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a b s t r a c t

The rod-like tetragonal �-MnO2, flower-like hexagonal �-MnO2, and dumbbell-like tetragonal �-MnO2

were prepared using the hydrothermal or water-bathing method under different conditions. It is shown
that the �-MnO2, �-MnO2, and �-MnO2 catalysts possessed a surface area of ca. 53, 30, and 114 m2/g,
respectively. The oxygen adspecies concentration and low-temperature reducibility decreased in the
order of �-MnO2 > �-MnO2 > �-MnO2, coinciding with the sequence of their catalytic activities for toluene
eywords:
ydrothermal preparation method
ater-bathing preparation method
ell-defined morphology
anganese oxide catalyst

oluene combustion

combustion. The well-defined morphological MnO2 catalysts performed much better than the bulk coun-
terpart. At a space velocity of 20,000 mL/(g h), the temperature for 90% toluene conversion was 238, 229,
and 241 ◦C over �-MnO2, �-MnO2, and �-MnO2, respectively. The apparent activation energies of �-MnO2,
�-MnO2, and �-MnO2 were in the range of 20–26 kJ/mol. It is concluded that higher oxygen adspecies con-
centrations and better low-temperature reducibility were responsible for the good catalytic performance
of the �-MnO2, �-MnO2, and �-MnO2 materials.
. Introduction

Most of volatile organic compounds (VOCs) emitted from indus-
rial and transportation activities are pollutants to the atmosphere
nd human health. Catalytic combustion is an effective pathway to
emove the VOCs. The important aspect of such a technology is the
vailability of high-performance catalysts. Although the precious
etal catalysts perform excellently for the total oxidation of VOCs

e.g., toluene) at low temperatures [1,2], the high cost limits their
ide applications. Cheap metal oxide (e.g., Co3O4 [3] and MnOx

4])-based materials show good catalytic activities for VOCs com-
ustion at high temperatures [5–7]. Therefore, it is highly desired to
evelop base metal oxide catalysts that exhibit good performance
t low temperatures for the removal of VOCs.

Manganese oxides (MnOx) are among the most active oxide
atalysts in VOC oxidation [8–12]. The crystal structure of MnOx
as a great influence on its catalytic performance. For exam-
le, the �-MnO2 phase was reported to be more active than
-MnO2 or �-Mn2O3 in the oxidation of ethanol [10–12]. In the

∗ Corresponding author. Tel.: +86 10 6739 6118; fax: +86 10 6739 1983.
∗∗ Corresponding author. Tel.: +852 3411 7067; fax: +852 3411 7348.

E-mail addresses: hxdai@bjut.edu.cn (H. Dai), pctau@hkbu.edu.hk (C.T. Au).

926-860X/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2012.05.016
© 2012 Elsevier B.V. All rights reserved.

past years, manganese oxides with different crystal structures
and morphologies have been prepared using various methods.
For example, Torres et al. [13] prepared mesoporous MnOx cat-
alysts and observed their good catalytic activities for the total
oxidation of formaldehyde. Lamaita et al. [10] pointed out that
�-Mn2O3 and �-MnO2 were more active than �-MnO2 in the
catalytic oxidation of ethanol. Santos et al. [14] claimed that �-
Mn2O3 and �-MnO2 showed good catalytic performance for the
total oxidation of ethyl acetate. He and coworkers [15] fabri-
cated porous cellulose-supported MnO2 nanosheet catalysts, and
observed that such morphological MnO2 materials exhibited good
catalytic activities for the oxidative removal of formaldehyde. After
investigating flower-like manganese oxide nanospheres for the
oxidation of formaldehyde, Zhou et al. [16] found that the �-
MnO2 outperformed the other crystalline manganese oxides below
120 ◦C. Working on the preparation and catalysis of Mn3O4, �-
Mn2O3, and �-MnO2 materials for toluene or benzene combustion,
Kim et al. [17] concluded that the catalytic activity decreased in
the sequence of Mn3O4 > �-Mn2O3 > �-MnO2. To the best of our
knowledge, however, there have so far been rare studies on the cat-

alytic application of MnO2 with different crystal phases and various
well-defined morphologies for the combustion of toluene.

