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Rod-like, hexagonal and fiber-like SBA-15 mesoporous silicas were synthesized to support
MnOx for toluene oxidation. This study showed that the morphology of the supports greatly
influenced the catalytic activity in toluene oxidation. MnOx supported on rod-like SBA-15
(R-SBA-15) displayed the best catalytic activity and the conversion at 230°C reached more
than 90%, which was higher than the other two catalysts. MnOx species consisted of
coexisting MnO2 and Mn2O3 on the three kinds of SBA-15 samples. Large amounts of Mn2O3

species were formed on the surface and high oxygen mobility was obtained on MnOx

supported on R-SBA-15, according to the H2 temperature programmed reduction (H2-TPR)
and X-ray photoelectron spectroscopy (XPS) results. The Mn/R-SBA-15 catalyst with greater
amounts of Mn2O3 species possessed a large amount of surface lattice oxygen, which
accelerated the catalytic reaction rate. Therefore, the surface lattice oxygen and high
oxygen mobility were critical factors on the catalytic activity of the Mn/R-SBA-15 catalyst.
© 2018 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Volatile organic compounds (VOCs) not only contribute to air
pollution, but also cause harm to human health. Therefore,
quite a lot of research on VOC elimination has been conducted
all over the world. Of the measures used, catalytic oxidation is
an effective method to transform VOCs to CO2 and H2O
completely over catalysts at relatively low temperatures.
Noble metals, such as Pd, Pt, Au and Ag (Guo et al., 2017; He
et al., 2012; Yang et al., 2016), are widely applied for VOC
catalytic oxidation, but the most serious challenges for noble
metal catalysts are high cost and instability. As a result, the
development of non-noble catalysts with low cost is a major
issue needing urgent solution.
dlut.edu.cn (Zhenping Qu
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Transition metal oxides have attracted researchers' interest
due to their low cost and good catalytic activity as well as
stability. In general, transition metals possess a variety of
valence states, so redox reaction takes place together with the
transformation of valence states, and this transformation can
be the key factor in their catalytic activity. Among the transition
metals,manganese oxides have especially high oxygen storage/
release capacities and exhibit high activity in catalytic reac-
tions; thus, they are widely applied in the elimination of VOCs,
CO and other hazardous gases (Du et al., 2018; Liao et al., 2014;
Lu et al., 2015; Wang et al., 2018; Zhang et al., 2017). As is well
known, a high specific surface area for catalysts can supply
more reaction sites and improve the adsorption capacity, but
usually the specific surface area ofmetal oxides is very small. It
).
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is generally agreed that the synthesis method and support may
influence the catalytic activity of metal oxide catalysts. For
example, some researchers have synthesized porous metal
oxideswith relatively high surface area by using porous silica as
a template. In addition, transition metal oxides are also
supportedonoxideswithhigh surface area such asmesoporous
silica and aluminumoxides, and the interaction between active
sites and the support is also an important factor in the
improvement of catalytic activity. Therefore, the selection of a
support is of great importance to improving the activity of
catalysts. SBA-15 is one of the typical mesoporous silica
materials and has been used widely in catalytic applications
as a catalyst support due to its uniform mesoporous channels
and high specific surface area (Li et al., 2017; Tang et al., 2017).
Research on SBA-15 supported catalysts has been performed,
and our group has investigated Mn/SBA-15 for toluene
catalytic oxidation (Qu et al., 2013). In the previous study,
the complete conversion temperature of toluene over Mn/
SBA-15 catalysts prepared by the traditional wet impregna-
tion method was more than 300°C, so there is still plenty of
room for improvement. Modification of the supports is an
effective method to improve the catalytic activity for sup-
ported catalysts. Adjusting the synthetic method or using
additives is often used to achieve SBA-15 with different
properties, such as pore structures and morphology. Differ-
ent structures influence the adsorption properties and the
dispersion of active sites, and pore size and pore structure
may influence the formation of catalytically active species. In
addition, the modification of the support may influence its
interaction with active sites.

