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Oxalate route for promoting activity of manganese oxide catalysts in
total VOCs oxidation: effect of calcination temperature and preparation

method
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A novel template-free oxalate route was applied to synthesize mesoporous manganese oxides with high
surface area (355 m® g’') and well-defined mesopores which can be obtained in large quantities. The
physicochemical properties of the materials were characterized by means of TG, XRD, SEM, TEM, H,-
TPR and XPS techniques. All catalysts were tested on catalytic deep oxidation of benzene, and the effects
of calcination temperature on the features of catalyst structure and catalytic activity were investigated.
Manganese oxides prepared by oxalate route exhibited better catalytic activities for complete oxidation of
benzene, toluene and o-xylene as compared with related manganese oxides prepared by other different
methods (NaOH route, NH,HCO; route and nanocasting strategy), and especially the temperature for
benzene conversion of 90% on the oxalate-derived manganese oxide catalysts was 209 °C which is
132°C lower than required for the catalyst prepared by NaOH route. The catalytic performance of
manganese oxide is correlated with surface area, pore size, low-temperature reducibility and distribution
of surface species. The mole ratio of Mn*"/Mn>" on the samples which performed better catalytic activity
was close to 1.0 and it was good for the redox process of Mn*'<Mn**<Mn?* which is the key factor in
determining the activity on MnOx, further indicating that oxalate route is good for keeping the
distribution of manganese oxidation state at a appropriate degree. A possible process of VOCs complete
oxidation on manganese oxide catalysts is discussed. In addition, the best catalyst was highly stable with

time on stream and resistant to water vapor.
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environmental  problems, such as ozone generation,
40 photochemical smog and so on'>. Low concentration of VOCs
will also be a great threat to the human beings’ health* * and the
abatement of VOCs is highly desirable. Many methods (e.g.
absorption, thermal combustion, biofiltration, catalytic oxidation)

have been used to remove the hazardous VOCs in recent years®!!.
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However, catalytic oxidation is a perfect way to reduce VOCs at
low concentration and it can be operated at lower temperature
(300-600°C) than thermal combustion which requires additional
fuels and forms thermal NO,” 2. Compared to absorption method,
catalytic oxidation can keep a good performance longer and have
a great economic advantage'?. Supported noble metal as Pt'* ' |
Pd"™> 16, Au' '8, Ag' 2 catalysts are known to be very active for
deep oxidation of VOCs. Though precious metal catalysts exhibit
high activity at very low temperature, they can’t be used in
industrial processes widely because of their high cost and some
related problems, such as volatility, sintering and susceptibly
poisoning tendency. Compared to noble metal, many active
transition metal oxides (Fe,O3, Cr,0;, CuO, NiO, CeO,, MnO,
and Co30,)*"’ are cheaper and easier to be obtained as catalysts
for combustion of VOCs.

Among the active oxide catalysts for VOCs combustion,
manganese oxides such as Mn;O4; Mn,Ozand MnO,%% #33are
known for exhibiting good activity in combustion of
hydrocarbons and also considered as environmentally friendly
materials. Gandhe et al** showed that cryptomelane-type
octahedral molecular sieve (OMS-2) catalyst had highly efficient
activity for the total oxidation of ethyl acetate which was ascribed
to the presence of Mn*/Mn®* type redox couples and facile
lattice oxygen on catalysts. Meanwhile, OMS-2 have also been
found to be very active for VOCs oxidation in Santos et al.’s
publication®' and Mn;0, could significantly improve the mobility
and reactivity of lattice oxygen, but Mn,O; has the opposite
effect. Kim et al.’® reported a series of manganese oxides
catalysts (Mn3O4, Mn,0; and MnO,) for VOCs combustion and
the promoted effect of other metals (K, Ca, Mg). They found the
sequence of catalytic activity was Mn;O4 >Mn,03; >MnO, which
was highly correlated with the oxygen mobility and the surface
area of the catalysts. It is notable to point out that the oxygen
mobility can be enhanced by the oxygen vacancies existing on the
catalysts® and the lattice oxygen donating abilities over
manganese oxides also make a great contribution on the catalytic
oxidation®®. Moreover, the existence of higher manganese
oxidation state (Mn*") in catalysts plays an important role in
improving catalytic activity for VOCs combustion®” which may
be ascribed to the good ability of adsorbing oxygen. Pozan®® have
discussed the effect of support on catalytic activity of manganese
oxide catalyst for toluene combustion and the manganese states

and oxygen species play an important role in the catalytic activity.
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Therefore, the activity for VOCs combustion on manganese

4s oxides is mainly determined by three factors: the surface area; the

distribution of manganese state; the active oxygen species
including adsorbed oxygen, oxygen vacancy and lattice oxygen.
Herein, we present work that significantly promotes the
activity of manganese oxides for VOCs combustion by using a
novel mesoporous structure catalyst with high surface area. The
catalysts with high surface area are synthesized by an oxalate rout
which can be obtained in large quantities. BTX (benzene, toluene
and xylene), three major categories of VOCs, are mainly emitted
from newly developed building materials, coating operations,
motor fuels, and steel manufacturing industries and are most
difficult to oxidize completely among environmental pollutants.
In this study, we explore the catalytic properties of this kind of
manganese oxides for BTX oxidation and compared it to other
MnOx prepared by different methods. A strong correlation
between manganese states and oxygen species is found on the
catalysts and the possible mechanism of BTX deep oxidation

over manganese oxides is discussed.

