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a b s t r a c t

Ga-modified H-Beta (Ga/HBEA) zeolites were evaluated and compared to other Ga-containing catalysts
supported on SiO2 and ZSM-5 (MFI) for the hydrodeoxygenation of m-cresol, a model compound repre-
sentative of lignin-derived phenolics. The products include toluene, benzene, xylene, light hydrocarbons,
as well as phenol and other oxygenated compounds. The appearance of bicyclic compounds suggests that
the formation of a ‘‘surface pool’’ of oxygenated intermediates may play a role in the reaction pathway.
The yield of toluene, a desirable deoxygenated product, increases with reaction temperature, space time
(W/F), Ga content, and H2 partial pressure and depends on the type of support used (Ga/HBEA > HM-
FI� Ga/SiO2). The deoxygenation activity of these catalysts seems to depend on the ability of the zeolite
to stabilize specific Ga species, for which HBEA is more effective than HMFI and much more than SiO2.

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

Fast pyrolysis is a potential platform for biomass conversion
with a number of techno-economic advantages over other pro-
cesses [1–7]. However, the (bio-oil) obtained by this process in-
cludes a complex mixture of oxygen-rich compounds with
carbonyl, carboxyl, methoxy, and hydroxyl functional groups that
are not suitable for transportation fuels [8–10]. The high oxygen
content of bio-oil makes it thermally and chemically unstable, cor-
rosive, and immiscible with hydrocarbons. Therefore, upgrading of
bio-oils to fuels necessarily involves deoxygenation [11–15].

Deoxygenation of bio-oil has been typically attempted by using
metal-catalyzed hydrotreating [16–19]. It is well known that tran-
sition metals are highly active for reactions involving hydrogen
(hydrogenation/dehydrogenation and hydrogenolysis). An alterna-
tive family of catalysts that can promote hydrodeoxygenation un-
der less severe conditions is that of Ga-doped zeolites. These
catalysts are known to exhibit relatively high activity for dehydro-
genation and aromatization of light alkane [20–25].

It has been shown that depending on the specific zeolite used as
a support, its pretreatment, and loading, Ga may be present in dif-
ferent forms. They include (a) gallium oxide, typically appearing in
aggregated form on the external zeolite surface, (b) small particles
occluded in the zeolite micropores, and (c) cationic forms, such as
oxidic GaO+, reduced Ga+, or GaH2

+ species [26–30]. It is expected

that the electro#132;philic nature of such cationic species may en-
hance the interaction of the catalyst with oxygenated compounds.
This enhanced interaction should lead to higher deoxygenation
activity in the presence of hydrogen.

In fact, in a recent study, we have shown that Ga-modified HMFI
is an effective catalyst for the hydrodeoxygenation of benzaldehyde
[31]. In this work, m-cresol has been chosen as a model oxygenated
compound, representing the many phenolics deriving from the
pyrolysis of the lignin fractions in biomass [32]. Ga-doped zeolite
catalysts (HBEA and HMFI) and silica-supported Ga were tested as
hydrodeoxygenation catalysts for the conversion of m-cresol. Differ-
ent reaction conditions (space time, type of carrier gas, and reaction
temperature) have been investigated in a continuous-flow reactor.
Temperature-programmed techniques were used to elucidate the
nature of the active species and infer possible reaction pathways.

2. Experimental

2.1. Catalyst preparation and characterization

An HBEA zeolite (CP814E, Si/Al � 12.5, from Zeolyst) was
impregnated with aqueous solutions of Ga(NO3)3 to obtain a range
of Ga loading (1–6 wt.%). After impregnation, the samples were cal-
cined at 550 �C for 4 h in flow of dry air. Elemental analysis by ICP
was conducted to determine the exact compositions (see Table 1).
For comparison, two additional samples with 3 wt.% Ga loading
were prepared by the impregnation of HMFI (from Sud-Chemie
AG, Si/Al � 45) and silica (PPG, Hi-Sil 210), respectively.

Temperature-programmed reduction (TPR) was carried out in a
flow system connected to a TCD detector. Prior to the TPR, the
sample was heated in dry air for 1 h (30 mL/min) to 550 �C and
then cooled to 50 �C. During the subsequent TPR, H2 consumption
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was recorded as a function of temperature in flow of 2% H2/Ar
(30 mL/min) at a linear heating rate of 10 �C/min.