In the present work, SBA-15 mesoporous silica with three
different morphologies and MnOx catalysts supported on the
different types of SBA-15 were synthesized. The catalytic
behavior in toluene oxidation was tested, and the properties
of Mn/SBA-15 samples were investigated to confirm which
factors are favorable to toluene catalytic oxidation.
1. Experimental

1.1. Materials and preparation

Three types of SBA-15 were synthesized as follows:
Rod-like SBA-15 was synthesized according to the report by

Sayari et al. (2004). Triblock copolymer (EO20PO70EO20, P123)
(4.0 g) was dissolved in 120 mL 2 mol/L HCl aqueous solution
under stirring for 4 hr, and then 8.5 g tetraethoxysilane (TEOS)
was dissolved in the solution. The mixture was stirred at
high-speed for 5 min and then aged for 20 hr. After being
filtered and dried at 100°C for 24 hr, the product was calcined
at 540°C for 10 hr. The sample is denoted as R-SBA-15.

Hexagonal SBA-15 was synthesized according to the report
by Wang et al. (2011). P123 (4.0 g) was dissolved in 120 mL
2 mol/L HCl aqueous solution under stirring for 4 hr, and then
8.5 g TEOS was dissolved in the solution. ZrOCl2 (4.66 g) was
also dissolved in the aqueous solution. The mixture was
stirred for 20 hr and aged in a Teflon reaction vessel at 100°C
for 48 hr. Then the product was filtered, dried and calcined as
in the synthesis of R-SBA-15 above. The sample is denoted as
H-SBA-15.
Fiber-like SBA-15 was synthesized according to the report
of Zhao et al. (1998). P123 (4.0 g) was dissolved in 120 mL
2 mol/L HCl aqueous solution under stirring, then 8.5 g TEOS
was dissolved in the solution. Themixture was stirred for 4 hr
and aged in a Teflon reaction container at 100°C for 48 hr.
Then the product was collected by filtration, drying and
calcining. The sample is denoted as F-SBA-15.

Mn/SBA-15 was synthesized by a precipitationmethod. Mn
(NO3)2 aqueous solution and SBA-15 (R-SBA-15, H-SBA-15 or F-
SBA-15) were added to a proper amount of deionized water
while stirring. Then 1 mol/L (NH4)2CO3 aqueous solution was
added dropwise until the pH of the solution reached about 9.
The mixture was aged at room temperature for 24 hr, and
then the product was collected by filtration and drying. The
three samples are denoted as Mn/R-SBA-15, Mn/H-SBA-15 and
Mn/F-SBA-15, respectively.

1.2. Activity measurement

Toluene oxidation experiments were performed in a fixed-bed
quartz microreactor with a continuous flow of 50 mL/min and
the concentration was 500 ppm toluene +20%O2/Ar balance.
Mn/SBA-15 (0.2 g) catalyst was used in the experiment. The
toluene conversion was analyzed when it reached steady
state using an online gas chromatography (GC) with a flame
ionization detector (GC-2014, Shimadzu, Japan).

1.3. Characterization

The characterization in the study was carried out as described in
a previous report (Qin et al., 2017). Nitrogen adsorption–
desorption isotherms were collected at 77 K (QUADRASORB-SI,
Quantachrome, USA), and the specific surface areas were
calculated with the Brunauer–Emmett–Teller (BET) equation.
The pore volumes were determined at a relative pressure (P/P0)
value of 0.995, and themeanpore diameterswere calculatedwith
the Barrett–Joyner–Halenda (BJH) equation from the desorption
branches of the isotherms. Scanning electron microscopy (SEM)
was carried out on a scanning electron microscope (S-5500,
Hitachi, Japan). Transmission electron microscopy (TEM) were
carried out on a microscope with an operating voltage of 100 kV
(Tecnai G2 Spirit, ThermoFisher Scientific, USA). X-ray diffraction
(XRD) patterns were collected using Cu Kα radiation (λ =
0.1542 nm) operating at 40 kV and 200 mA (D/max-γb, Rigaku,
USA). The patterns were carried out from 10° to 80° at a scan rate
of 10°/min. H2 temperature programmed reduction (H2-TPR)
measurements were carried out on a ChemBET with a thermal
conductivity detector (TCD) (PULSAR, Quantachrome, USA). X-ray
photoelectron spectroscopy (XPS) was carried out with an Al Kα
excitation source at a constant pass energy (hv = 1486.6 eV) and
all the results were adjusted with the binding energy of C1s
(284.6 eV) (ESCALAB250, Thermo, USA).
2. Results and discussion

