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Abstract: y-MnO, nanorobs and Au/vy-MnO, catalysts were
synthesized and characterized by the X-ray powder diffraction
(XRD),
transmission

the scanning electron microscope ( SEM), and
microscope  ( TEM ). The
characterizations show that Au particles are well dispersed on

electron

the surface of y-MnO, nanorobs with a particle size of about
10 nm. The catalytic performance is evaluated in solvent-free
toluene oxidation with oxygen. The influences of several
process such as reaction time, reaction
temperature, initial oxygen pressure and catalyst amounts on
the catalytic performance are studied. Catalytic results reveal
that Au/y-MnO, catalyst has a unique selectivity to

benzaldehyde and all these factors greatly influence the

parameters

conversion of toluene and selectivity of bezaldehyde, benzoic
acid and benzyl benzoate. However, these factors have slight
influence on the selectivity of benzyl alcohol.
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manganese

oluene oxidation has received more and more atten-
T tion, since all the oxidation products, such as ben-
zyl alcohol, benzaldehyde, benzoic acid, and benzyl
benzoate, are commercially significant versatile interme-
diates in the manufacture of pharmaceuticals, dyes, sol-
vents, perfumes, plasticizers and preservatives'. Indus-
trially, a homogeneous catalyst and a halogenic or acidic
solvent are applied to toluene oxidation for high conver-
sion, but the use of such solvents and homogeneous cata-
lyst cause pollution and waste’. Thus, a solvent-free
method for toluene oxidation catalyzed by a heterogene-
ous catalyst has attracted attention and been studied in re-
cent years. Mn,O,, MnO, and Au-Pd/C catalysts have
shown to be effective in the solvent-free oxidation of tolu-
ene to benzoic acid, benzaldehyde and benzyl benzoate
reaction”. These findings suggest that noble metals and
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manganese oxides are good candidates for solvent-free
toluene oxidation.

Manganese oxides are well known as materials for
clean energy storage due to their low material cost, ac-
ceptable environmental characteristics, and chemical sta-
bility. Many studies have focused on the modification of
their crystal forms, morphology and particle size. In par-
ticular, three crystal forms, i.e., o (2 x2 tunnel struc-
ture), vy (1 x1 and 1 x2 tunnel structure), and & (layer
structure), that are called manganese oxide octahedral
molecular sieves (OMS)'*'. The basic unit of OMS is
MnO, octahedra which can share their edges and vertices
to generate a wide range of periodic structures.

The Au nanoparticle has been widely used as catalyst in
three kinds of reactions: CO oxidation, alkene epoxida-
tion, and selective oxidation of alkanes. Many factors are
known to affect Au activity, such as particle size and ge-
ometric structure, the type of support, methods of prepa-
ration, calcination, and the presence of trace compounds.
Supported gold catalyst demonstrates excellent catalytic
performance, and the supports reported include zirconi-
a”', cerium oxide', iron oxide'”, magnesium oxide™,
Therefore, it is a good choice to
synthesize a catalyst using nanosized Au particles as ac-
tive centers and manganese (1V) oxide as support.

In our previous study''”, we synthesized three kinds of
MnO, nanostructures ( -, vy-, 8-MnO,) by the redox
method. Among them, y-MnO, has a suitable morpholo-
gy and surface area for the use of support, which also
shows high activity in toluene oxidation. To continue our
study, in this work, Au/~y-MnO, catalyst is prepared by a
technique of in situ reduction. Then, process parameters

. . . 9
and titanium oxide’ .

such as reaction time, temperature, initial oxygen pres-
sure and catalyst amount are studied in solvent-free tolu-
ene oxidation over Au/y-MnO, catalyst.

1 Experimental

The y-MnO, nanostructure was prepared according to
the procedure of our previous work by the redox reaction
of Mn®* and Mn"* """, Au/y-MnO, catalyst was prepared
by an in situ reduction method. Chloroauric acid and as-
corbic acid were used as precursors and reductants, re-
spectively. At 80 C, the required amount of aqueous
chloroauric acid was added to the PVP aqueous solution
(0.7%0 g/mL, 300 mL) by dripping. After stirring, 0.9
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g of dispersed MnO, powder was added into the solution.
Six hours later, 30 mL aqueous ascorbic acid (0. 01 mol/
L) was dropped into the mixture and stirred for another 1
h. Finally, the product was obtained by filtration and
washed several times with deionized water until the fil-
trate did not react with AgNO, solution. Then absolute al-
cohol was used to remove any residual reactants. Finally,
the product was dried at 60 C for 16 h. The mole per-
centage of Au loading was 1. 0% .