To quantify the BrØnsted acidity of the samples, temperature-
programmed desorption of i-propylamine (IPA-TPD) was conducted
in a flow system connected to a mass spectrometer (MS). In each
measurement, 20 mg of sample was pretreated in flow of He at
550 �C. Alternatively, a few samples were pretreated in flow of H2

at 550 �C for 2 h. After the pretreatment, the sample was cooled in
He to room temperature and consecutive pulses of i-propylamine
(IPA) were injected onto the sample until saturation (as measured
in the MS) was reached. The excess IPA was removed by flowing
He. When a constant signal was achieved in the MS, the sample
was heated to 900 �C at a rate of 10 �C/min. The mass peaks used
to identify the various desorption products were as follows: i-propyl-
amine (m/z = 44), propylene (m/z = 41), and ammonia (m/z = 17). The
amount of desorbed IPA was simultaneously calibrated with 2 mL
pulses of 2% propylene in He, and the BrØnsted acidity was then cal-
culated following the method described by Gorte et al. [33].

2.2. Catalytic activity measurements

The activity of the different catalysts for m-cresol conversion
was evaluated on a continuous-flow tubular packed-bed reactor.
In each run, a stream of 30 mL/min He (or H2), regulated by a mass
flow controller and saturated at 20 �C with m-cresol vapor, was
used as a feed. The products were periodically collected and
analyzed by online gas chromatography (GC). The range of reaction
conditions used for these measurements was as follows:
400–550 �C; 1 atm; He or H2 carrier gas; space time (W/F) 2–22 h.

In addition to the measurements taken in the continuous flow
mode, a micropulse reactor was employed to test the amount
and reactivity of surface species trapped inside the cages of the
zeolite. In these experiments, the reactor was loaded with
0.020 g of catalyst diluted in inert material to get a bed length of
20 mm. As a pretreatment, the catalyst was exposed to H2 (30 cc/
min) at 450 �C for 2 h, then to He (60 cc/min), which was used as
the carrier gas for the pulses of 2.3 lmol m-cresol. The fraction of
m-cresol retained by the catalyst in each pulse was measured by
an FID detector directly connected at the reactor outlet. Subse-
quently, pulses of H2 were sent over the catalyst containing the
trapped species. The analysis of the products evolved from these
pulses was conducted in a GC/FID. During the time delay between
the injection of m-cresol and the H2 pulses, the catalyst was kept
under a 60 cc/min He stream. Alternatively, direct analysis of the
He stream coming out of the reactor was also performed at a given
time after the m-cresol injection to determine what products
evolve in the absence of added H2.

2.3. Temperature-programmed decomposition and desorption (TPDD)
after reaction

The following TPDD experiment was conducted to characterize
the species left on the catalyst surface during reaction. After a

typical reaction run over the Ga/HBEA catalyst, the reactor was
switched to a flow of He and quickly cooled down to 100 �C.
Subsequently, a TPDD was conducted by increasing the tempera-
ture from 100 to 900 �C with a heating rate of 10 �C/min, under
H2 as a carrier gas, while monitoring the intensity of the following
masses (m/z) in a mass spectrometer: 15 (methane), 18 (water), 27,
41, 56 (hydrocarbons), 78 (benzene), 91 (toluene), 94 (phenol), and
168 (bicyclic compounds).

3. Results

3.1. Catalyst characterization

The characteristics of the catalyst samples, including measured
Si/Al ratio, wt.% Ga loading, and BET surface area, are summarized
in Table 1. The observed drop in BET area with increasing Ga load-
ing is not very pronounced, indicating that the extent of pore
blocking caused by the Ga species was not significant.

The TPR profiles for the five calcined catalyst samples are com-
pared in Fig. 1. For the Ga/HBEA zeolites with low and moderately
low Ga loadings, a Gaussian deconvolution of the profiles reveals
the presence of several contributions, as previously observed
[34]. A single low-temperature reduction peak (�550 �C), present
in all the samples, is typically assigned to the reduction in well-
dispersed Ga species such as GaO+ species or small Ga2O3 particles
interacting with the zeolite. At higher temperatures, a series of
reduction peaks (�650–750 �C) are observed. Their position and
distribution depend on the Ga content. They are generally attrib-
uted to bulk-like Ga2O3 particles, separated from or loosely sup-
ported on the zeolite matrix. By increasing the Ga loading, the
distribution of these peaks shifted to higher temperatures, indicat-
ing that, at higher concentrations, the Ga species can further
agglomerate into larger Ga2O3 clusters, which are more difficult

Table 1
Chemical composition and surface area of catalyst samples.

Catalyst Si/Ala Ga loading (wt.%)a Surface area (m2/g) Density of acid sitesb (mmol/g)

HBEA 11 – 615 1.20 (1.4)c

IGa/HBEA 11 1.0 590 0.94
3Ga/HBEA 11 2.9 580 0.66
6Ga/HBEA 11 5.9 570 0.59
3Ga/SiO2 – 2.9 370 –
3Ga/HMFI 45 2.8 510 –

a Elemental analysis for Si, Al, and Ga by ICP.
b As measured by TPD of I PA.
c Theoretical acid density calculated from Si/Al ratio.
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to reduce and are expected to be preferentially located on the outer
surface of the zeolite [34].