2.1. Activity for toluene catalytic oxidation

Fig. 1 shows the performance of toluene oxidation over
different Mn/SBA-15 catalysts in the reaction temperature



200 210 220 230 240 250

0

20

40

60

80

100

 T
ol

ue
ne

 c
on

ve
rs

io
n 

(%
)

Temperature (oC)

 Mn/R-SBA-15
 Mn/H-SBA-15
 Mn/F-SBA-15
 Mn/Commercial SBA-15

a

Mn/R-SBA-15 Mn/H-SBA-15 Mn/F-SBA-15 Mn/Commercial SBA-15
0

20

40

60

80

100
 210oC
 225oC
 230oC

To
lu

en
e 

co
nv

er
si

on
 (%

)

b

0 4 8 12 16 20 24

0

20

40

60

80

100

c

To
lu

en
e 

co
nv

er
si

on
 (%

)

Time (hr)

Fig. 1 – (a) Toluene conversion performance over Mn based
catalysts supported on different SBA-15 silicas, (b) toluene
conversion at 210, 225 and230°C, and (c) reaction stability ofMn/
R-SBA-15. R-SBA-15, H-SBA-15 and F-SBA-15 refer to rod-like
SBA-15, hexagonal SBA-15 and fiber-like SBA-15, respectively.
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ranges from 200 to 250°C. It is found that the rod-like SBA-15
supported MnOx catalyst exhibited better catalytic perfor-
mance than the other as-synthesized Mn/SBA-15 catalysts.
When the temperature was increased to 230°C, the conversion
of Mn/R-SBA-15 rose rapidly to 90%, whereas the other
samples had not achieved conversion of 80%. The conversion
of Mn/F-SBA-15 was only about 60% even though the
temperature was 230°C. The catalytic ability of Mn/H-SBA-15
was between that of the other two catalysts. Therefore, it is
quite clear that Mn/R-SBA-15 shows the best catalytic
capacity, and the activity of three samples can be ranked as
follows: Mn/R-SBA-15 > Mn/H-SBA-15 > Mn/F-SBA-15. Fur-
thermore, the activity of Mn/commercial SBA-15 was com-
pared with the three catalysts above. It is evident that the
three catalysts have better activity than Mn/commercial SBA-
15. In light of the results, it is believed that the difference of
catalytic activity is highly related to the morphology and
structure of the supports.

The reaction stability with time over the Mn/R-SBA-15
catalyst was tested at 240°C and the result is shown in Fig. 1c.
The catalyst showed good reaction stability for toluene
oxidation over a period of 24 hr, and the conversion remained
above 95%. Herein, it is shown that the Mn/R-SBA-15 catalyst
is a potential candidate catalyst for toluene combustion.

2.2. Morphology analysis of SBA-15 and diffusion of Mn/SBA-15

SEM images of three SBA-15 samples and TEM images of Mn/
SBA-15 are shown in Fig. 2. The supports have different
morphologies from each other. R-SBA-15 exhibits a morphol-
ogy consisting of well-distributed short rods with length of
0.7–1.0 μm. The SEM image of H-SBA-15 displays particles of
hexagonal shape and thickness of 0.625 μm. F-SBA-15 exhibits
a morphology of long fiber type with the length of 20–30 μm. It
can be observed from the TEM images that all three catalysts
show well-ordered, uniform and hexagonal arrays of pore
channels, which is a characteristic feature of SBA-15. Most
MnOx is distributed outside the mesochannels due to the
larger particle size. Distribution of MnOx on the catalysts is
similar because the same synthesis method was used.