By using the ordered mesoporous silica (KIT-6- or SBA-16)-
nanocasting approach, our group have prepared a number of

dx.doi.org/10.1016/j.apcata.2012.05.016
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:hxdai@bjut.edu.cn
mailto:pctau@hkbu.edu.hk
dx.doi.org/10.1016/j.apcata.2012.05.016
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esoporous transition-metal oxides (e.g., chromia [18,19], iron
xide [20], manganese oxide [21], and cobalt oxide [21,22]), and
nvestigated their catalytic properties for the removal of formalde-
yde, acetone, methanol, and toluene. Recently, we adopted the
ydrothermal or water-bathing strategy to generate numerous
ransition-metal oxides with well-defined morphologies. In this
aper, we report the preparation and catalytic performance of �-,
- or �-MnO2 with a rod-, flower- or dumbbell-like morphology for
he combustion of toluene.

. Experimental

.1. Catalyst preparation

The �-MnO2, �-MnO2, and �-MnO2 catalysts with various mor-
hologies were prepared using the hydrothermal or water-bathing
ethod. The detailed procedures are as follows:

(i) 8 mmol of KMnO4 and 3 mmol of MnSO4·H2O were dissolved
in 80 mL of deionized water, after stirring for 1 h the mixed
solution was transferred to a 100-mL autoclave for thermal
treatment at 160 ◦C for 12 h [23];

(ii) 2 mmol of KMnO4 was dissolved in 40 mL of deionized water,
and 2 mL of 98 wt.% H2SO4 solution was dropwise added to the
KMnO4 solution under stirring, and then a piece of copper plate
(2 cm × 8 cm in dimension) was added to the mixed solution,
which was water-bathed at 60 ◦C for 8 h [24];

iii) 4 mmol of KMnO4 was dissolved in 80 mL of deionized water
under stirring, and 16 mmol of glucose, 1 mL of ethylenedi-
amine (EDA), and 1.4 mL of 37 wt.% HCl solution were added to
the KMnO4 solution, which was then transferred to a 100-mL
autoclave for thermal treatment at 120 ◦C for 12 h [25].

After being filtered, washed with deionized water three times
nd absolute ethanol two times, and dried at 60 ◦C for 24 h, the sam-
le precursor derived from (i), (ii) or (iii) was calcined in a muffle
urnace at a ramp of 1 ◦C/min from RT to 300, 300 or 350 ◦C and
ept at this temperature for 4 h, thus obtaining the rod-, flower-
and dumbbell-like MnO2 catalysts with different crystal phases,
espectively.

The bulk MnO2 sample (denoted as bulk-MnO2) with a surface
rea of 10.1 m2/g and the other chemicals (A.R. in purity) were pur-
hased from Beijing Chemical Company and used without further
urification.

.2. Catalyst characterization

Powdered X-ray diffraction (XRD) patterns of the samples
ere recorded on a Bruker/AXS D8 Advance diffractometer oper-

ted at 35 kV and 35 mA using Cu K˛ radiation and a Ni filter
� = 0.15406 nm). Crystal phases were identified by referring the
iffraction lines to those of the powder diffraction files, 1998 ICDD
DF database. The Brunauer–Emmett–Teller (BET) surface areas of
he samples were measured via N2 adsorption at −196 ◦C on an
SAP 2020 adsorption analyzer (Micromeritics) with the samples
eing outgassed at 250 ◦C for 2 h under vacuum prior to mea-
urements. The scanning electron microscopic (SEM) images of
he samples were recorded on a Gemini Zeiss Supra 55 appa-
atus operating at 10 kV. By means of a JEOL-2010 instrument
operated at 200 kV), transmission electron microscopic (TEM) and
igh-resolution TEM images as well as the selected-area electron

iffraction (SAED) patterns of the samples were obtained. X-ray
hotoelectron spectroscopy (XPS, VG CLAM 4 MCD analyzer) was
mployed to determine the Mn 2p, O 1s, and C 1s binding ener-
ies (BEs) of surface species of the as-prepared samples; Mg K˛
Fig. 1. Wide-angle XRD patterns of (a) rod-like �-MnO2, (b) flower-like �-MnO2,
and (c) dumbbell-like �-MnO2.