Likewise, the 3Ga/HMFI (Si/Al � 45) shows a reduction behavior
similar to that of the 3Ga/HBEA sample, with several reduction
steps in positions similar to those observed with the Beta zeolite.
By contrast, the silica support does not result in a good dispersion
of Ga, as evidenced by the appearance of a single broad reduction
peak at very high temperature, which can be ascribed to large gal-
lium oxide particles. The lack of any reduction near 550�C indicates
the absence of dispersed Ga species, typically observed on the zeo-
lite samples.

The acidity of the HBEA and Ga/HBEA catalysts was determined
by the IPA-TPD method [33], and the results are summarized in
Fig. 2. The evolution of ammonia and propylene via Hofmann elim-
ination takes place at �350 �C and provides a direct measurement
of the number of bridging BrØnsted acid sites („SiAOHAAl„),
strong enough to catalyze this reaction. The densities of BrØnsted
acid sites calculated by this method for the different catalysts are
included in Table 1. A noticeable decrease in the density of
BrØnsted acid sites is observed on the H2-treated catalysts with
increasing loadings of Ga. This trend supports previous suggestions
that reduced Ga species (i.e., Ga+) act as exchangeable cations and
replace H+ BrØnsted sites [30,31,35]. One can compare in Fig. 3 the
large relative drop in acid density caused by the addition of Ga
compared to the much smaller relative drop in BET surface area.
It is clear that the loss of acid density is not due to pore blocking,
but rather by the cation exchange.

The observed decrease in acid sites seems to level off at high Ga
loadings. That is, the drop in the number of acid sites for the 6
Ga/HBEA zeolite is about the same as that for the 3Ga/HBEA, which
only has half as much Ga. To explain this trend, we realize that the

latter has most of the Ga species in a high state of dispersion, while
the former has a large fraction of the Ga species forming large
oxide aggregates outside the zeolite. Therefore, it is reasonable that
the exchange of acid sites should be less effective at higher Ga
loadings. At the same time, the IPA-TPD shows that the high-Ga-
loading zeolite (6 Ga/HBEA) generates new sites that can only
decompose IPA at high temperatures (>450 �C). These additional
sites with relatively low acid strength have previously been as-
signed to GaOH species [30,31,35] and may appear only at high
Ga loadings.
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The reported size of the primary crystals observed by SEM before
Ga impregnation is about 20–40 nm for HBEA (Zeolyst, CP814E) and
about 50 nm for HMFI (Sud-Chemie, Si/Al = 45) [36]. We have con-
ducted SEM and XRD analysis of the 3Ga/HBEA and 3Ga/HMFI (see
Figs. 4a and b). Neither the crystallite size nor the crystallinity
shows any significant change upon the incorporation of Ga.

3.2. Catalytic activity

The distribution of products obtained from m-cresol conversion
in H2 over 3Ga/HBEA at 400 �C is shown in Fig. 5 as a function of
space time (W/F). A rapid increase in the yields of phenol and hea-
vier phenolic compounds (i.e., bicyclic or oligocyclic substituted

phenolics) can be observed when increasing in space time (W/F)
up to about 6 h. A further increase in W/F results in the decrease
in both phenol and oxygenated compounds, while C1, C2AC6
hydrocarbons, benzene, toluene, and xylene slowly increase. The
observed evolution of products with W/F indicates that toluene is
not a primary product and that CAOH hydrogenolysis of m-cresol
to toluene does not occur to a significant extent. The pronounced
drop in the yield of the oxygenated compounds observed at inter-
mediate W/F indicates that these heavier compounds tend to be
hydrogenolyzed/decomposed into lighter hydrocarbons as the
space time increases. Also, the gradual decline in yield of phenol
after W/F = 6 suggests that phenol can be slowly deoxygenated to
hydrocarbons at longer space times.

Fig. 4a. SEM images of the 3Ga/HZSM5 (left) and 3Ga/HBeta (right) after calcination.

Fig. 4b. XRD analysis of the 3Ga/HZSM5 and 3Ga/HBeta catalysts compared to their corresponding bare H-zeolite.
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As illustrated in Table 2, a very different behavior is observed in
the absence of hydrogen. Not only the overall m-cresol conversion
was lower when using He as a carrier gas instead of H2, but also the
product distribution was very different. While under H2 deoxygen-
ated hydrocarbons (i.e., benzene, toluene, and xylene) were domi-
nant at high W/F, they were much less important under He at any
W/F. Likewise, a significant effect of the carrier gas was observed in
the toluene/benzene ratio, which was much higher and stable un-
der H2 than under He (see Fig. 6). It seems that, under H2, the CAO
bond cleavage to form toluene is relative faster than the dealkyla-
tion (CAC cleavage) to form benzene. Without H2, the toluene/ben-
zene ratio was initially about one but increased as the catalyst
deactivated.