The XRD characterization of MnO, and Au/MnO, sam-
ples was carried out on a Bruker D8 Focus X-ray diffrac-
tometer using Cu K radiation and a nickel filter (A =
0. 154 06 nm) with a voltage and current of 40 kV and 40
mA, respectively.

Selective oxidation of toluene was performed in an au-
toclave (50 mL) with mechanical stirring. After the ves-
sel was charged with 30 mL of toluene and the required
amount of catalyst, it was filled with pure oxygen to a
desired initial pressure. Then the reaction was time was
measured as soon as the temperature reached the set val-
ue. When the reaction was finished, we analyzed the lig-
uid phase by GC and the results were compared to known
commercially pure standard samples. Finally, conversion
and product selectivity were calculated based on the car-
bon balance with the calibration curves.

2 Results and Discussion

2.1 Characterization results

The XRD patterns of the prepared samples are shown in
Fig. 1. Some broad peaks and some sharp peaks are ob-
served, as well as shifting in the positions of the peaks.
Broadening of diffraction peaks occurs when certain types
of random intergrowth of pyrolusite (1 x 2 tunnel struc-
ture) and ramsdellite (1 x 2 tunnel structure) manganese
dioxide are present according to the de Wolff model''".
After comparison with the reference data for the IBA-11
XRD patterns'”!, the sample was confirmed to be a crys-
tal form of y-MnO,. The other sample shows a similar
XRD pattern with y-MnO, except that it has the peaks at
26 of 38.5° (111), 44.8° (200) due to the Au particles
(JCPDS Card No. 1-1172). This indicates that the load-
ing of Au particles do not change the crystal structure of
MnO, and the size of Au particles is larger than 4 nm. In
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Fig.1 XRD patterns of prepared samples

fact, TEM and SEM images show that Au particles are
well dispersed on y-MnO, nanorods and the size of which

was about 10 nm, the same as in our previous research” .
2.2 Catalytic results

The effect of initial oxygen pressure on toluene oxida-
tion reaction is shown in Fig. 2. Higher oxygen pressure
obviously improves the conversion of toluene, and a dras-
tic improvement appears between 2.5 and 3.0 MPa.
Meanwhile, benzoic acid selectivity presents the same
variation trend, even though there is no big change be-
tween the pressure of 1.5 and 2. 0 MPa. By contrast, the
selectivity of benzaldehyde reduces significantly. At the
pressure of 3. 0 MPa, the main products are benzaldehyde
and benzoic acid, which share almost the same selectivity
with each other. In this single-factor reaction, the selec-
tivities of benzyl alcohol and benzyl benzoate have not
changed much, and only show a slight decreasing trend
between 0. 5 and 3. 0 MPa. In general, the increasing ini-
tial pressure of oxygen improves the conversion of toluene
precisely. This may be caused by the increasing oxygen
content in the unit volume, which enhances the reaction.
As a result, benzyl alcohol and benzaldehyde are further
oxidized to benzoic acid and benzyl benzoate. Therefore,
even though benzaldehyde has the highest selectivity, it
presents a decreasing trend, while the selectivity of ben-
zoic acid increases. Moreover, because of the limited
benzyl alcohol, benzyl benzoate selectivity is not changed
significantly.
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Fig. 2
formance over Au/y-MnO, catalyst with the reaction tempera-

Influence of initial oxygen pressure on catalytic per-

tures of 160 C, the reaction time of 8 h, the catalyst amount of
1 % in mass fraction, and the stirring rate of 600 r/min

In Fig. 3, toluene conversion increases with the in-
crease of temperature. At the temperature of 140 C or
lower, the conversion of toluene remains below 5% .
However, when the reaction temperature increases, the
reaction becomes more severe. Toluene conversion is im-
proved by a clear increase rate progressively, and at the
temperature of 220 C, it reaches the value of 34.1%.
Another improvement appears on the selectivity of benzyl

benzoate. When the temperature is low, little benzyl ben-
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zoate can be obtained. However, a reaction at 220 C
provides the greatest production of benzyl benzoate and
the value of selectivity changes to 47. 1% . On the contra-
ry, the other three products show decreasing trends in
Fig. 3. Benzyl benzoate selectivity shows a sharp increase
between the temperature of 180 and 220 C, while the se-
lectivity of benzaldehyde decreases by 37.4% .
while, benzoic acid and benzyl alcohol do not change