Nitrogen adsorption–desorption isotherms were measured
to obtain textural information on the parent supports and Mn
catalysts. As shown in Fig. 3, the isotherms for SBA-15 and Mn/
SBA-15 samples are of type IVwith a hysteresis loop of H1 type,
which indicates that the parent mesoporous structure is well
maintained during the synthesis process. The mesoporous
channels are favorable for the diffusion of reactants. The BET
results and pore structure parameters of all the samples are
summarized in Table 1. The surface area of these three SBA-15
supports follows the order: H-SBA-15 > F-SBA-15 > R-SBA-15.
After MnOx was supported on SBA-15, the surface area of the
three catalysts declined to various extents, which means that
MnOx is located on the outside of the support. The result is in
agreement with the TEM results. Mn/R-SBA-15 has the lowest
surface area. Generally, the surface area of the catalyst has a
great effect on the catalytic capacity, as high surface area could
result in high dispersion of metal or metal oxides and increase
the chances of contacting reactants (Fu et al., 2016). However,
from the activity and BET results it is found that the catalytic
performance of the catalysts did not follow the order of surface
area. This implies that the surface area is not a key factor in the
performance of the as-synthesized Mn/SBA-15 catalysts in
toluene oxidation.
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Fig. 2 – Scanning electron microscopy (SEM) images of the three kinds of SBA-15 samples and transmission electron
microscopy (TEM) images of the three Mn/SBA-15 catalysts.
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2.3. Confirmation of Mn species

XRD was used to further observe the structure of Mn species
on the different supports, and the patterns are shown in Fig. 4.
The big and broad diffraction peak at 2θ = 22.4° is attributed to
SiO2, and the other peaks are attributed to manganese oxides.
The peaks at 2θ = 32.9° and 65.8° correspond to Mn2O3 (JCPDS
41–1442), and peaks at 2θ = 36.6°, 41.5° and 53.9° are attributed
to MnO2 (JCPDS 42–1316), indicating the coexistence of Mn2O3

and MnO2 on the supports. It can be seen that the peaks of
Mn2O3 become weaker gradually in the order Mn/R-SBA-
15 > Mn/H-SBA-15 > Mn/F-SBA-15. The phenomenon sug-
gests that the amount of Mn2O3 decreases in the same order
as above or that the crystallinity of Mn2O3 on the catalysts
decreases to gradually become amorphous.

2.4. Analysis of redox and chemical properties

The reducibility of MnOx on different SBA-15 supports was
studied by H2-TPR, and the profiles are presented in Fig. 5.
These catalysts show two reduction peaks denoted as α and
β. Generally, two reduction peaks occur for manganese
oxides, denoting a two-step reductive process as follows:
Mn4+ → Mn3+ → Mn2+ (Huang et al., 2016; Wang et al., 2012).
Specifically, the first peak corresponds to the reduction of
MnO2/Mn2O3 to Mn3O4, and the second one corresponds to
the reduction of Mn3O4 to MnO (Dai et al., 2012; Zhang et al.,
2015). It is worth noticing that the first peak can be
deconvoluted into two peaks labeled as αI and αII. According
to previous reports, the peaks of MnO2 can be assigned to the
reduction of MnO2 to Mn3O4 and Mn3O4 to MnO, respectively
(Wang et al., 2009) and the peaks of Mn2O3 to the reduction of
Mn2O3 to Mn3O4 and Mn3O4 to MnO, respectively (Chen et al.,
2014). According to the XRD results, we found that the MnOx

consisted of MnO2 andMn2O3. Therefore, it is reasonable that
peak αI be assigned to the reduction of MnO2 to Mn3O4 and
peak αII to the reduction of Mn2O3 to Mn3O4. The ratio of αII/αI

would then reflect the relationship of the amounts of MnO2

and Mn2O3, and it is seen that the ratio of αII/αI decreased in
the order of Mn/R-SBA-15 > Mn/H-SBA-15 > Mn/F-SBA-15,
indicating that Mn/R-SBA-15 possessed the most Mn2O3.

