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A synthesized y-MnO, octahedral molecular sieve was characterized and used to catalyze solvent-free
atmospheric oxidation of toluene with molecular oxygen. The y-MnO, showed excellent catalytic
activity and good selectivity under the mild atmospheric reflux system at a low temperature (110 °C).
Under optimized conditions, a 47.8% conversion of toluene, along with 57% selectivity of benzoic acid

and 15% of benzaldehyde were obtained. The effects of reaction time, amount of catalyst and initiator,
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and the reusability of the catalyst were investigated.
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1. Introduction

Catalyzed oxidation of aromatic hydrocarbons with molecular
oxygen has been studied for several decades. For example, toluene
can be converted into oxidation products such as benzyl alcohol,
benzaldehyde, and benzoic acid. Liquid phase toluene oxidation
with homogeneous metal salt catalysts has been realized
industrially in the Rhodia, Dow, and Snia-Biscosa process using
oxygen or peroxides as oxidants [1-4]. These processes operate at
165 °C and in 10 atm of air in the presence of a homogeneous
cobalt catalyst in acetic acid. At present, the principal industrial
production of benzoic acid via the oxidation of toluene involves the
use of homogeneous cobalt catalysts in an air pressurized aqueous
acetic acid mixture in the presence of Mn ions [5]. However, the use
of solvent causes difficulties in the separation of catalysts and
products, equipment corrosion, and due to the environmental
hazards associated with the use of liquid acids as solvent.
Developing solvent free toluene oxidation having great activity
has attracted special attention as a promising environmentally
friendly reaction.
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Development of efficient heterogeneous catalysts has been
devoted to a solvent free toluene oxidation system due to their
convenient use and facile recycling [6-11]. For example, Wang
et al. reported liquid phase toluene oxidation with molecular
oxygen over copper-based metal oxides. In this process, however,
in order to observe good conversion, a closed capacity autoclave,
oxygen pressure, and higher temperature (T > 160 °C) were used.
These common reaction conditions are too dangerous due to the
explosion hazards of toluene-oxygen vapors at high reaction
temperatures [12,13,22]. Thus, improvement of toluene oxidation
with an atmospheric safe reflux system is a more acceptable
pathway. But the comparatively low conversion at atmospheric
pressure is another problem due to the challenge of oxidizing sp>
hybridized carbon in inactive hydrocarbons [13-17] (Scheme 1).

Manganese oxide octahedral molecular sieves (OMS) have been
applied extensively in energy storage, catalysis, battery electrodes,
sensor materials, and ion sieves because of their distinctive
properties [18-22]. y-MnO, octahedral molecular sieve (also
called chemical manganese dioxide, CMD), a disordered 1 x 1 and
1 x 2 tunnel structure corner shared with MnOg octahedral chains
(Scheme 2), is one of these most useful manganese oxides and has
been widely applied in the battery industry because of its high
activity, low cost of raw material, and low toxicity. About 200,000
metric tons of y-MnO; is used in the battery industry each year and
significant effort has been expended to optimize and improve
these materials [23,24]. Meanwhile, oxidation of aromatic
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Scheme 1. Atmospheric oxidation of toluene with molecular oxygen using y-MnO, catalyst.

hydrocarbons using y-MnO, octahedral molecular sieve as the
catalyst has not been reported.

In this work, we report the solvent free oxidation of toluene
with molecular oxygen in an atmospheric reflux safe system using
synthesized y-MnO, octahedral molecular sieve as the catalyst.
Significantly high conversion (47.8%) of toluene and good
selectivity towards benzaldehyde (15%) and benzoic acid (57%)
were obtained in an atmospheric system. To the best of our
knowledge, this is the first example of ~y-MnO, octahedral
molecular sieve catalyzed active oxidation of toluene with
molecular oxygen in a liquid phase reflux system.

2. Experimental
2.1. Preparation of y-MnO, catalysts

The y-MnO,, catalyst was prepared by an in situ precipitation
method. A known amount of potassium permanganate was
dissolved in 100 mL distilled water. The solution was then added
dropwise to a hot aqueous solution (90 °C, refluxing) containing
0.1 M of MnSO4 and 6 mL of concentrated nitric acid under
vigorous stirring. After refluxing the resulting solution for 24 h, the
precipitate was filtered and washed with distilled water to remove
by-products, followed by drying overnight at 100 °C.