The presence of H2 also has a marked effect on catalyst stability.
A rapid deactivation of the catalyst is observed in the absence of
H2, suggesting that high MW intermediates are retained under
He carrier gas, but they may be removed in the form of lighter
products over the Ga-modified catalysts in the presence of H2.

The increase in Ga loading had an impact on product distribu-
tion. As shown in Table 3, when compared at the same overall con-
version and temperature, the increase in Ga content under H2

resulted in a parallel increase in the production of deoxygenated
aromatics at the expense of the high MW oxygenated compounds.
It is expected that the CAC and CAO hydrogenolysis activity pro-
vided by the incorporation of Ga in the HBEA zeolite results in en-
hanced formation of benzene, toluene, and methane via
hydrogenolysis. Since the density of Brønsted sites decreases with
the addition of Ga, we might expect a decrease in cresol conversion
as the Ga loading increases. However, as shown in Table 3, the
overall conversion does not vary as Ga loading increases from
1 wt.% to 6 wt.%. The absence of conversion drop may indicate that
while the addition of Ga reduces Brønsted sites, it may generate Le-
wis acid sites GaO+ or Ga+, which can still activate cresol at com-
parable rate. The greatest effect of the addition of Ga is in a drastic
increase in the selectivity toward hydrogenolysis products, toluene
and benzene, a reaction that is catalyzed by Ga species. At the same
time, the selectivity to the heavier oxygenated compounds is

0 5 10 15 20 25
0

10

20

30

40

50

60

70

%
 Y

ie
ld

W/F (h)

m-Cresol Feed

Fig. 5. Effect of W/F over 3Ga/HBeta. Product yield: (j) methane, (d) benzene, (N)
toluene, (.) xylene, (h) other hydrocarbons, (s) phenol, (D) oxygenated com-
pounds. Reaction conditions: Catalyst = 3Ga/HBeta, W/F = 1.9–21.9 h, Reaction
temperature = 400 �C, Carrier gas = H2, Pressure = 1 atm.

Table 2
Effect of carrier gas.

Reaction condition Initial 6 h on stream

H2 He H2 He

% Conversion 84.52 74.25 79.08 37.84

% Yield
Methane 2.30 0.36 1.67 0.11
Benzene 10.67 12.89 7.33 0.88
Toluene 23.54 14.03 16.44 1.82
Xylene 10.04 2.56 6.45 0.25
Other hydrocarbon 1.87 3.37 1.36 0.68
Phenol 14.07 22.55 15.72 12.33
Oxygenated compound 22.03 18.49 30.09 21.78
Total yield 84.52 74.25 79.08 37.84

% Selectivity
Methane 2.72 0.49 2.12 0.28
Benzene 12.62 17.36 9.27 2.32
Toluene 27.85 18.90 20.80 4.80
Xylene 11.88 3.45 8.16 0.67
Other hydrocarbon 2.22 4.54 1.72 1.79
Phenol 16.65 30.36 19.88 32.58
Oxygenated compound 26.06 24.90 38.06 57.56
Total selectivity 100.00 100.00 100.00 100.00

Toluene/benzene ratio 2.21 1.09 2.24 2.07

Reaction condition: Catalyst = 3Ga/HBeta, W/F = 6.3 h,
Reaction temperature = 450 �C, carrier gas = H2 or He, pressure = 1 atm.
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significantly reduced, indicating that these products are not only
produced less by the reduction in Brønsted site density, but also
more effectively hydrogenolyzed by the Ga species. To make a
more direct comparison, we included in Table 3 the product distri-
bution on the HBEA catalyst at the same overall conversion. It is
clear that without Ga, the zeolite produces only small amounts
of toluene or benzene, but mostly phenol and condensation
compounds.

As shown in Fig. 7, increasing the reaction temperature in the
400–550 �C range not only shows a clear increase in m-cresol con-
version over 3Ga/HBEA, but also causes significant changes in
product distribution. The selectivity to methane, C2AC6 hydrocar-
bons, benzene, toluene, and xylene increased with temperature,
while that to phenol and oxygenated compounds decreased. In
fact, this should be the expected trend if, as proposed, the deoxy-
genated compounds derive from CAO and CAC hydrogenolysis of
phenol and other oxygenated compounds. These reactions have
relatively high activation energies.

Table 4 compares the product yields obtained over the different
catalysts under the same reaction conditions (i.e., W/F = 6.3 h,

450 �C, under H2 flow). Clearly, the Ga/HBEA is the most active cat-
alyst among those investigated in this work. For the same Ga load-
ing, Ga/HBEA is more active than Ga/HMFI and much more than
Ga/SiO2.