Comparing the reduction behavior of the samples, Mn/
R-SBA-15 shows a lower reduction temperature than the
other two, which indicates its better reducibility. The average
valence and amount of H2 consumption were calculated and
listed in Table 1. From the table, the average valence of
the samples increases in the order of Mn/R-SBA-15 < Mn/H-
SBA-15 < Mn/F-SBA-15. The generally low average valence of
Mn/R-SBA-15 suggests the existence of Mn2O3 or defect Mn3+

generated in manganese oxides (Santos et al., 2010). For Mn/R-
SBA-15, the low average valence is due to the high ratio of αII/αI,
in other words, a large amount of Mn2O3. Usually, a higher
amount of H2 consumption represents more reducible oxygen
species. In our study, the H2 consumption of Mn/R-SBA-15 is
1.89 mmol/g, which is slightly smaller than that of Mn/H-SBA-
15 (1.97 mmol/g). However, the tests of the catalytic activity of
catalysts indicated that Mn/R-SBA-15 shows better catalytic
activity than Mn/H-SBA-15, and the reduction temperature of
Mn/H-SBA-15 is the highest. Thus, the oxygen mobility of the
catalysts is more important for the oxidation of toluene when
the difference inH2 consumption is slight. Mn/F-SBA-15 has the
lowest H2 consumption of 1.67 mmol/g, and the oxygen
mobility is lower than for the other two, so the activity is the
poorest.
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XPS analysis was carried out, and the surface information
for the samples is summarized in Table 2. Mn 2p3/2 and O1s
XPS spectra of the three samples are exhibited in Fig. 6. The
asymmetric peaks of Mn 2p3/2 spectra for all the catalysts can
be deconvoluted into two peaks at binding energies of
643.9–644.4 and 642.0–642.1 eV, respectively. The components
are attributed to surface Mn4+ and Mn3+ species, but the
observed binding energies of Mn species are much higher
than the theoretical values of Mn4+ and Mn3+ (643 ± 0.2 and
Table 1 – Properties of SBA-15 and Mn/SBA-15 samples derived

Sample SBET (m2/g) Vtotal (cm3/g) Dpore (n

R-SBA-15 561.2 0.55 3.85
H-SBA-15 747.3 0.93 5.68
F-SBA-15 733.7 0.91 4.96
Mn/R-SBA-15 275.3 0.42 4.33
Mn/H-SBA-15 504.9 0.64 5.65
Mn/F-SBA-15 350.1 0.85 6.60

SBET: specific surface area; Vtotal: primary total pore; Dpore: Barrett–Joyne
branch; αII/αI: ratio of two peaks deconvoluted from the first reduction pe
641.7 ± 0.2 eV). Similarly, the binding energies of O1s are also
shifted to higher value than the theoretical values (529.5–529.9
and 531.2–531.5 eV) (Zhu et al., 2017). This high-energy shift
from the theoretical value should be due to the interaction
between MnOx and the silica support (Meng et al., 2013). The
content of Mn4+ on the surface of Mn/R-SBA-15 is 0.49, which
is almost equal to that of Mn/H-SBA-15 and Mn/F-SBA-15
(0.47). The O1s spectra can be deconvoluted into two peaks
attributed to surface lattice oxygen (Olatt, low binding energy)
and surface adsorbed oxygen (Oads, high binding energy). It
can be seen from the table that the ratio of Olatt/Oads decreases
in the order of Mn/R-SBA-15 (0.74) > Mn/H-SBA-15 (0.52) > Mn/
F-SBA-15 (0.49). This result shows that Mn/R-SBA-15 contains
the greatest amount of surface lattice oxygen.

2.5. Adsorption of toluene on Mn/SBA-15 catalysts

The catalytic capability of catalysts is determined not merely
by the properties of the catalysts, but also their interaction
with toluene, which is absolutely essential to investigate.
Therefore, temperature programmed desorption (TPD) was
performed to obtain information about the adsorption sites
and interaction between the reactant and catalyst. Fig. 7
shows the toluene TPD profiles of Mn catalysts supported on
different supports. The figure shows that only one desorption
from the N2 adsorption–desorption isotherms.

m) αII/αI AOS H2 consumption (mmol/g)