2.2. Catalyst characterization

2.2.1. X-ray powder diffraction

The y-MnO, catalyst was characterized by X-ray powder
diffraction. The XRD patterns were obtained using a Scintag 2000
XDS instrument with a Cu Ko X-ray source with a beam voltage of
45 KV and 40 mA beam current.

2.2.2. Transmission electron microscopy

High-resolution transmission electron microscopy (HRTEM)
was also used to check the morphology and structure of the
catalyst. HRTEM studies were carried using a JEOL 2010 instrument
with an accelerating voltage of 200 kV. The samples were prepared

Scheme 2. Schematic structure of y-MnO,: views of a pyrolusite and ramsdellite
intergrowth along c-axis. Open and filled small circles represent Mn atoms and
open large circles represent O atoms respectively [27]. Reproduced with permission
from Elsevier, Fig. 1e of Ref. [27].

by dispersing the material in 2-propanol. Then a drop of the
dispersion was placed on a carbon-coated copper grid and allowed
to dry.

2.2.3. Surface area

The surface area (SA) of y-MnO, was measured using the
Brunauer-Emmet-Teller (BET) method on a Micromeritics ASAP
2010 instrument. The area was determined to be 18 m? g~! using
N, as the adsorbent using the s multipoint method.

2.2.4. High-resolution scanning electron microscopy

HRSEM photographs were taken on a Zeiss DSM 982 Gemini
emission scanning microscope with a Schottky Emitter at an
accelerating voltage of 2 kV with a beam current of 1 pA. The
samples were ultrasonically dispersed in ethanol for analysis. The
suspensions were deposited on a gold-coated silicon wafer.

2.2.5. Catalytic reactions

All experiments were carried out in a three-necked round-
bottom flask equipped with a condenser; a 9 mL/min of O, flow
into the solution at atmospheric pressure, and the flask was placed
in an oil bath at a temperature of 110 °C. In a typical reaction,
toluene (10 mL, 0.094 mol) with 0.1 mol% of AIBN (2,2’-azobis(i-
sobutyronitrile), a very commonly used radical initiator for the
polymerization of vinyl monomers [34]) and 70 mg of catalyst
(pretreated at 120 °C for 6 h) were introduced into the reactor.
After refluxing for 20 h, the products were dissolved in acetonitrile
and analyzed by an HP 5890 Series Il gas chromatograph coupled
with an HP 5971 mass detector. The column used was a nonpolar
cross-linked siloxane (HP-1) with dimensions of 12.5m x
0.2m x 0.33 pm.

3. Results
3.1. X-ray powder diffraction (XRD)

The XRD pattern of the as-synthesized catalyst is shown in
Fig. 1a, showing some broad peaks and some sharp peaks, as well
as shifting. The broadening of diffraction peaks is known to occur
for certain types of random intergrowths of ramsdellite (1 x 2
tunnel structure) and pyrolusite (1 x 2 tunnel structure) of
manganese dioxide based on the “De Wolff model” published in
1959 [25]. Fig. 1c gives reference data for IBA-11 XRD patterns [26]
of y-MnO,. As can be seen by comparing Fig. 1a and c, a pure
crystalline gamma manganese dioxide was successfully synthe-
sized.

3.2. SA and HRSEM

The surface area and pore volumes have also been tabulated in
Table 1. The synthesized y-MnO- did not have a high surface area
(18 m?/g) and total pore volume (0.0197 cm?/g). The HRSEM
picture (Fig. 2a) illustrated that the as-synthesized catalyst is made
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Fig. 1. X-Ray diffraction pattern of (a) as-synthesized fresh y-MnOs, (b) used y-MnO,, (c) pattern similar to that of IBA 11; Pr = 0.44, Tw = 26, Mt = 24 [27]. Reproduced with

permission from Elsevier, Fig. 3b of Ref. [27].

Fig. 2. Electron microscopy images of synthesized y-MnO-: (a) fresh y-MnO, catalyst; (b) used y-MnO, catalyst. Reproduced with permission from Elsevier, Fig. 3b of Ref. [27].

Table 1
Surface area and pore volumes of the synthesized catalyst and toluene oxidation
catalysis.

