivity as a function of hydrogen pressure at
isoconversion (8.4—10.7% anisole conversion, Figure 4).
Comparison at isoconversion is necessitated by the fact that
increasing the hydrogen pressure at a constant space velocity
and anisole pressure leads to an increase in conversion, which,
in and of itself can result in an increase in benzene selectivity,
as shown in section 3.1. The mechanistic basis for such an
increase in benzene selectivity and the concurrent decrease in
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Figure 4. Product distribution as a function of hydrogen pressure at
constant anisole conversion. [Conditions: 698 K, 0.07 kPa anisole,
0.008—0.028 g0l Zear * B

phenol selectivity is not understood at this point, but does
demonstrate that benzene selectivity can be tuned systemati-
cally merely by varying the hydrogen pressure.

4. CONCLUSIONS

Cerium oxide is a low-cost, abundant, stable, highly selective,
tunable, hydrogen-efficient hydrodeoxygenation (HDO) cata-
lyst that exhibits >85% selectivity to benzene in the HDO of
anisole at ambient pressures of hydrogen. Minor changes
(£17%) in anisole conversion and product distribution
observed over the course of a 92-h run can be recovered on
regeneration in air at 773 K. The selectivity to the desired
product, benzene, can be tuned at isoconversion merely by
varying hydrogen pressure. The mechanistic basis for this
behavior, in addition to the highly favorable performance of
cerium oxide in anisole HDO, is not well understood at this
point and is currently under investigation in our research

group.
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