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Abstract The conversion of anisole, a prototypical bio-
oil compound, was catalyzed by Pt/Al,O; in the presence
of H, at 573 K, with the selectivity for C—O bond breaking
approximately matching that for ring hydrogenation; these
reactions were accompanied by methyl group transfers
matching those in the conversion catalyzed by HY zeolite.
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Transalkylation - Hydrodeoxygenation

1 Introduction

Plant biomass is a potentially valuable renewable source of
fuels and chemicals. Lignocellulose can be rapidly trans-
formed into liquids by pyrolysis, giving “bio-oil,” but the
high oxygen content leads to immiscibility with fossil
fuels, instability, and corrosion [1-3]. Bio-oils typically
contain several hundred compounds [4, 5], and an under-
standing of the reaction networks in their catalytic
upgrading is limited; even information characterizing the
upgrading of individual bio-oil compounds is scarce [6—
10]. Our approach to begin unravelling this chemistry, and
specifically to understand oxygen removal reactions, was to
investigate the conversion of a bio-oil compound, anisole,
chosen as a prototype because it has both an ether linkage
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and an aromatic ring. Reactions were catalyzed by a solid
acid (HY zeolite, Zeolyst CBV 720) and separately by a
catalyst consisting of a metal dispersed on an acidic sup-
port (Pt/Al,O3, Sigma—Aldrich, 1% wt Pt). The goal of the
research was to develop detailed reaction networks, char-
acterized by numerous connected pathways, for the con-
version of anisole with catalysts representing these two
important classes of catalysts.

2 Experimental

Catalytic reactions were carried out in a once-through
packed-bed flow reactor under the following conditions,
with liquid anisole (methoxybenzene, Sigma-Aldrich,
99.8%) vaporized into a flowing gas stream: catalyst mass
4.1-401.5 mg, temperature 573 K, pressure 140 kPa, ani-
sole liquid flow rate 0.03 mL min~', gas feed flow rate
100 mL min~" (as pure N, in experiments with HY zeolite
and as 30% H,/70% N, in experiments with Pt/Al,O3).
Each catalyst powder was diluted with particles of inert,
nonporous o-Al,O5. The product gas stream was condensed
at 285-288 K. Uncondensed gases and condensate samples
collected periodically were analyzed by gas chromatogra-
phy and gas chromatography/mass spectrometry.

3 Results

Dozens of products were observed in the conversions with
each catalyst. Significant catalyst deactivation, character-
ized by a 50% reduction in conversion within 1 h on
stream, was observed with HY zeolite; the Pt/Al,O3 cata-
lyst working in the presence of H, was much more stable.
Selectivities to major and minor products at low initial
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Table 1 Products of conversion of anisole catalyzed by Pt/Al,O3 and
by HY zeolite (liquid product streams)

Product Selectivity to Selectivity to
product in reaction product in reaction
catalyzed catalyzed
by Pt/Al,04 by HY zeolite

Phenol 0.65 0.60

2-Methylphenol 0.15 0.11

Benzene 0.044 -

Cyclohexanone 0.033 -

2,6-Dimethylphenol 0.024 0.011

2-Methylanisole 0.0077 0.13

4-Methylphenol 0.0022 0.045

4-Methylanisole 0.0013 0.15

Data were extrapolated to zero time on stream, and thus represent
approximate initial selectivities determined at a weight hourly space
velocity of 18 (g of reactant)/(g of catalyst - h), a pressure of 140 kPa,
and a temperature of 573 K. Selectivity is defined as yield [mol
product formed/mol of organic reactant fed]/conversion [mol of
organic reactant consumed/mol of organic reactant fed]. In the
experiments with the Pt/Al,Oj3 catalyst, the feed molar ratio of H, to
the organic reactant was 2400

conversions (0.14 for Pt/Al,O3 and 0.16 for HY zeolite) are
summarized in Table 1; these data represent extrapolations
to zero time on stream and therefore initial catalyst per-
formance, prior to significant deactivation.

The most abundant products of the conversion catalyzed
by HY zeolite were phenol, methylanisoles, and methyl-
phenols; less abundant products included dimethylanisoles
and dimethylphenols. The substitution at the 2- and 4-
positions on the aromatic ring is consistent with the
kinetically determined substitution preference of aromatic
ethers and aromatic alcohols [11]. Trace products included
those with additional methyl-group substitutions on the
aromatic ring (observed with each catalyst) and hydrogen-
ation products, such as cyclohexane, which were also formed
with Pt/Al,0Oj3 in the presence of H,.

The most abundant products of the reactions catalyzed
by Pt/Al,0; were phenol, 2-methylphenol, and benzene;
less abundant products included water, methane, methanol,
2-methylanisole, and 4-methylanisole. The appearance of
cyclohexanone, for example, indicates hydrogenation of
the aromatic ring [12].

Thus, an important class of reaction, observed for both
catalysts, is methyl group transfer. Hydrogenolysis,
hydrogenation, and hydrodeoxygenation were also
observed in the conversion catalyzed by Pt/Al,O5 in the
presence of H,.

Selectivity versus conversion plots (e.g., Fig. 1) were
used to identify products as primary or not [13, 14] (these
designations are empirical, falling short, for example, of
providing information about intermediates that were too
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Fig. 1 Selectivity for the formation of phenol (closed circles) and 2-
methylphenol (open circles) in the conversion of anisole catalyzed by
HY zeolite at 573 K. Data for each product were fitted with a straight
line and extrapolated to zero conversion; intercepts of regression lines
significantly different from zero selectivity at zero conversion
(analyzed with 95% confidence limits) indicate primary products, in
this case phenol, and those not significantly different from zero
(analyzed with 95% confidence limits) are considered non-primary, in
this case 2-methylphenol

reactive to be detected). The selectivity—conversion data
observed for anisole conversion catalyzed by HY zeolite
(Figs. 1, 2) indicate that phenol, 2-methylanisole, 4-meth-
ylanisole, and 2,6-dimethylphenol (data not shown) were
primary products and that 2-methylphenol and 4-methyl-
phenol (data not shown) were non-primary products.
Benzene and cyclohexanone were not observed.