BET SA (m?/g) Toluene conversion (%)
Total pore Average pore 20h TON* 48h TON
volume (cm?/g) diameter (A)

18 0.0197 19.3 17.6% 21 47.8% 56

Reaction conditions: 70 mg of the catalyst was mixed ultrasonically in 10 mL toluene
and 0.1 mol% AIBN. Reflux at 110 °C for hours while bubbling O, with constant flow
rate of 9 mL/min.
AIBN: 2,2'-azobis(isobutyronitrile).

2 TON: Turn Over Number=mol of converted toluene/mol of catalysts
used = (Conv. x 10 mL x 0.87 g mL~'/92.4 g mol~1)/(0.07 g/87 g mol ).

up of homogeneous nanofibers that are around 1 wm in length and
50 nm in diameter.

3.3. HRTEM

The high-resolution transmission electron microscopy
(HRTEM) image of a nanofiber (Fig. 3) shows lattice fringes,
identified as (2 01) planes, based on dyo; = 0.38 nm, which are
parallel to the surface of the nanofibers. Likewise, the features
observed in the TEM image show broken lattice fringes, which
might correspond to structural defects and distortion of y-MnO, as
reported in the literature [25-31]. These defects and distortions are
important for the catalytic activity of the y-MnO; [27]. Results of
selected area electron diffraction (SAED) illustrated in Fig. 3c
shows striped-like spots, which could also be due to the
intergrowth of the ramsdellite and pyrolusite structures.

3.4. Catalytic activity

Commercial MnO, and Mn,;03; gave no conversion. No
conversion was observed for the blank run without a catalyst as

well, as shown in Table 2. K-OMS-2 (cryptomelane phase 2 x 2
octahedral molecule sieve) based materials evaluated in Table 2
gave a very small (0.7%) conversion, even though these materials
have been confirmed to be highly active in many catalytic reactions
[32,33,35,37]. However, by using the synthesized y-MnO,, 17.6%
conversion was achieved, indicating that the as-synthesized -y-
MnO, is very active for toluene oxidation in our atmospheric and
easily operated reaction system. Selectivities of 58% and 24%
formed benzoic acid and benzaldehyde respectively were
observed. Mass transfer limitations have been investigated by
varying the stirring rate from O to 300rpm. Very similar
conversions as well as similar selectivities to benzaldehyde and
benzoic acid were obtained, confirming that there are no mass
transfer limitations under these particular conditions.

Table 2
Results of toluene oxidation by different catalysts.
Description Surface Selectivity (%) Conv (%)
2
area (m
(m*/g) Bzdh®  Bzal!  Bzad®

Commercial MnO," <2 0.0
Commercial Mn,05” <2 0 0 0 0.0
No catalyst N/A? 0 0 0 0.0
K-OMS-2 [35] 65 100 0 0 0.7
Amorphous OMS [37] 257 0 0 0 0.0
H-K-OMS-2 [33] 62 0 0 0 0.0
Commercial CMDP 28 42 10 48 7.8
As-synthesized catalyst 18 24 7 58 17.6

Reaction conditions: 70 mg of catalysts was mixed ultrasonically in 10 mL toluene
and 0.1 mol% AIBN. Reflux at 110 °C for 20 h while bubbling O, with constant flow
rate of 9 mL/min.

¢ Not available.

b Chemicals purchased from Aldrich.
Benzaldehyde.
Benzyl alcohol.

c
d
¢ Benzoic acid.



172 L. Jin et al./Applied Catalysis A: General 355 (2009) 169-175

4. Discussion
4.1. Synthesis and characterization

Highly active y-MnO, was successfully prepared by a simple in
situ precipitation method. In acidic media, a redox reaction
between MnO,~ and Mn?* is expected to spontaneously produce
MnO, based on Eqgs. (1) and (2).