(hv = 1253.6 eV) was used as excitation source and the instrumental
resolution was 0.5 eV. After treatment in O2 (flow rate = 20 mL/min)
at 500 ◦C for 1 h (for removal of adsorbed water and surface car-
bonate), the samples were cooled to RT and transferred into the
spectrometer under helium (GLOVE BAG, Instruments for Research
and Industry, USA). The samples were then degassed in the prepara-
tion chamber (10−5 Torr) for 0.5 h and introduced into the analysis
chamber (3 × 10−9 Torr) for spectrum recording. The C 1s signal at
BE = 284.6 eV was taken as reference for BE calibration.

Hydrogen temperature-programmed reduction (H2-TPR) was
carried out in the 50–600 ◦C range on a Micromeritics AutoChem
II 2920 apparatus. 0.1 g of the sample (40–60 mesh) was treated
in a helium flow of 25 mL/min at 350 ◦C for 1 h and then cooled in
the same atmosphere to 50 ◦C. The sample was then reduced in a
flow of 5% H2–95% Ar (v/v) at a ramp of 10 ◦C/min. The outlet gases
were analyzed on-line using a thermal conductivity detector (TCD).
The TCD responses were calibrated against that of the complete
reduction of a known standard CuO sample (Aldrich, 99.995%).

2.3. Catalytic evaluation

The catalytic activity was evaluated with the sample charged in
a continuous flow fixed-bed quartz microreactor (i.d. = 4 mm). To
minimize the effect of hot spots, the catalyst (0.1 g, 40–60 mesh)
was diluted with 0.3 g of quartz sands (40–60 mesh). The reactant
feed (flow rate = 33.3 mL/min) was 1000 ppm toluene + O2 + N2 (bal-
ance) with a toluene/O2 molar ratio of 1/400. The space velocity
(SV) was 20,000 mL/(g h). The outlet gases were analyzed online by
a gas chromatograph (GC-2010, Shimadzu) equipped with a flame
ionization detector and a TCD, using a Chromosorb 101 column for
toluene and a Carboxen 1000 column for permanent gas separation.
The balance of carbon throughout the investigation was estimated
to be 99.5%.

3. Results and discussion

3.1. Crystal structure
Fig. 1 shows the XRD patterns of the as-prepared MnO2 catalysts.
By referring to the XRD patterns of the standard �-MnO2 (JCPDS
PDF# 44-0141), �-MnO2 (JCPDS PDF# 30-0820), and �-MnO2
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ig. 2. (a–f) SEM and (g–l) TEM images as well as the SAED patterns (insets) of (a, b, g
-MnO2.

JCPDS PDF# 24-0735), one can deduce that the rod-, flower-, and
umbbell-like manganese oxide samples were single-phase and
f tetragonal �-MnO2, hexagonal �-MnO2, and tetragonal �-MnO2
rystal structures, respectively. All of the diffraction peaks could
e well indexed, as indicated in Fig. 1(a)–(c). The discrepancies

n intensity and width of XRD peaks suggest the difference in
rystallinity of these samples, with the �-MnO2 sample being
etter than the �- and �-MnO2 samples in crystallinity. Therefore,
he XRD results reveal that the crystal structure and crystallinity
f the manganese oxide sample were strongly dependent on the
reparation method and condition.

.2. Morphology and textural property

Fig. 2 shows the SEM and TEM images as well as the SAED
atterns of the as-prepared manganese oxide samples. As can
e clearly seen from Fig. 2(a)–(f), the �-MnO2 sample derived
ydrothermally with KMnO4 and MnSO4·H2O as metal source dis-
layed a rod-like morphology (Fig. 2(a) and (b)), the diameter and

ength of the rods were mostly ca. 80 nm and 3–6 �m, respec-
ively. The �-MnO2 sample derived from the water-bathing process

ith KMnO4 and copper plate as metal source was flower-like in
orphology, which was aggregated by a number of nanoplates

Fig. 2(c) and (d)), the diameter of the flower-like sphere was typi-
ally ca. 1.5 �m. In the �-MnO2 sample fabricated hydrothermally
) rod-like �-MnO2, (c, d, i and j) flower-like �-MnO2, and (e, f, k and l) dumbbell-like