The observed difference in the activity of the two zeolites is
most likely related to their different structure. Diffusion of a rather
bulky molecule such as m-cresol may be more inhibited within the
restricted pores of ZSM-5 than in the larger pores of Beta zeolite. As
mentioned above, while the crystallite sizes of the two zeolites are
not identical, they are very close. The SEM and XRD data in Figs. 4a
and b show that the impregnation with Ga and subsequent calcina-
tion do not result in crystallinity changes or changes in crystallite
size. At the same time, BET measurements show that there are no
significant losses in pore volume. Therefore, the transport of reac-
tants and particularly the observed differences in activity between
MFI- and BEA-supported catalysts are probably more affected by
the zeolite pore size than by the size of the crystallites.

The reason for low conversion and low selectivity to light aro-
matics obtained on Ga/SiO2 may be twofold. First, silica is not an
effective support for stabilizing highly dispersed Ga species (see
TPR results). Second, silica does not contain any significant acidity,
which seems to play a role in the conversion of cresol, as evidenced
by the relatively high activity exhibited by the Ga-free zeolites
(HBEA and HMFI).

3.3. Temperature-programmed decomposition and desorption (TPDD)
after reaction

After a period of 6 h under reaction conditions (m-cresol/H2),
the decomposition/desorption of the species left on the surface of
the 3Ga/HBEA catalyst was conducted by first cooling the catalyst
in He to 100 �C and then linearly increasing the temperature to
900 �C under the flow of H2. As shown in Fig. 8a, the evolution of
light aromatics, namely benzene (m/z = 78) and toluene (m/
z = 91), was significant in the 250–450 �C range, together with light
hydrocarbons, namely methane (m/z = 15) and other hydrocarbons
(m/z = 27, 41, 56). Above 550 �C, small amounts of high m/z ion
fragments (m/z = 168) were observed. These heavy fragments are
suggested to arise from bicyclic oxygenates, which most probably
result from cracking of a surface pool of oxygenated compounds.
This cracking (or hydrogenolysis) is accompanied by a significant
H2 consumption and production of water (see Fig. 8b).

3.4. Pulse experiments

To quantify the fraction of m-cresol that gets trapped inside the
zeolite at 450 �C, a series of m-cresol pulses were injected into the
He carrier gas of the H2-pretreated 3Ga/HBEA catalyst. Fig. 9 shows
the area count from the FID signal observed at the reactor outlet for
a series of 2.3 lmol m-cresol pulses injected over a 20-mg catalyst
bed. The graph compares the observed signal after the reactor with
that observed when the pulses are sent through the bypass. To
show more meaningful numbers, the signal is converted to equiv-
alent lmols of m-cresol. The important conclusion from this exper-
iment is that it is demonstrated that the Ga/HBEA catalyst traps a
large fraction of the m-cresol passing through the bed. As more
pulses are sent and the catalyst deactivates due to this irreversible
adsorption, the amount of species trapped decreases.

Next, to determine whether these trapped species (or surface
pool) are reactive intermediates or just deactivating (coke) depos-
its, we have sent pulses of H2 over the same sample after connect-
ing the reactor outlet to a GC/FID. The results are summarized in
Table 5. Interestingly, no products were evolved upon sending a
pulse of H2 over the sample that was exposed to the entire series
of 17 pulses, indicating that this sample was completely deacti-
vated. By contrast, with one m-cresol injection, the amount of

Table 3
Effect of Ga content in the catalyst.

Betazeolite H H 1Ga/H 3Ga/H 6Ga/H
Temperature (�C) 450 400 400 400 400

% Conversion 70.45 55.51 70.76 70.56 71.64

% Yield
Methane 0.70 0.87 1.43 1.32 1.55
Benzene 0.80 0.68 3.24 3.45 6.12
Toluene 1.59 2.90 8.74 9.45 21.67
Xylene 0.54 1.38 3.56 3.20 5.40
Other hydrocarbon 2.45 2.83 3.75 3.30 4.80
Phenol 18.22 32.00 19.76 23.61 24.66
Oxygenated compound 46.16 14.83 30.28 26.23 7.44
Total yield 70.45 55.51 70.76 70.56 71.64

% Selectivity
Methane 0.99 1.58 2.02 1.87 2.17
Benzene 1.14 1.23 4.58 4.89 8.54
Toluene 2.25 5.23 12.35 13.39 30.25
Xylene 0.76 2.49 5.03 4.54 7.53
Other hydrocarbon 3.47 5.10 5.30 4.67 6.70
Phenol 25.86 57.65 27.93 33.45 34.42
Oxygenated compound 65.51 26.71 42.79 37.18 10.39