MnO;~ (1) + 4H*(I) + 3e == MnO,(s) + 2H,0  E°= 1.68V
(1)

MnO;(s) + 4H" () + 2e == Mn?*(l) + 2H,0  E°= 122V
(2)

In this process, KMnO4 solution was designed to be added
dropwise into a hot Mn?" solution (85 °C) to provide excess Mn2*
during the reaction. A spontaneous redox reaction occurs
between the reactants dissolved in water. Since y-MnO, has
point defects of Mn** cations replaced by Mn?* cations [25],
Mn#*/Mn?* replacement occurred immediately with energy
provided by heating during the addition of MnO,4~, and ~y-
MnO, was formed. K-OMS-2 was obtained instead of y-MnO,
when the heating step during the addition of KMnO,4 to Mn?*
solution is removed. In the conventional K-OMS-2 synthesis, the
2 x 2 tunnel structure is formed primarily due to two synergistic

P

Fig. 3. HRTEM images of synthesized y-MnO,, showing lattice fringes of (2 0 1) planes (d = 3.80 A).

factors—heating and the presence of K* as the structure directing
agent [35]. In our case, there is insufficient K* during the redox
reaction (while KMnOy, is being added to a heated Mn?" solution),
hence a different tunnel structure is obtained. Further theoretical
and empirical research on the crystal structure of the synthesized
Y-MnOs, is still ongoing.

The crystal structure of the y-MnO, was confirmed by XRD,
TEM, and selected area electron diffraction (SAED). Peak broad-
ening can be seen in the XRD pattern (Fig. 1). According to models
of defects in y-MnO, proposed by De Wolff [25], who described
and discussed the effects in reciprocal space, y-MnO, is a highly
disordered material, and the broadening was proposed to be due to
varying amounts of intergrowth of pyrolusite (1 x 1) and
ramsdellite (1 x 2) phases. Comparing the XRD pattern Fig. 1a of
the synthesized material and the reference commercial IBA-11
material (Fig. 1c), the y-MnO, structure was confirmed. The
spacing of the lattice fringes (3.8 A) shown in Fig. 3b corresponds to
the (2 0 1) plane, and many defects in the lattice can also be seen in
the TEM image. Electron diffraction of y-MnO, with typical
intergrowth striped-like spots (Fig. 3c) provides further evidence
for the distorted structure discussed above.

4.2. Catalytic reactions

To screen for factors that contribute to the conversion and
selectivity of toluene oxidation, several kinds of the same family of
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manganese oxide octahedral molecular sieves were tried as
catalysts. Table 2 lists the conversions and selectivities of
benzaldehyde, benzyl alcohol, and benzoic acid. Commercial
Mn,05; and MnO, (pyrolusite 1 x 1) as catalysts do not exhibit
any catalytic activity for toluene oxidation, and only less than 0.7%
conversion could be obtained when using highly catalytic active
mixed-valence K-OMS-2 (cryptomelane 2 x 2) based materials.
However, the as-synthesized y-MnO, used in this work has a
higher catalytic activity (17.6% conversion, along with 58%
selectivity to benzoic acid and 24% selectivity to benzaldehyde
as shown in Table 2) in this system, which is possibly due to the
large amount of defects and distortion in the catalyst structure as
discussed above. Commercial y-MnO, (Aldrich activated MnO,,
crystal structure characterized by powder X-ray diffraction) has
also been screened under the same conditions. A conversion of 7.8%
was obtained. Surface areas of all the catalysts are also listed in
Table 2, but no direct relationship between surface area and
catalytic activity was found in this case. These observations may
suggest that the y-phase manganese oxide is the appropriate
catalyst in the atmospheric toluene oxidation system and the as-
synthesized y-MnO, has better catalytic activity than selected
commercial y-MnO,,

A reaction kinetic study of the toluene oxidation in this work
was investigated by monitoring the catalytic oxidation of 10 mL of
toluene at 110 °C in the presence of a constant feed of oxygen over
a period of 48 h. The conversion of toluene increases continuously
as time increases and 47.8% conversion of toluene was obtained
after 48 h of reaction. A linear relationship (*=0.98) between
conversion and time was obtained (Fig. 4). This indicates a zero
order dependence on toluene concentration. Selectivity of
products as a function of time is plotted in Fig. 5. Results of
selectivity to benzaldehyde and benzoic acid suggest that the
present refluxing process produces good selectivity of the
products. Benzaldehyde was observed at the early stage of the
reaction with selectivity higher than 90%. As the reaction
proceeded, the selectivity to benzoic acid increased and remained
at a high level (57-60%). A high yield can be obtained when the
selectivity is steady as conversion increases. After 48 h of reaction,
the selectivity does not vary a great deal as conversion increases.
This suggests that the refluxing atmospheric conditions we report
here represent a promising high-yield process.