with KMnO4 as Mn source in the presence of glucose, ethylenedi-
amine, and HCl, most of the particles showed a dumbbell-like shape
with the ends being flower-like (Fig. 2(e) and (f)), and the dumb-
bell was roughly 2–4 �m in diameter. From Fig. 2(g)–(l), one can
clearly see that the �-MnO2 and �-MnO2 samples were nanorod-
like and nanoflower-like spherical in morphology (Fig. 2(g) and
(i)), respectively, whereas the dumbbell ends of the �-MnO2 sam-
ple were composed of a large number of aggregated nanoparticles
(Fig. 3(k)). It is observed from Fig. 3(h), (j), and (l) that there were a
large number of well-resolved lattice fringes. The lattice spacings (d
values) of the (2 1 1), (1 0 0), and (1 0 1) crystal planes of the rod-like
�-MnO2, flower-like �-MnO2, and dumbbell-like �-MnO2 samples
were respectively 0.239, 0.241, and 0.240 nm, rather close to the
corresponding d values (0.23950, 0.24200, and 0.24070 nm) of the
standard �-MnO2 (JCPDS PDF# 44-0141), �-MnO2 (JCPDS PDF# 30-
0820), and �-MnO2 (JCPDS PDF# 24-0735) samples. Furthermore,
the recording of linearly aligned bright electron diffraction spots
in the SAED pattern (inset of Fig. 3(b)) suggests that the rod-like
�-MnO2 was single-crystalline; in the SAED patterns of the flower-
like spherical �-MnO2 and dumbbell-like �-MnO2 samples, the
appearance of multiple bright electron diffraction rings indicates

the formation of polycrystalline �-MnO2 and �-MnO2.

As can be seen from Table 1, the crystallite sizes of the rod-like
�-MnO2, flower-like �-MnO2, and dumbbell-like �-MnO2 sam-
ples were 23.1, 5.8, and 6.0 nm, respectively. The BET surface area
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Fig. 3. (A) Mn 2p3/2 and (B) O 1s XPS spectra of (a) rod-like

f the rod-like �-MnO2 sample was 53.1 m2/g, higher than that
30.3 m2/g) of the flower-like �-MnO2 sample. The dumbbell-like
-MnO2 sample, however, showed a BET surface area of 113.5 m2/g,
arkedly higher than those (30.3–53.1 m2/g) of the rod-like �-
nO2 and flower-like �-MnO2 samples.

.3. Surface species and reducibility

Fig. 3 illustrates the Mn 2p3/2 and O 1s XPS spectra of the
anganese oxide samples. It is observed from Fig. 3(A) that

he asymmetrical Mn 2p3/2 XPS signal at BE = ca. 642 eV could
e decomposed into three components at BE = 641.1, 642.5, and
44.8 eV, assignable to the surface Mn3+ and Mn4+ species and the
atellite [17,26–28], respectively. A quantitative analysis on the Mn
p3/2 XPS spectra of the samples gives rise to the surface Mn3+/Mn4+

olar ratios, as summarized in Table 1. It is clear that the prepa-
ation method had an influence on the surface Mn3+/Mn4+ molar
atio of the product, with the rod-like �-MnO2 sample possess-
ng the highest surface Mn3+/Mn4+ molar ratio (0.60) whereas the
ulk-MnO2 sample showing the lowest surface Mn3+/Mn4+ molar
atio (0.34). Usually, oxygen molecules are adsorbed at the oxy-
en vacancies of an oxide material. Therefore, we believe that the
xygen adspecies locate at the surface oxygen vacancies of MnO2.
ased on the principle of electroneutrality, we deduce that the
urface oxygen vacancy density would be the highest on the rod-

ike �-MnO2 surface but the lowest on the bulk-MnO2 surface.
uch a deduction was substantiated by the results of O 1s XPS
nvestigations. As shown in Fig. 3(B), the asymmetrical O 1s sig-
al could be deconvoluted to two components: one at BE = 529.0 eV

able 1
reparation conditions, crystallite sizes, BET surface areas, and surface element composit

Sample Preparation
method

Mn source Calcina
conditi

Bulk-MnO2 – – –
Rod-like �-MnO2 Hydrothermal

treatment at 160 ◦C
for 12 h

KMnO4 and MnSO4 300 ◦C,

Flower-like �-MnO2 Water-bathing
treatment at 60 ◦C
for 8 h

KMnO4 300 ◦C,

Dumbbell-like �-MnO2 Hydrothermal
treatment at 120 ◦C
for 12 h

KMnO4 350 ◦C,

a The data were obtained according to the Scherrer equation using the FWHM of the (1
ine for dumbbell-like �-MnO2.
Binding energy (eV)

O2, (b) flower-like �-MnO2, and (c) dumbbell-like �-MnO2.

and the other at BE = 531.7 eV, the former was ascribable to the sur-
face lattice oxygen (Olatt) species, whereas the latter to the surface
adsorbed oxygen (Oads) species [26–29]. After making quantitative
analysis (Table 1), one can see that the surface Oads/Olatt molar ratio
decreased in the sequence of rod-like �-MnO2 (1.28) > flower-like
�-MnO2 (0.96) > dumbbell-like �-MnO2 (0.91) > bulk-MnO2 (0.78),
coinciding with the order of Mn3+/Mn4+ molar ratio of these sam-
ples.

