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Abstract

Catalytic combustion of toluene on Cu-Mn/MCM-41 catalyst was performed in tubular flow reactor operated at atmospheric pressure. The
effect of catalyst pre-treatment temperatures on the catalytic activity and stability was investigated. Some reaction variables, such as inlet
concentration of toluene and oxygen, reaction temperatures and space velocities were varied over wide ranges, and the influence of different
reaction conditions on toluene conversion was discussed. It is showed that the catalytic activity was significantly affected by calcination
temperatures between 300 and 800 °C, and oxygen concentration, toluene concentration and space velocity are all key experimental factors to
optimize the toluene combustion activities. The objective of this study was to investigate catalytic properties of Cu-Mn/MCM-41 catalysts
prepared at different calcination temperatures, in order to obtain additional information to prepare an efficient and highly active catalyst at low

temperature.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Catalytic combustion at a lower temperature is an effective
route to eliminate volatile organic compounds (VOCs) [1].
Various kinds of catalysts were investigated for the catalytic
combustion of VOCs, for example, supported noble metals such
as Pd/Mg—Al hydrotalcite [2], Pd/Al,O5 [3], Pd/ZrO, [4,5],
PdO/Sn0O, [6], platinum-containing monolithic carbon aerogels
[7], Pt/ALLO5; [8,9], supported metal oxides such as Cu—
CuNaHY [10], Cu/Mg/Al hydrotalcites [11] [2-3], Cu/TiO,
[12], Zn—Co/Al,05 [13], gold/cerium oxide [14], gold/iron
oxide [15], silica supported U5Og [16], V/IMgAIl,O4[17], mixed
metal oxides such as Co—Fe—Cu mixed oxides [18], Mn-doped
Zr0,[19], Fe-doped ZrO,[20,21].

Okumura et al. [4] have recently reported that the oxide
support might play a significant role for the Pd supported
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catalysts on the catalytic combustion of toluene. Antunes
et al. [10] have reported that CuNaHY zeolites show high
toluene combustion activity and serious deactivation at low
temperatures due to the formation of carbonaceous deposits
(coke) retained inside the zeolite pores during the reaction.
On the other hand, MCM-41 possesses high BET surface
area, uniform pore sizes with larger pore dimensions between
1.5 and 10 nm, and high thermal and hydrothermal stability
[22]. Moreover, MnO,—Zr0O, and CuO,-MnO, mixed oxides
prepared in reverse microemulsion show higher specific
surface areas and superior high toluene combustion activity
[19].

Our more recent study [23] have indicated that that meso-
porous catalysts have exhibited the highest catalytic activity as
compared to microporous catalysts for catalytic combustion of
toluene in the presence of excess oxygen, where the reaction
activity followed the order of Cu-Mn/MCM-41 > Cu-Mn/ZSM-
5 > Cu-Mn/B-zeolite > Cu-Mn/porous silica, and meanwhile
coke formation could be effectively minimized for the
combustion of toluene. Following the above study, we report
here the further results on the effect of the various experi-
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mental parameters on the catalytic activities of the novel Cu-Mn/
MCM-41 catalysts for the combustion of toluene.

2. Experimental
2.1. Synthesis of Cu-Mn/MCM-41

The siliccous MCM-41 was prepared in a similar
procedure as reported elsewhere [23,24] using the following
gel composition: (1.0 SiO,):(0.4 CTAB):(1.6 TMB):(12.2
NH,OH):(53 Ethanol):(171 H,O), where CTAB and TMB
denote cetyltrimethylammonium bromide and trimethylben-
zene, respectively. Tetraethoxysilane was used as silica
precursor. These mixtures were transferred into a Teflon
beaker and sealed for 24 h at 25 °C. The obtained solid
material was filtered, washed, dried at 25 °C and calcined
with heating rate of 10 °C/min in flowing nitrogen up to
550 °C and then in air at 550 °C for 3 h. These samples are
referred to as MCM-41. The thus obtained MCM-41 powders
were ion exchanged with citric acid and then ion exchanged
with known concentrations of aqueous solutions of Cu(CHj;.
COO), and Mn(CH5COOQ),. The final samples were denoted
as Cu-Mn/MCM-41 after being filtered, washed, dried in air
at 120 °C for 24 h and then calcined at 450 °C. These final
samples were calcined at 300-800 °C followed by being
crushed and sieved as 0.10-0.150 mm and then ready for the
catalyst tests.