Total selectivity 100.00 100.00 100.00 100.00 100.00

Reaction condition: W/F = 6.3 h,
Reaction temperature = 400 and 450 �C, carrier gas = H2, pressure = 1 atm.
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Fig. 7. Effect of temperature yield of (d) methane, (N) benzene, (.) toluene, (h)
xylene, (s) other hydrocarbons, (D) phenol, () oxygenates compounds Reaction
conditions: Catalyst = 3Ga/HBeta, W/F = 6.3 h, Reaction temperature = 400–550 �C,
Carrier gas = H2, Pressure = 1 atm.
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products evolved upon sending a subsequent pulse of H2 was sig-
nificant, but depended on the time that passed between the m-cre-
sol pulse and the subsequent H2 pulse.

It is important to point out that evolution of deoxygenated
products was observed even in the absence of added H2. That is,
when the He stream leaving the reactor was analyzed 5 min after
the m-cresol injection, benzene, toluene, and xylenes were ob-
served. This product formation suggests that the species trapped
inside the zeolite continue reacting under He flow. However, it ap-
pears that after 45 min, the surface species either reacted com-
pletely or transformed into more refractory surface species since
no further product evolution occurred. The results obtained with
H2 pulses indicate that the latter is true. That is, while 60 min after
the m-cresol injection no product evolution was seen in He, they
did appear when we sent a H2 pulse.

Similarly, as also shown in Table 5, sending a first pulse of H2

5 min after m-cresol injection also yielded the same type of aro-
matic products, but in significantly larger amounts than seen at
the reactor outlet without the addition of H2. Moreover, when a
second H2 pulse was sent 50 min after the first one, aromatic prod-
ucts were still evolved. These interesting results indicated that the

Table 4
Effect of support material.

Type of catalyst 3Ga/H Beta 3Ga/Silica 3Ga/H ZSM-5 H ZSM-5

% Conversion 82.78 4.49 40.32 41.69

% Yield
Methane 2.25 0.78 0.34 1.50
Benzene 10.45 0.15 1.24 1.24
Toluene 23.06 0.32 8.90 2.00
Xylene 9.84 0.00 0.86 0.00
Other hydrocarbon (C2AC6) 1.83 0.00 0.90 1.50
Phenol 13.78 2.82 19.91 23.90
Oxygenated compound 21.57 0.41 8.18 11.55

Total yield 82.78 4.49 40.32 41.69

% Selectivity
Methane 2.72 17.45 0.84 3.60
Benzene 12.62 3.40 3.08 2.97
Toluene 27.85 7.19 22.06 4.80
Xylene 11.88 0.00 2.13 0.00
Other hydrocarbon (C2AC6) 2.22 0.00 2.23 3.60
Phenol 16.65 62.88 49.38 57.34
Oxygenated compound 26.06 9.08 20.29 27.70

Total selectivity 100.00 100.00 100.00 100.00

Reaction condition: Catalyst = 3Ga/HBeta, 3Ga/Silica, 3Ga/HZSM-5, and HZSM-5, W/F = 6.3 h, reaction temperature = 450 �C, carrier gas = H2, pressure = 1 atm.
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Fig. 8a. TPD of 3Ga/HBeta after m-cresol conversion at 400 �C.
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presence of added H2 indeed enhances the deoxygenation reaction
of the trapped phenolic species, which are unreactive under He.

4. Discussion

Although phenol is the dominant product at low space times, it
is not necessarily a primary product formed by direct CAC hydrog-
enolysis of m-cresol to phenol. If that were the case, methane
should be produced in equimolar amounts. Therefore, direct deal-
kylation may only provide a small fraction of the total phenol ob-
served. Alternatively, since m-cresol readily adsorbs on the surface
of the catalyst, it is possible that a major fraction of the feed gets
strongly adsorbed inside the zeolite, forming a ‘‘surface pool’’ of
oxygenated species [31]. Similar formation of a surface pool of oxy-
genates and/or aromatic species trapped inside the nanocages of
the zeolite has been proposed to play an important role in deter-
mining the product distribution for several zeolite-catalyzed reac-
tions such as MTG [37–40], aromatic disproportionation [41,42],
and alkane aromatization [43].