Reducibility is an important factor influencing the catalytic
activity of a material. Fig. 4(A) illustrates the H2-TPR profiles of
the MnO2 samples. The bulk-MnO2 sample displayed only one
reduction peak centered at ca. 510 ◦C, corresponding to a H2 con-
sumption of 6.2 mmol/g (Table 2). For the rod-like �-MnO2 sample,
there were two reduction peaks centered at 245 and 352 ◦C, cor-
responding to a H2 consumption of 6.0 and 3.1 mmol/g (Table 2),
respectively; for the flower-like �-MnO2 sample, two reduction
peaks centered at 250 and 311 ◦C appeared and the correspond-
ing H2 consumptions were 5.0 and 2.9 mmol/g (Table 2); for the
dumbbell-like �-MnO2 sample, however, only one reduction signal
at 296 ◦C was recorded, and the H2 consumption was 9.3 mmol/g
(Table 2). According to the literature [13,17], the reduction pro-
cess of MnO2 could be reasonably divided into two steps: (i)
MnO2 → Mn3O4 and (ii) Mn3O4 → MnO, which corresponds to a
H2 consumption of 7.67 and 3.83 mmol/g (totally 11.50 mmol/g).
By comparing the theoretical and experimental H2 consumption

data (Table 2), one can see that 69–81% Mn4+ and Mn3+ in rod-
like �-MnO2, flower-like �-MnO2, and dumbbell-like �-MnO2 were
reduced to Mn2+ below 400 ◦C, whereas less half of Mn4+ and Mn3+

in bulk-MnO2 was reduced to Mn2+ below 550 ◦C. Furthermore, the

ions of the as-prepared MnO2 samples.

tion
on

Crystallite size
a (nm)

BET surface
area (m2/g)

Surface element
molar ratio

Mn3+/Mn4+ Oads/Olatt

– 10.1 0.34 0.78
4 h 23.1 53.1 0.60 1.28

4 h 5.8 30.3 0.56 0.96

4 h 6.0 113.5 0.50 0.91

0 1) line for rod-like �-MnO2, the (1 0 0) line for flower-like �-MnO2, and the (2 1 1)
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Fig. 4. (A) H2-TPR profiles and (B) initial H2 consumption rates of (a) bulk-M

rst reduction temperatures (245–296 ◦C) of the rod-like �-MnO2,
ower-like �-MnO2, and dumbbell-like �-MnO2 samples were
uch lower than that (510 ◦C) of the bulk-MnO2 sample, suggest-

ng that the three well-defined morphological MnO2 samples were
ore reducible than the bulk-MnO2 sample at low temperatures.

n other words, the rod-like �-MnO2, flower-like �-MnO2, and
umbbell-like �-MnO2 samples exhibited better low-temperature
educibility than the bulk-MnO2 sample, which was confirmed by
he initial H2 consumption rate of these samples. In ordered to bet-
er compare the low-temperature reducibility of the manganese
xide samples, we calculated the initial H2 consumption rate of the
rst reduction peak (where less than 25% oxygen in the sample
as removed [30,31]) of each sample, and the results are shown

n Fig. 4(B). Obviously, the initial H2 consumption rate decreased
n the order of rod-like �-MnO2 > flower-like �-MnO2 > dumbbell-
ike �-MnO2 > bulk-MnO2. That is to say, the low-temperature
educibility of these samples fellow such a sequence, which might
e intimately associated with their crystal structures, Mn3+/Mn4+

olar ratios, and morphologies.