2.2. Characterization of the catalysts

X-ray diffraction (XRD) patterns were obtained on
Rigaku D/max RB X-ray diffractometer using Cu Ko
radiation. Nitrogen adsorption and desorption isotherms
were determined at —196 °C by means of Micromeritics
ASAP 2010 surface area analyzer, from which BET surface
areas were calculated and the pore volumes were determined
using the procedure proposed by Barrett, Joyner and Halenda
(BJH). Elemental analysis was performed with X-ray
fluorescence (XRF) analyzer on Shimadzu XRF-1700
spectroscopy. Transmission electron microscope (TEM)
images were obtained on a JEM-200C transmission micro-
scope. Scanning electron microscope (SEM) images were
taken on the JSM-6301F instrument with pre-coating
samples with gold.

2.3. Catalytic activity measurements

Catalytic activities were measured in a 10mm i.d.
quartz tubular reactor. The reaction mixture consisting of
toluene (0.35-2% by volume), O, (1.5-18.3% by volume)
and argon (balance gas) was passed continuously through a
0.1 g catalyst sample layer with a total flow rate of 60-
350 ml/min of argon. The inlet and outlet gas composi-
tions were analyzed after stepwise changes in the
reaction temperatures by on-line gas chromatograph
(Shimatzu 14B) with a FID detector using a Porapak
Q column.

3. Results and discussion
3.1. Characterization of Cu-Mn/MCM-41 catalysts

A Cu-Mn-MCM-41 sample was obtained and analyzed by
nitrogen adsorption/desorption, and its BET surface area was
1043 m?/g after calcinations at 550 °C by BJH method with
average pore size at 2.97 nm.

TEM images of the calcined Cu-Mn-MCM-41 materials
showing the highly ordered hexagonal pore arrangement as
shown in Fig. 1, which is in good agreement with the XRD data
in the previous report [23], where the sharp and intense XRD
peaks of Cu-Mn/MCM-41 calcined at 550 °C remained to be
typical of mesoporous, indicating that these materials have
much stable and highly ordered mesoporous pore structures.

SEM was used to illustrate morphological structures of Cu-
Mn/MCM-41 calcined at 550 °C. Fig. 2 shows the rice-particle-
like morphological structures with a diameter around 0.5 pwm,
and most of the particles appeared as uniform particle sizes.

3.2. Effect of calcination temperatures

Generally calcination of the catalysts might lead to sintering
of active species on the catalyst. The effect of calcination
temperature on conversion of toluene during its catalytic
combustion at different reaction temperatures was investigated.

The comparison of toluene conversions obtained for the
catalyst calcined at temperature of 300-800 °C is shown in
Fig. 3. The results indicate that operating window (the range of
temperature where the catalyst has high activity) is shifted to
the range of higher reaction temperatures and broadened with
the increase in calcination temperature. Comparing the catalyst
activity at one typical temperature (e.g., 300 °C), it can be seen
that the toluene conversion decreases from 87.1 to 0% with an
increase of calcination temperature from 300 to 800 °C.
However, even catalyst pre-treated at 800 °C shows very high
and stable activity at reaction temperature higher than 300 °C.
Therefore, thermal treatment at higher temperatures probably

Fig. 1. TEM image of the Cu-Mn/MCM-41 catalyst calcined at 550 °C.
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Fig. 2. SEM image of the Cu-Mn/MCM-41 catalyst calcined at 550 °C.

leads to partial sintering of the active species on the catalyst
surface as reported on Mng 4Zr( ¢ mixed oxide catalyst for the
combustion of toluene [19], and hence affects the redox
properties responsible for high activity of the catalyst in the
employed reaction system. The sintering of the Cu and Mn
species was further evidenced by XRD analysis of the Cu—Mn/
MCM-41 discussed later.