2. Experimental details

2.1 Catalyst synthesis

2.1.1 Oxalate route

An oxalate route was applied to the catalysts preparation. All
chemicals used in this study including Mn(NOs), (50 wt.%)
solution, (NHy),C,04 (99.9%) and absolute alcohol (99.9%) were
all purchased from Xilong Cop. (china) without further
purification. The water used to prepare all solutions was made
from Millipore Milli-Q water (15MQ cm). Typically, 48 mmol
(NHy),C,04 was dissolved in 200 mL water to form a clear
solution which was quickly added to the 200 mL manganese ion
solution with a mole concentration of 0.2 M under strong stirring
at room temperature (about 25 °C). The precipitation happened in
several seconds. After stirring for 40 min, one precipitation
(precursor A) was filtered directly and another (precursor B) was
aged for further 24h under static condition in order to get two
kinds of oxalate precursors with different structure. Both
precipitants were filtered, washed with deionized water three
times and absolute ethanol one time, then dried at 80 °C for 24 h.
The oxide catalysts were obtained by sintering the precursors in a
muffle furnace at a ramp of 2 °C min™' from room temperature

(RT) to a certain temperature and kept at this temperature for 5 h.

ss The temperature of calcination varied from 350 °C to 550 °C and
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the products were denoted A-T (or B-T) (T represents the
different calcination temperature included 350 °C, 450 °C and
550 °C).

2.1.2 Precipitation using NaOH or NH;HCO;

In a typical synthesis, 100 mL 0.48 M NH,HCO; (or NaOH)
solution was added to 100 mL 0.2 M Mn(NOs), solution under
vigorously stirring and the mixed solution was aged for 4h at
room temperature. The final white or brown precipitate was
filtered and washed three times with water and ethanol, dried at
80 °C for 12 h. These two samples were heated at 450 °C for 5 h
(heating rate 2 °C min™") in air and denoted as sample C-450
(NH4HCO; route) and sample E-450 (NaOH route).

2.1.3 Nano-casting strategy

SBA-15 silica was used as a hard template for nanocasting and a
simple “two-solvent” approach™ %’ was introduced to synthesize
another kind of mesoporous manganese oxide. Firstly, 2.5 g
mesoporous SBA-15 was dispersed in 120 mL of dry n-hexane
and further stirred at room temperature for 4 h. Then, a desired
volume of Mn(NO;), (50 wt.%, Xilong) solution (quantity
corresponding to the pore volume of SBA-15 template
determined by N, sorption) was added slowly with strong stirring.
After stirring vigorously for 12 h at room temperature the mixture
was filtered and dried at 40 °C for 48 h. Afterwards, the sample
was calcined at 450 °C for 5 h (heating rate 2 °C min™) in air.
The resulting materials were treated three times with a 2 M
NaOH solution, to remove the silica template, washed with water
several times, and then dried at 80 °C. This procedure results in
another mesoporous manganese oxide which is denoted as sample

D-450.
2.2 Characterization of catalysts.

X-ray diffraction (XRD) patterns of the catalysts were measured
on a Panalytical X’Pert PRO system using Cu-Ka radiation in the
diffraction angle (20) range 5°-90°. Crystal phase were identified
by using X’pert HighScore software to refer the related peaks to
the standard powder diffraction in database (ICDD PDF2-2004).
The specific surface areas and pore size distribution of all
catalysts were obtained with N, adsorption-desorption method on
an automatic surface analyser (AS-1-C TCD, Quantachrome Cor.,
USA). Before measurement, every sample was degassed at 200
‘C for 3 h. The thermal gravimetric analysis (TGA) of precursors
(A and B) was performed using an HCT-2 TGA/DTA system in
air with a heating-rate of 10 °C min™'. The morphology images of

samples were recorded on a scanning electron microscopy (SEM,
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JEOL JSM-6700F, Japan, 15 kV, 10 pA). The microstructures of
samples (A-450, C-450, D-450, and E-450) were obtained using
transmission electron microscopy (TEM, JEOL JEM-2010F) with
an accelerating voltage of 200 kV. Surface species of the as-
prepared catalysts were determined by X-ray photoelectron
spectroscopy (XPS) using an XLESCALAB 250Xi electron
spectrometer from VG Scientific with a monochromatic Al Ka
radiation. Hydrogen temperature programmed reduction (H,-
TPR) was carried out in a U-shaped quartz reactor under a gas
flow (5% H, balanced with Ar, 25 mL min™). In each procedure,
30mg catalyst (40~60 mesh) was used and the temperature was
raised to 750 °C from room temperature at a constant rate 10 °C

min™".