.4. Catalytic performance

When only quartz sands were loaded into the microreactor, we
etected 10% conversion of toluene at 450 ◦C (Fig. S1 of the Sup-
lementary material). This result indicates that no homogeneous
eactions took place under the adopted reaction conditions (below
00 ◦C). Fig. 5(A) shows the catalytic performance of the as-
repared MnO2 and bulk-MnO2 catalysts for the combustion of
oluene. Under the conditions of toluene concentration = 1000 ppm,
oluene/O2 molar ratio = 1/400, and SV = 20,000 mL/(g h), toluene
onversion increased monotonously with the rise in reaction
emperature; the rod-like �-MnO2, flower-like �-MnO2, and

umbbell-like �-MnO2 catalysts showed much better activities
han the bulk-MnO2 catalyst. It is worth pointing out that CO2
nd H2O were the only products and the estimated carbon balance
as around 99.5%. Therefore, toluene could be completely oxidized

able 2
eduction temperatures, H2 consumption, catalytic activities (at SV = 20,000 mL/(g h)), an

Sample Reduction temperature (◦C) H2 consumption (mmol/g)

Peak 1 Peak 2 Peak 1 Peak 2

Bulk-MnO2 510 – 6.2 –
Rod-like �-MnO2 245 352 6.0 3.1
Flower-like �-MnO2 250 311 5.0 2.9
Dumbbell-like �-MnO2 296 – 9.3 –
1000/T  (K )

b) rod-like �-MnO2, (c) flower-like �-MnO2, and (d) dumbbell-like �-MnO2.

over our catalysts. The reaction temperatures T50% and T90% (corre-
sponding to the toluene conversion = 50 and 90%) over the MnO2
catalysts were listed in Table 2. It is observed that the rod-like �-
MnO2 sample was better at lower temperatures (170–220 ◦C) than
but slightly inferior above 220 ◦C to the flower-like �-MnO2 sample
in catalytic performance; both the rod-like �-MnO2 and flower-like
�-MnO2 catalysts outperformed the dumbbell-like �-MnO2 cata-
lyst. Shown in Fig. 5(B) is the effect of SV on the catalytic activity of
the rod-like �-MnO2 sample. As expected, the toluene conversion
increased with the drop in SV at the same reaction temperature,
a result due to the prolongation of contact between the reactants
and the catalyst. In order to examine the catalytic stability of the
rod-like �-MnO2 sample, we monitored the toluene conversion at
238 ◦C within 48 h of on-stream reaction and the result was shown
in Fig. 5(C). It is seen that no significant activity losses were detected
during the on-stream reaction process. Therefore, the rod-like �-
MnO2 material was catalytically durable. Furthermore, the H2-TPR
profile of the used rod-like �-MnO2 sample was similar to that of
the fresh counterpart (Fig. S2 of the Supplementary material).

The combustion of toluene has been studied over various
catalysts in the past years. The rod-like �-MnO2, flower-
like �-MnO2, and dumbbell-like �-MnO2 samples prepared
in the present study showed good catalytic performance
(T50% = 220–231 ◦C and T90% = 229–241 ◦C at SV = 20,000 mL/(g h)).
Apparently, such catalytic performance was much better than that
(T50% = 245 ◦C and T90% = 270 ◦C at SV = 15,000 mL/(g h)) over Mn3O4
[17], that (T50% = 280 ◦C and T90% = 295 ◦C at SV = 15,000 mL/(g h))
over �-Mn2O3 [17], that (T50% = 340 ◦C and T90% = 375 ◦C at
SV = 15,000 mL/(g h)) over �-MnO2 [17], that (T50% = 254 ◦C and
T90% = 295 ◦C at SV = 178 h−1) over LaMnO3 [32], that (T50% = 270 ◦C
and T90% = 300 ◦C at SV = 186 h−1) over 5 wt.% Au/CeO2 [33], and
that (T90% = 250 ◦C at SV = 18,000 mL/(g h)) over 0.5 wt.% Pd/LaMnO3

[34].

It is well accepted that the oxidation of organic molecules
over the transition metal oxide catalysts involves a Mars–van
Krevelen mechanism, where the organic molecule is oxidized by

d kinetic parameters of the MnO2 samples.