As shown in the TPDD experiments described above, these
trapped species can subsequently decompose via cracking or
hydrogenolysis at the relatively high temperatures of the experi-
ments to the observed products. In this case, a surface pool of

oxygenates would be the primary precursors for phenol and the
observed heavy oxygenated compounds. They can also be hydro-
deoxygenated, producing the observed light aromatics (benzene,
toluene, xylene) and light hydrocarbons (C2AC6 hydrocarbons).
As the surface pool intermediate accumulates on the surface, direct
dealkylation of the feed (cresol) is further suppressed, leading to
the observed decrease in the methane/phenol molar ratio with
time on stream (Table 3). By contrast, as recently shown [44,45],
acidic zeolites are very effective to catalyze the transalkylation of
phenolics and other oxygenated aromatics. Therefore, one can ex-
pect that the methyl group from m-cresol can be transferred to an-
other aromatic molecule instead of forming methane. In addition,
at higher space time, phenol may re-adsorb and undergo further
surface condensation in a manner similar to that described for
m-cresol. This phenomenon was confirmed in a separate experi-
ment using phenol as a feed (not shown) over 3Ga/HBEA, which
gave products similar to those observed from m-cresol (i.e., ben-
zene, toluene, xylene, and oxygenated compounds). Scheme 1
summarizes the possible products and reaction pathways from
m-cresol.

One expects that direct cleavage of CAC and CAO bonds does
not occur in the absence of hydrogen. However, as shown in Table
5, hydrogenolysis (deoxygenated) products are observed for a short
time after injection of m-cresol without added H2. As we have

Table 5
Products evolved at 450 �C from the 3Ga/HBEA catalyst upon the injection of 2.3 lmoles of m-cresol followed by H2 pulses (or not). The time delay indicates the period of time
that passed between the m-cresol injection and the subsequent injection of H2 pulse or direct analysis in He, without H2. During this time, the catalyst was under He flow.

m-cresol exposure (no. of injections) Time delay in He (min) H2 pulse sent (0.5 cc) Benzene Toluene Xylenes Total products

17 60 Yes 0.0000 0.0000 0.0000 0.0000
1 60 Yes 0.0055 0.0032 0.0000 0.0087
1 5 Yes 0.15 0.18 0.03 0.36
1 55 Yes 0.0039 0.0030 0.0000 0.0069
1 5 Noa 0.10 0.13 0.02 0.26
1 45 Noa 0.0000 0.0000 0.0000 0.0000

a Direct GC analysis of products in the He stream, without H2 added.

Scheme 1. Reaction pathway for the conversion of m-cresol to aromatics, phenol, and trapped surface species.
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previously shown [31], the Ga/zeolite catalysts are able to retain
hydrogen from a reductive pretreatment, forming Z�GaH2

+ species,
which themselves react with the trapped surface species forming
the observed aromatics. However, this is a temporary effect that
disappears after a few minutes in the absence of added hydrogen.

Hence, under He stream, the surface pool of intermediates
quickly accumulates and turns into irreversible deposits that lead
to coke. While decomposition of the pool leads to the formation of
phenol and larger phenolic compounds during some time on
stream, a rather rapid catalyst deactivation is observed (Fig 5). That
is, H2 plays an important role in the formation of products via both
the direct CAC hydrogenolysis of m-cresol and the hydrogenation/
hydrogenolysis of the surface pool intermediates. In particular,
when H2 is present, the surface pool intermediates can be removed
by hydrogenolysis to lighter aromatic products (benzene and

toluene), improving the catalyst stability. The balance between
these competing reaction pathways determines whether the cata-
lyst shows stability or deactivates quickly, as described in Scheme 2.

The variation in activity with Ga loading deserves further dis-
cussion. It is clear that the yield of light aromatics increased with
the Ga content, while the yield of oxygenated compounds de-
creased (Table 4). The high hydrogenolysis activity of Ga is respon-
sible for this trend, which is also observed at higher reaction
temperatures (Fig. 7). Higher temperatures facilitate the decompo-
sition/hydrogenolysis of the surface pool intermediates, leaving
more available active sites for consecutive m-cresol adsorption
and conversion.

As discussed in our previous study [31], the Ga active sites that
catalyze the hydrogenolysis of the condensation products of the
surface pool are Ga species, only generated under H2. TPR and

Scheme 2. Possible pathways for the formation of condensed oxygenates that lead to deactivation in parallel to hydrodeoxygenation via formation of GaH2
+species, with

hydrogenolysis activity.
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IPA-TPD (see Figs. 1 and 2) suggest that reduction in octahedrally
coordinated Ga2O3 (Ga3+ ions) leads to the formation of reduced
univalent Ga+ ions, as previously reported [20,28,46,47], which re-
place acidic protons.

Ga2O3 þ 2H2 ! Ga2Oþ 2H2O ð1Þ

Ga2Oþ 2Z�Hþ ! 2Z�Gaþ þH2O ð2Þ

where Z� represents the negative framework charge of the zeo-
lite.Alternatively, these Ga+ ions can chemisorb molecular H2 result-
ing in the formation of gallium dihydrides (GaH2

+), which have also
been proposed as active sites that promote hydrogenolysis
[34,46,48,49].