0.69 3.53 1.89
0.49 3.57 1.97
0.48 3.61 1.67

r–Halenda (BJH) mesopore diameter calculated from the desorption
ak; AOS: average oxidation state.
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peak is present for each Mn/SBA-15 sample, and the temper-
atures of the peaks are in the range of 80–100°C. Mn/R-SBA-15
has the lowest desorption temperature, at 84°C, and the
others are 100 and 91°C for Mn/H-SBA-15 and Mn/F-SBA-15,
respectively. It is generally accepted that the desorption
temperature is related to the reaction process, as a low
desorption temperature means that it is easy for the reactant
to desorb from inner pores and channels and diffuse onto the
surface of the catalysts. That is to say, the diffusion of toluene
molecules on Mn/R-SBA-15 is the best among the three,
followed by Mn/F-SBA-15. The fact that Mn/R-SBA-15 had the
best diffusion capability should be related to the morphology
of R-SBA-15. The well-distributed short rods supply more
mesochannel openings than the long fiber-like morphology of
F-SBA-15, which is beneficial to the diffusion and adsorption
of reactants (Kosuge et al., 2007). Therefore, the reaction takes
place easily over Mn/R-SBA-15. Unexpectedly, Mn/H-SBA-15
shows the highest desorption temperature, but its activity is
better than that of Mn/F-SBA-15. This is probably because the
closely aggregated morphology of H-SBA-15 hinders the
diffusion of toluene molecules, thereby increasing the de-
sorption temperature. Nevertheless, other factors, such as
abundant mobile oxygen species as observed from H2-TPR
results, may improve the activity of Mn/H-SBA-15.

2.6. Discussion

In viewof the above results, one can see thatMn/SBA-15 catalysts
display outstanding catalytic capability, and comparison of their
Table 2 – X-ray photoelectron spectroscopy results of the three

Sample Mn4+ Mn3+ Mn4+/(Mn

Mn/R-SBA-15 644.4 eV 642.0 eV 0.4
Mn/H-SBA-15 643.4 eV 642.1 eV 0.4
Mn/F-SBA-15 643.9 eV 642.0 eV 0.4

Oads: surface adsorbed oxygen; Olatt: surface lattice oxygen.
performance with that of other catalysts in the literature is listed
inTable 3. SBA-15 supportswithdifferentmorphologies evidently
affect the catalytic activity of Mn/SBA-15 catalysts. XRD shows
that MnO2 and Mn2O3 coexist on the supports. Nevertheless, a
higher amount of Mn2O3 species was formed on the surface of
MnOx supported on rod-like SBA-15. The peaks of Mn2O3 become
weaker and weaker in the order Mn/R-SBA-15 > Mn/H-SBA-
15 > Mn/F-SBA-15,which is in agreement with the order of
catalytic activity. This suggests that the activity is affected by
the properties of the manganese oxides. Combined with H2-TPR
results showing that the αII/αI peak ratio is in agreement with
Mn/SBA-15 catalysts.
3++Mn4+) Oads Olatt Olatt/Oads

9 533.4 eV 532.1 eV 0.74
7 533.2 eV 532.1 eV 0.52
7 533.6 eV 531.7 eV 0.49
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XRD results, the highest amount of Mn2O3 is formed on Mn/R-
SBA-15, followed by Mn/H-SBA-15. Taking into account the XPS
results, the ratios of Mn4+ and Mn3+ on the catalysts are similar,
but different Olatt/Oads ratios are observed, which vary in the
order: Mn/R-SBA-15 > Mn/H-SBA-15 > Mn/F-SBA-15. Usually the
ratio of Mn3+ to Mn4+ reflects the oxygen vacancies and surface
oxygen species on a single oxide (Lin et al., 2016) and a previous
study has clarified that a highMn3+/Mn4+ implies a highOads/Olatt

ratio on MnO2, based on the principle of electroneutrality (Wang
et al., 2012). Therefore, considering the XRD and XPS results, this
proves that surfaceMn3+ species donot comeentirely fromMnO2