On the basis of the data showing that methyl group
transfer (transalkylation) is the predominant class of reac-
tion and a primary reaction in the formation of phenol,
2-methylanisole, and 4-methylanisole in the conversion
catalyzed by HY zeolite, we infer the qualitative reaction
network shown in Fig. 3. For simplicity, the source of the
methyl group is not always shown in the reaction network.

The selectivity—conversion data observed for anisole
conversion catalyzed by Pt/Al,O3 (Figs. 4, 5) in the pres-
ence of H, indicate that phenol, 2-methylphenol, and
4-methylphenol (data not shown) were primary products
and that benzene, cyclohexanone, 2- and 4-methylanisole,
and 2,6-dimethylphenol (data not shown) were non-primary
products.

Presuming that methyl group transfer, hydrodeoxygen-
ation, and hydrogenation are the important reaction classes,
and by recognizing which compounds were primary prod-
ucts, we inferred the reaction network of Fig. 6 for anisole
conversion catalyzed by Pt/Al,Oj3 in the presence of H,.

The data characterizing the conversion of anisole cata-
lyzed by Pt/Al,O3 are represented satisfactorily by first-
order kinetics (Fig. 7). The pseudo first-order rate constant
for the overall disappearance of anisole was found to be
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Fig. 2 Selectivity for the formation of 2-methylanisole (closed
circles) and 4-methylanisole (open circles) in the conversion of
anisole catalyzed by HY zeolite; conditions are stated in the text. Data
for each product were fitted with a straight line and extrapolated to
zero conversion; intercepts significantly different from zero selectiv-
ity at zero conversion (analyzed with 95% confidence limits) indicate
primary products, in this case both 2-methylanisole and 4-methylan-
isole, and those not significantly different from zero are considered to
be evidence of non-primary products

OH OH

Fig. 3 Reaction network for the conversion of anisole catalyzed by
HY zeolite at 573 K. Reactions are postulated on the basis of the
products identified, including trace compounds, and their formation as
a result of possible methyl group transfer reactions. Bold arrows show
the reactions that are kinetically most significant (with the width of
the arrow denoting a rough measure of rate; the wider the arrow, the
faster the reaction)

19 L (g of catalyst - h) under the conditions stated in the
caption of Fig. 6. Selectivities to benzene relative to
cyclohexanone indicate that the rate of hydrogenolysis of
the C-O bond approximately matched that of hydrogena-
tion of the aromatic ring at low conversions and at the low
pressure of these experiments.
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Fig. 4 Selectivity for the formation of several products in the
conversion of anisole catalyzed by Pt/Al,O; in the presence of H, at
573 K. Data for each product were fitted with a straight line and
analyzed with 95% confidence limits as indicated in the caption of
Fig. 1; primary products in this case are phenol (open circles) and
2-methylphenol (closed triangles); benzene (closed circles) is a non-
primary product
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Fig. 5 Selectivity for the formation of 2-methylanisole (closed
circles) and cyclohexanone (open circles) in the conversion of
anisole catalyzed by Pt/Al,O3; conditions are stated in the text. Data
for each product were fitted with a straight line and extrapolated
to zero conversion; intercepts significantly different from zero
selectivity at zero conversion (analyzed with 95% confidence limits)
indicate primary products, and those not significantly different from
zero (analyzed with 95% confidence limits) are considered to be
evidence of non-primary products, in this case 2-methylanisole and
cyclohexanone

4 Discussion

The reaction network of Fig. 3 accounts for major, minor,
and trace products; it contains more detail than the reported
reaction network proposed for conversion of anisole cata-
lyzed by the zeolite HZSM-5 [6] and is broadly consistent
with it. Individual compounds produced with HZSM-5 and
not identified in our work include 3-methylphenol and
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Fig. 6 Reaction network for the conversion of anisole and hydrogen
catalyzed by Pt/Al,05 at 573 K. Hydrogenation/hydrodeoxygenation
reactions are represented by dotted lines and methyl group transfer
reactions by solid lines. H, as a reactant is omitted for simplicity
(designation of arrows as in Fig. 3)
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Fig. 7 Demonstration of first-order kinetics of overall conversion of
anisole catalyzed by Pt/Al,0O; under conditions stated in text

methane, possibly indicating the higher reaction tempera-
ture (673 K) or higher inverse space velocity in the
reported work.

Similarly, the reaction network of Fig. 6 accounts for
the major, minor, and trace products in the reactions cat-
alyzed by Pt/Al,Os;, and, again, the detail markedly
exceeds than of any comparable reaction network including
catalytic hydrodeoxygenation. A comparison of Figs. 3, 6
shows that primary products formed in the presence of one
catalyst (e.g., 2-methylphenol) are not necessarily primary
products formed in the presence of the other catalyst. The
low selectivity to benzene relative to that of products
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resulting from methyl group transfers suggests that higher
concentrations of H, (and high pressures) will be required
to achieve acceptable yields and selectivities for oxygen
removal.

5 Conclusions

In the conversion of anisole catalyzed by Pt/Al,O5; and by
HY zeolite, methyl group transfers were found to be
kinetically significant reactions, and when the catalyst was
Pt/Al,O3 used in the presence of H,, the conversion was
accompanied by products of C-O bond-breaking and
hydrogenation reactions. Data such as those reported here
provide a starting point for predicting the conversion of
bio-oils, specifically for removal of oxygen and upgrading
of fuel properties.
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