Z�Gaþ þH2 ! Z�GaHþ2 ð3Þ

The existence of the GaHþ2 on this type of catalysts has been previ-
ously proposed, on the basis of IR absorption bands observed at
�2040 cm�1 [30]. Since hydride transfer plays an important role
in the formation of light aromatics from phenolics [50,51], we be-
lieve that H2 not only keeps Ga species in its reduced form but
can also stabilize GaH2

+ species, which can promote hydride trans-
fer to the CAC and CAO bond of the condensation product, leading
to the formation of lighter aromatics, as discussed above.

In the case of the 3Ga/silica catalyst, it is clear that the inability
of silica to stabilize well-dispersed Ga species and promote the for-
mation of gallium dihydrides is responsible for the lack of any
hydrodeoxygenation activity (Table 4). Another interesting trend
was observed on this catalyst. While the selectivity to phenol
was relatively high, there was practically no formation of heavy
oxygenated compounds, which appeared in significant amounts
on the zeolite catalysts. This difference shows that the formation
of the surface pool of condensed intermediates requires the pres-
ence of a high density of acid sites as found in zeolites.

The different reactivity exhibited by the Ga-modified HMFI and
HBEA zeolites is an interesting matter to discuss. For example,
while both 3Ga/HMFI and 3Ga/HBEA stabilize the same type of
Ga species and exhibit similar TPR profiles (Fig. 1), the overall m-
cresol conversion is significantly lower over 3Ga/HMFI than over
3Ga/HBEA. Then, the difference may have a shape-selectivity ori-
gin. First, the diffusion of m-cresol into the restricted pores of
3Ga/HMFI may be much more constricted than in the pores of
3Ga/HBEA. Second, if as proposed above, the conversion of m-cre-
sol involves bimolecular interactions, this reaction path will be
hindered inside the structure of 3Ga/HMFI. Therefore, the lower,
but still significant activity of 3Ga/HMFI must derive from one of
the following possibilities: (i) pore mouth sites or (ii) isomerization
of m-cresol to a less restricted isomer that can readily diffuse into
the pores.

While 3Ga/HMFI results in high selectivity to phenol, methane
is not produced at the same rate (Table 4); thus, one cannot con-
clude that phenol derives directly from the hydrodealkylation of
m-cresol, but rather includes transalkylation to other aromatics
[44,45]. Alternatively, the role of a surface pool of condensed spe-
cies can be considered. Due to the presence of strong acid sites,
HMFI promotes the formation of the surface pool. However, the re-
stricted pore structure of MFI would tend to reduce the size of this
pool, and a smaller carbonaceous pool would lead to a lower extent
of CAC bond formation. As a result, a higher selectivity to phenol,
evolved from the surface during decomposition, should be ex-
pected on HMFI compared to HBEA, as shown in Table 4.

5. Conclusions

Ga-modified H-Beta (Ga/HBEA) zeolites are effective catalysts
for the hydrodeoxygenation of m-cresol. The main conclusions of
this study can be summarized as follows:

– The main products observed from m-cresol are toluene, ben-
zene, and xylene. In addition, phenol, oxygenated, and bicyclic
compounds are also formed. The presence of these products
suggests that the formation of a ‘‘surface pool’’ of oxygenated
intermediates may play a role in the reaction pathway.

– The pulse-mode experiments show that m-cresol is readily
trapped inside the zeolite. These trapped species can undergo
several reaction paths, as follows:
a. Condensation to (deactivating) heavier products.
b. Decomposition to phenol and aromatics.
c. Hydrogenolysis of trapped products as well as of some of

the larger molecular aggregates that have started to
condense.

The last path, (c), is greatly accelerated in the presence of Ga
and H2 in the gas phase. Under these conditions, path (a) is much
less predominant, so deactivation is slow.

Path (b) occurs even in the absence of H2, but in that case, path
(a) dominates, leading to a fast deactivation. Reactions in He or
those in H2, but without Ga (in the gas phase or the surface), show
severe deactivation.

– The continuous-flow-mode experiments show that without H2

in the feed, the hydrogenolysis activity is rapidly depleted.
However, the BrØnsted sites of the zeolite are still active for
generating the surface pool of condensation products as well
as for the decomposition of these deposits, but not for deoxy-
genation, so mainly oxygenated compounds are produced. Also,
it is observed that the lack of hydrogenolysis activity in the
absence of H2 leads to a rapid catalyst deactivation.

– By contrast, the presence of H2 in the feed greatly enhances the
deoxygenation activity, particularly on the Ga/HBEA catalysts,
being significantly lower on Ga/HMFI and almost negligible on
Ga/SiO2. While the former is due to steric constraints of the pore
structure, the latter is due to the inability of the support to sta-
bilize well-dispersed Ga species, which under H2 are the active
sites for hydrogenolysis.
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