but also from Mn2O3 on the surface of the catalysts, and it is
reasonable thatMn2O3 contributes to the surface lattice oxygenof
the catalysts in addition to MnO2. Our group's earlier study has
proved that the existence ofMn2O3 improves the catalytic activity
of the catalysts (Qu et al., 2013). Meanwhile, other researchers
also reported that surface Mn2O3 species were favorable to the
activity (Li et al., 2014). With respect to the activity and
characterization results for the three catalysts, a conclusion can
be reached that the lattice oxygen species play the major role in
toluene catalytic oxidation. According to the Mars-van Krevelen
(MVK) mechanism, lattice oxygen takes part in the reaction
directly and is replenished by oxygen from the feed mixture.
Additionally, the higher ratio of Olatt/Oads is directly related to the
reaction rate (Fig. 8). Manganese oxides have great catalytic
activity for VOC oxidation due to their strong oxygen storage/
Table 3 – Catalytic activity of toluene oxidation reported in
the literature.

Catalysts T98% Reference

Mn2O3 325°C Sihaib et al., 2017
MnOx/HZSM-5 270°C Zhang et al., 2018
Cu0.5Mn0.75/Al2O3 325°C

Wang et al., 2017
Mn0.5/Al2O3 450°C
Mn14.1–400 275°C Liu et al., 2017
Mn/R-SBA-15 240°C This work

T98%: temperature when the conversion is 98%.
release ability in the redox cycle taking place during the reaction
process, and thenhighoxygenmobility effectively accelerates the
catalytic activity. Among the three catalysts, Mn/R-SBA-15 has
the best catalytic activity for toluene oxidation, and this ismainly
due to the large amount of lattice oxygen from the mixed oxides
of Mn2O3 and MnO2 and having the highest oxygen mobility of
the three catalysts, according to H2-TPR results (Tang et al., 2014).

In general, inert supports are used to utilize their high specific
surface area and diffusion of active components for the
improvement of activity. Nevertheless, in this study the activity
is not simply associatedwith the specific surface area.Mn/F-SBA-
15, with high specific surface area (733.7 m2/g), has the lowest
activity in toluene oxidation among the studied catalysts.
Therefore, the properties of manganese oxides on the supports
directly affect the catalytic activity of the catalysts. SBA-15 with
rod-like morphology has the most positive effect on the
properties of manganese oxides compared to the other two
morphologies. This is probably because the structure of R-SBA-15
is favorable for the formation of Mn2O3. Recently, some
researchers have pointed out that SBA-15 microporosity should
bemore appropriately be described as surface roughness, and the
roughness directly impacts the formation of VOx on SBA-15
(Smith et al., 2014). Therefore, it is believed that the properties of
SBA-15 lead to formation of different manganese oxides, and in
our study themorphology of SBA-15 clearly has a great influence
on the properties of manganese oxides, such as crystallinity and
redox ability. It was also discovered that the capability of
desorption is different for the three catalysts, and the difference
is probably caused by the pore structures of the catalysts. In
summary, Mn/R-SBA-15, with a large amount of lattice oxygen
and high mobility, is an excellent catalyst for toluene catalytic
oxidation, and rod-like SBA-15 is beneficial to the catalytic
activity.
3. Conclusions

This study revealed that SBA-15 with different morphologies
and structures greatly affected the catalytic activity of Mn/
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SBA-15 for toluene oxidation. Mn/R-SBA-15 showed the best
catalytic activity among the three, and the conversion at
230°C was about 15% and 30% higher than that of Mn/H-SBA-
15 and Mn/F-SBA-15, respectively. Firstly, the diffusion of
toluene on Mn/R-SBA-15 was the fastest and the catalytic
reaction had the highest rate. Secondly, the R-SBA-15 support
evidently influences the formation of MnOx, and more Mn2O3

is formed on Mn/R-SBA-15 than on the other supports. The
mixed oxides of Mn2O3 and MnO2 on R-SBA-15 supply more
lattice oxygen species, which is favorable for the activity
according to the MVK mechanism. Thirdly, the high oxygen
mobility of Mn/R-SBA-15 accelerates the activity. Therefore,
the excellent activity of Mn/R-SBA-15 contributes to the
formation of more surface Mn2O3 species, lattice oxygen
species and high oxygen mobility.
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