The effect of amount of catalysts on the reaction was studied by
varying the catalysts between zero and 140 mg; other reactions
conditions remained the same. The results listed in Fig. 6
demonstrate clearly that as-synthesized y-MnO, is very active
in this reaction system, and that even small amounts (15 mg) can
lead to significant conversion (12.1%). With the use of 35 mg of the
catalyst, the conversion (16.8%) is almost invariant with respect to
conditions of 70 mg of the catalyst (17.6%). This observation
suggests that the conversion might be limited by the solubility of
oxygen, which is constant under these reaction conditions [40].

Conversion as a Function of Time

y=0.0102x - 0.0322
R?=0.9835

T
0 10 20 30 40 50 60
Time (hours)

Fig. 4. The effect of time on conversion. Reaction conditions: 70 mg of the catalyst
was mixed ultrasonically in 10 mL toluene and 0.1 mol% AIBN. Reflux at 110 °C for a
period of time while bubbling O, with constant flow rate of 9 mL/min. AIBN: 2,2’-
azobis(isobutyronitrile).

Selectivity as a Function of Time
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Fig. 5. The effect of time on selectivity. Reaction conditions are the same as those in
Fig. 4.

However, with higher amounts of the catalyst the conversion of
toluene decreases. Sheldon [36] observed that sometimes metal
complexes of transition metals, especially in media of low polarity
such as neat hydrocarbons, often act as catalysts at low loadings
but as inhibitors at high loadings. High loadings of the catalyst may
actually favor the homolytic decomposition of the AIBN. If more
radicals are formed due to higher loadings of the catalyst, a higher
percentage of the radicals could combine with each other to
terminate the radicals. As a result less conversion of toluene took
place, as can be seen in Fig. 6. Varying the amount of catalyst did
not affect the selectivity of benzaldehyde (24-36%) and benzoic
acid (48-58%) a great deal. An amount of 70 mg of the catalyst was
chosen as the optimum amount in this particular atmospheric
toluene oxidation system.

Results using various amounts of AIBN in our system are shown
in Fig. 7. Higher amounts (0.4 mol%) of AIBN decrease the activity
of the catalyst. This is due to termination of radicals that occurs on
the surface of the catalyst. Due to these side reactions, the
efficiency of radicals toward oxidation may be lower at higher
concentrations of radicals than at lower concentrations. Likewise,
lower amounts of AIBN (0.5 mol%) decrease the conversion of
toluene due to the lack of radicals in the system. The optimum
amount of AIBN for our toluene oxidation system is 0.1 mol% in
toluene. The selectivity of products was not affected a great deal
(56-60% to benzoic acid) by varying the amount of AIBN.

When the oxidation reaction of toluene with y-MnO, was
performed without any AIBN initiator, no toluene conversion was
obtained. This result suggests, to a certain extent, a free radical
autoxidation pathway. The oxidation reaction of toluene with AIBN
in N, was also investigated, and no toluene conversion was
observed either. These results suggest the possible oxidation
pathways shown in Egs. (3)-(11).

N=C-CH;—-N=N-CH;-C=N — 2N=C-CH,* + N, 3)
——Sel PACHO —=—Sel PhCH20H
—4— Sel PhCOOH —¢ Conversion
> 20% -
= o
= 15% =
& @
8 10% 2
A 5% O
0

+ 0%
0 50 100 150
Amount of Cat. (mg)

Fig. 6. The effects of amounts of catalysts on the conversions and selectivities.
Reaction conditions: Different amounts of the catalyst were mixed ultrasonically in
10 mL toluene and 0.1 mol% AIBN. Reflux at 110 °C for 20 h while bubbling O, with
constant flow rate of 9 mL/min.
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Fig. 7. The effects of amounts of AIBN on the conversions and selectivities. Reaction
conditions: 70 mg of the catalyst was mixed ultrasonically in 10 mL toluene and
different amounts of AIBN. Reflux at 110°C for 20 h while bubbling O, with
constant flow rate of 9 mL/min.