Catalytic activity (◦C) Kinetic parameter

Total T50% T90% A (s−1) Ea (kJ/mol) R2

6.2 284 317 8.06 × 106 74.3 0.982
9.1 220 238 29.1 19.6 0.913
7.9 221 229 1.30 × 102 26.1 0.957
9.3 231 241 58.0 23.6 0.956



F. Shi et al. / Applied Catalysis A: General 433–434 (2012) 206–213 211

0

20

40

60

80

100

50 100 150 200 250 300 350

Temperature (
o
C)

T
o
lu

en
e 

co
n

v
er

si
o
n

 (
%

)

(A)

 Rod-like α -MnO2

 Flower-like ε -MnO2

 Dumbbell-like β -MnO2

 Bulk-MnO2

0

20

40

60

80

100

50 100 150 200 250 300 350

Temperature (
o
C)

T
o
lu

en
e 

co
n

v
er

si
o
n

 (
%

)

(B)

     SV (mL/(g h))

 10,000

 20,000

 40,000

60

70

80

90

100

0 10 20 30 40 50

On-stream reation time (h)

T
o

lu
en

e 
co

n
v

er
si

o
n

 (
%

)

(C)

SV = 20,000 mL(g h)

Toluene/O2 molar ratio = 1/400

F atalys
r -like �
o

t
b
o
t
h
c
t
[
b
b
o
a
r
F
o
M
c
l
o
T
r
r
t
v
a
T
g
t

ig. 5. (A) Toluene conversion as a function of reaction temperature over the c
atio = 1/400, and SV = 20,000 mL/(g h); (B) effect of SV on the catalytic activity of rod
f on-stream reaction time over the rod-like �-MnO2 catalyst at 238 ◦C.

he lattice oxygen of metal oxides, the latter being re-oxidized
y gas-phase oxygen [35–40]. Santos et al. related the lattice
xygen of manganese oxides to reactivity of manganese oxides
owards the oxidation of VOCs [37]. Wang et al. suggested that
igher reactivity of manganese oxide octahedral molecular sieve
atalysts can be assigned to the improvement of oxygen activa-
ion, which led to higher reactivity of ethanol and acetaldehyde
38]. In the case of MnO2, lattice oxygen of the catalyst can
e consumed by reaction with toluene and then be replenished
y oxygen from the gas phase [41–43]. Thus, lattice oxygen
f manganese oxides can be of great importance in the cat-
lytic oxidation of toluene. The low-temperature reducibility
eflects the reactivity of lattice oxygen in MnO2. As shown in
ig. 4(A) and (B), the lattice oxygen reactivity decreased in the
rder of rod-like �-MnO2 > flower-like �-MnO2 > dumbbell-like �-
nO2 > bulk-MnO2, in basic agreement with the sequence of the

atalytic performance of these samples (flower-like �-MnO2 > rod-
ike �-MnO2 > dumbbell-like �-MnO2 > bulk-MnO2). The formation
f surface oxygen vacancies has also an important role to play.
hese defective sites can be the active centers in the catalytic
eaction since oxygen of defective oxides tends to be readily
eleased and transferred, which would enhance the reactivity of
he catalyst in oxidation of VOCs [44,45]. It is known that oxygen
acancy, reducibility, and surface area of a transition metal oxide

re important factors influencing its catalytic activity [10,13–17].
he presence of oxygen vacancies favors the activation of oxy-
en molecules to active oxygen adspecies. A good reducibility of
he catalyst can provide a facile redox process that would lead
ts under the conditions of toluene concentration = 1000 ppm, toluene/O2 molar
-MnO2 at toluene/O2 molar ratio = 1/400; and (C) toluene conversion as a function

to an enhanced catalytic performance [10,13,46]. The surface area
(ca. 132 m2/g) of the dumbbell-like �-MnO2 sample was much
higher than those (30–53 m2/g) of the rod-like �-MnO2 and flower-
like �-MnO2 samples, but the catalytic performance of the former
was inferior to that of the latter two. This result indicates that
surface area was not the key factor governing the catalytic per-
formance. That is to say, other factors should be responsible for
the better performance of the rod-like �-MnO2 and flower-like
�-MnO2 catalysts. As revealed from the XPS and H2-TPR studies,
the rod-like �-MnO2 and flower-like �-MnO2 catalysts possessed
higher oxygen adspecies concentrations (relevant to the surface
oxygen vacancy densities) and better low-temperature reducibil-
ity than the dumbbell-like �-MnO2 sample, in good agreement
with their catalytic activity sequence. Therefore, we conclude
that the higher oxygen adspecies concentrations and better low-
temperature reducibility mainly accounted for the better catalytic
performance of the rod-like �-MnO2 and flower-like �-MnO2 sam-
ples for toluene combustion.