Fig. 4 shows the XRD analysis of Cu-Mn/MCM-41catalyst
after calcinations at elevated temperatures. It is observed that
below 550 °C, the catalyst was amorphous or nano-crystallite
due to their crystal sizes below the value of detection limit of
the X-ray technique. When heating the catalyst to 800 °C, the
XRD patterns of the samples showed the characteristic peaks of
CuO and CuMn,O, supported on MCM-41, indicating the
growth of the crystal sizes of the Cu and Mn species on the
sample. The results also imply that the highly dispersed
structures of CuO and CuMn,O, supported on MCM-41 are
responsible for the high activity of the combustion reaction.

100
80
x
5
3 60
Q
z
8 ar A
0] ——B
c
o ——C
3 20
}—
D A A & 1 1 1

200 250 300 350 400 450 500

Temperature (°C)

Fig. 3. Toluene conversion vs. reaction temperature over the Cu-Mn/MCM-41
sample calcined at various temperatures: (A) 300 °C; (B) 550 °C and (C)
800 °C. Reaction condition: catalyst weight = 0.1 g; total flow rate = 60 cm®/
min; toluene concentration = 3500 ppm.
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Fig. 4. XRD Pattern of the Cu-Mn/MCM-41 catalysts calcined at various
temperatures: (A) 300 °C; (B) 550 °C and (C) 800 °C.

It is reasonable to propose that the sintering of the catalyst
may play a major role in the catalyst deactivation during
calcinations of the catalyst, but Fig. 3 also shows that the
activity of toluene conversion remained high, i.e., 99.1 and
95.4% at 360 °C, on the Cu-Mn/MCM-41 catalyst after
calcinations up to 550 and 800 °C, respectively, which is
indicating that the Cu-Mn/MCM-41 catalyst is relatively
thermally stable.

3.3. Effect of the inlet toluene concentration

Fig. 5 shows the conversion as a function of temperature
over Cu-Mn/MCM-41catalyst under different toluene concen-
trations (3500, 10,500, 20,000 ppm). For a toluene concentra-
tion of 3500 and 10,500 ppm, the conversion was 95.2 and
88.6%, respectively, at a reaction temperature of 320 °C; and
when increasing the concentration to 20,000 ppm, the
conversion decreased to only 14.2% at a reaction temperature
of 320 °C. These results indicate that increasing reactant
concentration results in decreasing activity. Such a phenom-
enon is normal for catalytic oxidation of VOC, i.e., the lower
the concentration, the lower the light-off temperature as
reported for the toluene combustion on 5 wt.% Cu/y-Al,O3
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Fig. 5. Toluene conversion vs. reaction temperature over the Cu-Mn/MCM-41
sample under various toluene concentrations: (A) 3500 ppm; (B) 10,500 ppm
and (C) 20,000 ppm. Reaction condition: catalyst weight =0.1 g; total flow
rate = 60 cm*/min; oxygen concentration = 8.8%.
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[25]. It is observed that an increase in the inlet toluene
concentration from 3500 to 10,500 ppm has small influence on
toluene conversion over the whole range of the reaction
temperature. However, further increase of inlet toluene
concentration to 20,000 ppm leads to a decrease in toluene
conversion. At the same time, the range of operating window is
shifted to the higher temperature (above 300 °C).

3.4. Effect of the inlet oxygen concentration

Since oxygen content is generally essential for the
combustion reaction, therefore the effect of oxygen content
on toluene conversion over the Cu-Mn/MCM-41 catalyst was
shown in Fig. 6. Under 1.5% oxygen by volume, toluene
conversion at a reaction temperature of 320 °C was only 12.5%,
while the conversion increased to 77.8% with increasing
oxygen content to 4.0% by volume, and reached 95.2 and
97.8% with further increasing the oxygen content to 8.8 and
18.3%, respectively. As expected, toluene conversion increases
with the increase in the inlet oxygen concentration. The same
trend is observed over the whole range of reaction temperatures,
and is shown more obvious below 8.8% of oxygen concentra-
tion.

On the other hand, it is observed that the black and slightly
sticky products were available on the reaction chamber at a
lower oxygen concentration, where a partial polymerization of
toluene occurred, which is similar with the report by Tidahy
et al. [26] for the oxidation of toluene and chlorobenzene over
Pd/TiO,—ZrO, and Pd/TiO, at low temperature; therefore, it is
essential to supply enough oxygen content to the feed gas in
order to obtain the complete oxidation of toluene.