PhCH; -+ N=C—CH,* — PhCH,* + N=C—CHj (4)
PhCH,* + O, + Mn** — PhCH,00° + Mn3* (5)
2PhCH,00° — PhCHO + PhCH,0H + O, (6)
PhCH,00° + PhCH; — PhCH,00H + PhCH,* (7)
PhCHO + PhCH,00* — PhCH,00H + PhC*(0) (8)
PhC*(0) + O, — PhC(0)00* (9)
PhC(0)00* + PhCH; — PhCH,* + PhC(O)OOH (10)

PhC(0)OOH + 2Mn3* + 2H* — PhC(O)OH + 2Mn*" +H,0 (11)

In which, AIBN helps to form the benzyl radical, which could form a
peroxy radical via Mn(IV) in the y-MnO, catalyst in the presence of
O, (Eg. (5)). This peroxy radical can be decomposed to
benzaldehyde and benzyl alcohol (Eq. (6)). The peroxy radical
could also remove hydrogen from toluene or benzaldehyde as
shown in Egs. (7) and (8). The formed perbenzoic acid from Eq. (10)
can be decomposed to benzoic acid by Mn(III) through an overall
reaction as described in Eq. (11). Some other radicals are also
involved in transfer reactions generating a stable product, for
example, the reaction of bezyloxy radical (formed in the initiation
reactions) removes hydrogen from toluene to form benzyl alcohol
(Eq. (12)), and hydrogen abstraction from benzylhydroperoxide
(formed in Eqgs. (7) and (8)) and the benzylic position of benzyl
alcohol under the influence of recycling of oxidation states
[Mn(IV)/Mn(Ill)] in the y-MnO, catalyst could also occur for
benzaldehyde formation [38,39], Eqs. (13)-(18).

PhCH,0° + PhCH; — PhCH,0H + PhCH,* (12)
PhCH,00H + Mn* — PhCH,00° + Mn3* +H* (13)
PhCH,00° + Mn** — PhCHO + Mn** + OH~ (14)
PhCH,0H + Mn** — PhC*HOH + Mn3* +H* (15)
PhC*HOH + 0, — PhCH(OH)00* (16)

PhCH(OH)00* + Mn3* + H* — PhCH(OH)OOH + Mn** (17)

PhCH(OH)OOH — PhCHO + H,0, (18)

Reusability tests of the synthesized y-MnO, catalyst were also
conducted in this work to investigate whether the catalyst could be
recycled. After the reaction, the catalyst was filtered and washed

[-Sel PhCHO CSel PhCH20H C—Sel PhCOOH —e— Conversion

100% An 55 + == r 50%
2 80%- - 40% o
> o
s 60%~ r30% @
@ ]
T 40%- ~1 L~ — r20% 2
n - o

0% T T T 0%

1 2 3 4
Recycling Times

Fig. 8. Catalyst reusability tests. Reaction conditions: 70 mg of the catalyst was
mixed ultrasonically in 10 mL toluene and 0.1 mol% AIBN. Reflux at 110 °C for 20 h
while bubbling O, with constant flow rate of 9 mL/min.

with acetone and alcohol several times and dried at 120 °C
overnight. The catalyst was then calcined at 200 °C to remove the
alcohol and then used for another reaction. Fig. 8 shows the
conversion and selectivity from the recycling experiments. The
conversion of toluene and selectivity of benzoic acid and
benzaldehyde are still maintained with respect to their original
values. The XRD patterns (Fig. 1b) and HRSEM images (Fig. 2b) of
the used catalysts indicate that the main characteristics of the
catalyst were preserved during recycling.

5. Conclusion

Toluene atmospheric oxidation with molecular oxygen using a
synthesized y-MnO, octahedral molecular sieve catalyst resulted
in promising conversions and selectivities in this atmospheric
reflux safe system. Under optimum conditions, a 47.8% conversion
of toluene, along with 57% selectivity of benzoic acid and 15% of
benzaldehyde were obtained. The MnO, octahedral molecular
sieve catalyst has promising reusability and can be recycled. A free
radical reaction mechanism was also proposed in this work. Such
an impressive activity and selectivity opens up new possibilities
for activating aromatic hydrocarbons to synthesize the corre-
sponding aldehydes and acids with molecular oxygen in the liquid
phase atmospheric system. Further studies on the use of other
substrates, reaction mechanism, and crystal structure of the
catalyst are still ongoing.
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