3.5. Kinetic parameters

In the past years, the kinetics of catalytic oxidation of VOCs has
been investigated. After studying the oxidation of butyl acetate over
the AgZSM-5 catalyst, Wong et al. believed that it was first-order

toward butyl acetate concentration and zero toward oxygen con-
centration [47]. By supposing a first-order kinetics with respect to
toluene and a zero-order kinetics with respect to oxygen, Alifanti
et al. obtained good linear Arrhenius plots for toluene oxidation
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ver the ceria-zirconia-supported LaCoO3 catalyst [48]. Therefore,
t is reasonable to assume that the oxidation of toluene in the pres-
nce of excess oxygen (toluene/O2 molar ratio = 1/400) would obey
first-order reaction mechanism with respect to toluene concen-

ration (c):

= −kc = −A exp
(−Ea

RT

)
c

here r is the reaction rate (mol/s), k the rate constant (s−1), A
he pre-exponential factor, and Ea the apparent activation energy
kJ/mol). The k values could be calculated from the reaction rates
nd reactant conversions at different SV and reaction temperatures.

Fig. 6 shows the Arrhenius plots for the oxidation of toluene at
oluene conversion <30% (at which the reaction temperature range
as 50–220 ◦C for the rod-like �-MnO2, flower-like �-MnO2, and
umbbell-like �-MnO2 catalysts and 150–240 ◦C for the bulk-MnO2
atalyst). According to the slopes of the Arrhenius plots, one can
alculate the rate constants, pre-exponential factors, and appar-
nt activation energies of toluene oxidation over these catalysts,
s summarized in Table 2. The Ea value (74.3 kJ/mol) of the bulk-
nO2 catalyst was much higher than those (19.6–26.1 kJ/mol) of

he �-, �-, and �-MnO2 catalysts, with the rod-like �-MnO2 catalyst
xhibiting the lowest Ea value (19.6 kJ/mol). The Ea values obtained
ver the �-, �-, and �-MnO2 catalysts for toluene oxidation were
uch lower than those (73–89 kJ/mol) over the MxFe3−xO4 (M = Ni,
n; x = 0.5–0.65) catalysts [49], those (51–79 kJ/mol) over the

0–20 wt.% LaCoO3/Ce1−xZrxO2 (x = 0–0.2) catalysts [48], and that
62 kJ/mol) over the 7 wt.% Pt/16 wt.% Ce0.64Zr0.15Bi0.21O1.895/�-
l2O3 catalyst [1]. All of the results explain why the �-, �-, and
-MnO2 catalysts performed excellently in catalyzing the complete
xidation of toluene at low temperatures.

. Conclusions

The rod-like tetragonal �-MnO2, flower-like hexagonal �-MnO2,
nd dumbbell-like tetragonal �-MnO2 catalysts could be prepared
sing the hydrothermal or water-bathing method. Although the
od-like �-MnO2 and flower-like �-MnO2 samples displayed a
ower surface area (30–53 m2/g) than the dumbbell-like �-MnO2
ca. 132 m2/g), the form two samples possessed higher oxygen

dspecies concentrations and better low-temperature reducibil-
ty than the latter sample. The rod-like �-MnO2, flower-like
-MnO2, and dumbbell-like �-MnO2 catalysts showed much
etter activities than the bulk-MnO2 catalyst, with the rod-like

[
[

[
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�-MnO2 and flower-like �-MnO2 catalyst outperforming the
dumbbell-like �-MnO2 catalyst. Under the conditions of toluene
concentration = 1000 ppm, toluene/O2 molar ratio = 1/400, and
SV = 20,000 mL/(g h), the T90% value was 238, 229, and 241 ◦C
over rod-like �-MnO2, flower-like �-MnO2, and dumbbell-like
�-MnO2, respectively. The apparent activation energies of the
rod-like �-MnO2, flower-like �-MnO2, and dumbbell-like �-MnO2
catalysts were in the range of 20–26 kJ/mol. It is concluded that
the higher oxygen adspecies concentrations and better low-
temperature reducibility were the main factors responsible for the
better catalytic performance of the rod-like �-MnO2, flower-like
�-MnO2, and dumbbell-like �-MnO2 materials for the combustion
of toluene.
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