2.3 Catalytic activity tests

Performance of catalysts was evaluated in a continues-flow fixed-
bed quartz microreactor (i.d. 6 mm) at a space velocity (SV) of
60000 mL g h™'. Catalysts (100 mg, 40~60 mesh) were loaded in
the quartz reactor with quartz wool packed at both ends of the
catalysts bed. The continuous flow (100 mL min™") was composed
of air and 1000 (or 200) ppm of gaseous benzene (toluene, or o-
xylene). For consideration of water vapour’s effect, an air flow
(50 mL min™") was used for bubbling water before mixed with
another air flow containing gaseous benzene and the mixed gas
that composed a relative water vapour (1%) and benzene (500
ppm) was used for catalytic test. The concentration of benzene in
the effluent gas was analysed by a gas chromatograph (Shimadzu
GC-2014) equipped with a flame ionization detector (FID) and
the concentration of CO, in the outlet gas was detected by
another FID with a methanizer furnace for converting CO, to
CHj,. The complete conversion of BTX such as benzene (Wyenzenes
%) was calculated as follows:
Woenzene = Ccox out/ (Crengene, in X 60 X 100%
Where Cco., out (ppm) and Cpepzene, in (Ppm) are the concentrations
of CO, in the outlet gas and benzene in the inlet gas,

respectively.

3 Results and discussion

3.1 TG and XRD analysis
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Fig. 1 Thermogravimetric (TG) analysis for the decomposition of

manganese oxalate precursor A and B.

Fig. 1 shows the thermogravimetric analysis of two precursors.
The first weight loss at 144.1 °C (A) or 149.1 °C (B) is
corresponded to the dehydration of precursors to anhydrous
manganese oxalate meanwhile the second weight loss is
contributed to decomposition of manganese oxalate into
manganese oxide. Both precursor A and B can be decomposed to
manganese oxides at very low temperature and the converted
temperature of sample B (305.9 °C) is a little higher than that of
sample A (296.3 °C). The XRD patterns of precursors and as-
calcined samples are shown in Fig. 2a-d. The two precursors
obtained at different ageing time show different crystal phase as
presented in Fig. 2a. The main diffractions of precursor A can be
indexed to the MnC,0,4 * 3H,O (JCPDS PDF 032-0648) and a
small part of MnC,0, * 2H,0 (JCPDS PDF 025-0544). The
peaks of precursor B reflect only the crystalline MnC,0, * 2H,0
(JCPDS PDF 025-0544) which confirms that the precipitation is
all converted to MnC,0, * 2H,0 with increasing the ageing time.
The calcination temperatures of precursors are arranged from 350
°C to 550 °C and the diffraction patterns of calcined catalysts are
displayed in Fig. 2b and c. For the low calcination temperature
(350 °C), no obvious peaks are obtained from their XRD patterns
(A-350, B-350) which demonstrates they are amorphous or have
poor crystallinity. When the calcination temperature is increased
to 450 °C or 550 °C, the diffraction peaks are clearly appeared
which are corresponded to the cubic crystal Mn,0; (JCPDS PDF
001-1061). Interestingly, some obvious patterns are found in the
catalysts A-450 as shown in Fig. 2b which confirms the
occurrence of crystalline Mn;O, (JCPDS PDF 001-1127) and this
Mn;0O, crystalline are disappeared with developing the
calcination temperature to 550 °C. Fig.2d shows the other
manganese oxides synthesized by different methods and the
diffraction patterns of sample C (NH4HCO; route) and D
(nanocasting route) can be indexed to MnO, (JCPDS PDF 001-
0799). A pure phase of Mn;O, (JCPDS PDF 001-1127) is

observed on the catalyst E which is prepared by NaOH

40 precipitation approach.

£ {h)

i et et e syt

[miensity
Intensity

M\““" - P —

0 (degree)

oY

|

Intensity

Intensity

A B-450

A A-iShmaluic roa

1350 , 4 B AR GW
sl it

15 } ‘Elﬂ : EL E0 7'-3 § o 5 0 4 & 7 @0
20 (degree) 20 (degraz)

Fig. 2 XRD patterns of as-prepared precursors (a) and manganese oxides

prepared by different methods (b, c, d).