3.5. Effect of the space velocity

The performance of the Cu-Mn/MCM-41 catalyst in the
toluene combustion was also studied at different space
velocities. Fig. 7 shows the influence of space velocity on
the toluene combustion as a function of reaction temperatures.
From 18,000 to 36,000 h™!, the toluene conversion remained
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Fig. 6. Toluene conversion vs. reaction temperature over the Cu-Mn/MCM-41
sample under various oxygen concentrations: (A) 1.5%; (B) 4.0%; (C) 8.8% and
(D) 18.3%. Reaction condition: catalyst weight=0.1g; total flow
rate = 60 cm>/min; toluene concentration = 3500 ppm.
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Fig. 7. Toluene conversion vs. reaction temperature over the Cu-Mn/MCM-41
sample under various space velocities: (A) 72,000 h™'; (B) 36,000 h~! and (C)
18,000 h~'. Reaction condition: catalyst weight=0.1 g; toluene concentra-
tion = 3500 ppm; oxygen concentration = 8.8%.

almost unchanged, while further increasing the space velocity
to 72,000 h~ ! led a decrease in the combustion activity. Above
360 °C, the catalyst shows high toluene conversion, i.e., 86%,
even at a very high space velocity of 72,000 h~'. The similar
results were also reported for combustion of dilute toluene and
methyl ethyl ketone over transition metal-doped zirconia
catalysts [21].

According to the literature reports, some perovskite catalysts
and supported metal oxide catalysts show high activity at the
lower space velocity. For example, the toluene combustion on
Lay gSryp,CoOj3 perovskite catalyst was reported at a space
velocity of 186 h™" and a partial pressure of toluene 192 Pa
[27], and the effect of GHSV on the conversion in the
combustion of toluene and methyl ethyl ketone on Cr-doped
zirconia was investigated at a space velocity of 10-400h™'
[21]; whereas in this report, the Cu-Mn/MCM-41 mesoporous
catalyst show a high activity at about 100 times higher space
velocity, e.g., 18,000-72,000 h~!, which probably related with
its high specific surface area, i.e., 1043 mz/g [23] and its regular
pore structure as shown in Fig. 1. From a practical point of view,
the results therefore indicate that the Cu-Mn/MCM-41
mesoporous catalyst is more useful catalyst for abatement of
toluene at a high space velocity.

4. Conclusion

In conclusion, the paper reports the results of experimental
investigation of catalytic combustion of toluene as a model of
VOCs on Cu-Mn/MCM-41 catalyst. It is found that the catalytic
behavior of Cu-Mn/MCM-41 in the desired reaction is greatly
affected by calcination temperature from 300 to 800 °C during
the catalyst pre-treatment. The temperature of maximal catalyst
activity in toluene combustion is shifted to the higher reaction
temperatures with an increase in calcination temperature;
however, the activity of toluene conversion remained high even
after calcinations of the Cu-Mn/MCM-41 catalyst up to 800 °C,
ie., 95.4% at 360 °C, indicating that the Cu-Mn/MCM-41
catalyst is relatively thermally stable. Obviously, the calcina-
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tion temperature leads to the sintering of the catalyst and
influences the redox properties responsible for catalytic activity
of Cu-Mn/MCM-41 catalyst in toluene combustion. Therefore,
calcination temperature should be carefully optimized to
prepare the catalyst with high activity.

The influence of different reaction conditions on toluene
conversion is examined and discussed. The results show that an
increase in toluene concentration from 3500 to 20,000 ppm
leads to a decrease in the activity; toluene combustion activity
was increased with an increase in oxygen concentration from
1.5 to 18.3% in the feed gas investigated here; toluene
conversion remained almost unchanged for the space velocity
from 18,000 to 36,000 hfl, and decreased when further
increasing the space velocity to 72,000 h™'. Keeping in mind
the previous report [23], the Cu-Mn/MCM-41 mesoporous
catalyst showed the highest catalytic activity as compared to
microporous catalysts and supported porous silica and the less
amount of coke formation. By considering the results reported
here, it is found that Cu-Mn/MCM-41 are promising catalysts
for catalytic combustion of toluene in a wide range of toluene
concentrations and a high space velocity, especially at lower
reaction temperature.
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