Mean-

much. This single-factor experiment shows a result that
the increasing temperature provides more energy for grea-
ter reactions. Some toluene may be directly oxidized to
benzyl benzoate. This is proved to be the most effective
method to improve toluene conversion in this reaction sys-
tem. This enhancement in catalytic activity may be
caused by the increase in the intrinsic activity of the exist-
ing active sites and also by the creation of more active

sites with the increase in reaction temperature'"”’ .
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Fig.3 Influence of reaction temperature on catalytic perform-
ance over Au/y-MnO, catalyst with the initial pressure of 1
MPa, the catalyst amount of 1% in mass friction, the reaction
time of 8 h, and the stirring rate of 600 r/min

It is clear to see from Fig. 4 that a long reaction time
can clearly improve toluene conversion. However, in the
first 12 h, oxidation reaction proceeds slowly. On the
other hand, both benzyl alcohol and benzaldehyde de-
crease as time goes by. The change in benzyl alcohol se-
lectivity is not obvious, while a sharp decrease appears
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Fig.4 Influence of reaction time on catalytic performance over
Au/y-MnO, catalyst with the reaction temperature of 160 C,
the initial pressure of 1 MPa, the catalyst amount of 1% in
mass friction, and the stirring rate of 600 r/min

in the first 20 h of benzaldehyde selectivity. On the con-
trary, benzyl benzoate production increases more over
time and exceeds benzaldehyde after a reaction for 42 h.
Unlike the three products, benzoic acid selectivity first in-
creases to 31. 4% at 20 h and then decreases to 20. 6% at
60 h. This phenomenon is attributed to more benzalde-
hyde turning into benzyl acid with oxygen at the begin-
ning of the reaction. As time passes, the benzyl acid and
benzyl alcohol begin further reacting to form benzyl ben-
zoate. This observation can also be confirmed by the in-
creasing trend of benzyl benzoate selectivity. A similar

result was also discovered by Fu et al''¥

. In this way, we
can obtain the most benzoic acid product by controlling
reaction time.

The influence of catalyst amount in this system is de-
scribed in Fig. 5. Similar to the influence of the above
discussed parameters of reaction temperatures and initial
oxygen pressure, the toluene conversion increases dramat-
ically with the increase in catalyst amount, which can be
raised from the initial 8. 6% to above 30% . However,
the conversion maintains constant when the catalyst
amount is above 7% . This phenomenon may be ascribed
to two reasons. One is the limitation of the oxygen
amount in the liquid phase of this reaction system. The
other possible reason is the findings that metal complexes
of transition metals, particularly in the media of low po-
larity such as neat hydrocarbons, often act as catalysts at
low loadings but inhibitors at high loadings'”'. The selec-
tivity of benzoic acid and benzyl benzoate first increases
then decreases, while the selectivity of benzyl alcohol
does not change too much. The increase of catalyst
amount may drive the reaction into a further stage and re-
sults in the increase of selectivity of the more reactive ox-
idation products. However, due to the limitations of reac-
tion conditions, this selectivity declines when the amount
of catalyst reaches a certain value. Another product is
benzaldehyde, the selectivity of which reaches a maxmum
value when the amount is 7% . It is known that benzoic
acid and benzyl benzoate are the further oxidation products
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Fig.5 Influence of catalyst amount on catalytic performance
over Au/y-MnO, catalyst with the reaction temperature of

160 C, the initial pressure of 1 MPa, the reaction time of 8§ h
and the stirring rate of 600 r/min
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of benzaldehyde, so it is easy to understand that the be-
havior of benzaldehyde selectivity can be contrasted with
that of benzoic acid and benzyl benzoate. Moreover, the
selectivity of benzaldehyde is always the highest during
the increase of catalyst amount from 1% to 10% , indica-
ting that the Au/y-MnO, catalyst has a unique selectivity
to benzaldehyde in this reaction condition.

3 Conclusion

In this paper, the well dispersed Au/y-MnO, catalyst is

synthesized. The sample shows effective catalytic per-

formance in solvent-free toluene oxidation. Several
process parameters can enhance the conversion of tolu-
ene, which are reaction temperature, initial oxygen pres-
sure, catalyst amount, and reaction time. All these fac-
tors influence the selectivity of benzaldehyde,

acid and benzyl benzoate significantly, but affect that of

benzoic

benzyl alcohol only slightly. Under the conditions of a re-
action time within 20 h, a reaction temperature below 200
C and the initial oxygen pressure within 3 MPa, this Au/
v-MnO, catalyst has a unique selectivity to benzaldehyde.
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