3.2 Surface area and morphology
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45 Fig. 3 N, adsorption-desorption isotherms curves (a,c) and pore size

distribution calculated from desorption branch (b,d) of as-synthesized

MnOx catalysts by oxalate route and other different methods.

Fig. 3 displays the N, adsorption-desorption isotherms and the

so pore size distribution of the catalysts A-T, B-T and other

manganese oxides prepared by different methods. Obviously, a
classical type IV isotherm is obtained and all the isotherms have a
typical hysteresis loop which is often associated with narrow slit-

like (micro-) pores and mesopores structure of the samples. From

ss the data represented in Table 1, the catalysts treated at lower

temperature (A-350, B-350) have larger surface area of 355.5 and
226.3 m*> « g while the samples calcined at higher temperature

have a smaller surface area of 85.9 (A-450), 50.1 (A-550), 65.4
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(B-450), 35.1 (B-550) m® < g, respectively. However, the
average pore size increases obviously with developing treatment
temperature of catalysts. It is noticeable that the pore size
distributions become wider when the calcination temperature is
s increased, indicating the irregular pore shapes is strongly affected
by the treatment condition. Lower sintering temperature is good

for keeping the original structure of precursor partly so that the

Journal of Materials Chemistry A

and length of the rods in the rod-like sample A are 2-4 pm and
30-50 um, meanwhile the plates in sample B has 30 um long and

35 20 um wide but many plates have been broken down to smaller

pieces. However, the micro rod of precursor A was kept very well
after thermal treatment as shown in Fig. 4. Interestingly, the
hollow structure (as presented in circle zone in Fig. 6) appeared

in sample A-450 with a diameter of several hundred nanometres

and it grew up to several micrometres in sample A-550 which is

=

samples have poor crystallinity and small pores. Meanwhile *

higher calcination temperature is favourable to achieve well mainly caused by the expansion of pores. As shown in Fig. 7, the

. . . icrostruct f le B t fi
10 crystallized particles and the growth of nanoparticle takes place fucrostructure ot sampie was decomposed to many  fine

particles after calcination process.

gradually which will drive pore expansion and surface reduction.

Therefore, the samples calcined at lower temperature is better for
keeping small pores which will own more excellent catalytic
properties because of the nano-effect of particles. Compared with
15 the samples treated at 350 °C, the pore volume of A-450 or A-
550 has a clear reduction (0.21—0.15 cm’® + g’') while just a
small change is observed on the samples B-450 and B-550 (0.27
—0.25 cm® *» g!). As shown in Tablel, the manganese oxides
prepared by NH,;HCO; route and nanocasting approach both have
20 a large surface area about 115.9 and 132.6m” g which are even
lower than the samples prepared by oxalate route. However, the

average pores of these samples are larger than A-450 obviously.

Moreover, the pore volume of sample D-450-nanocasting-route

Fig. 7 SEM images of precursor B and related samples cancined at

has the highest value of 0.59 ¢cn’® * g which may be ascribed to
45 different temperature (350 °C, 450 °C, 550 °C).

»s the ordered mesopores casted from SBA-15.

AN

—
m

I nm

10 nm

Fig. 6 SEM images of precursor A and related samples cancined at

Fig. 8 SEM and TEM images of A-450 (oxalate route) and C-450
(NH4HCO:s route).

different temperature (350, 450 and 550 °C).

The SEM images of the precursors and related manganese oxide

N . Fig.8 and 9 t the microstruct f different
0 samples are shown in Fig. 6 and 7. It is observed that the 18-¢ and 7 fepreseiit the muecrostructires o dilterent manganese

. S ides with SEM and TEM i It b that th
precursors prepared from just 40 min stirring and another 24 h oxides wi an fmages. 1t cai be scen that there were

. . . . holl ith a diameter 1. i le A-450.
ageing were micro rods and butterfly-like plates. The diameter s mesoporous hollow rods with a diameter 1.5pm in sample 30
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From the high-resolution TEM (HRTEM) image of sample A-450,
the intraplanar spacing are measured to be 0.31 nm and 0.27 nm
which are in good consistence with that of the (112) and (222)
crystal plane of the standard Mn;O, (JCPDS PDF 001-1127) and
s Mn,O; (JCPDS PDF 001-1061). The sphere-like manganese
oxide prepared by NH,HCO; precipitation method (C-450) is

shown in Fig. 8 and its uniform diameter is about 1.5 um. The
clear intraplanar spacing from HRTEM is about 0.24 nm which is
in agreement with (101) crystal phase of MnO, (JCPDS PDF

Intensity (a.u.)

10 001-0799). With nanocasting process, manganese oxide ultrafine
particles (<10nm) can be formed in the limited space of silicate
pores and assembled to bundles of well-defined nanowires after
removing hard template. Two typical intraplanar spacing about
0.31 and 0.24 nm can be obtained from HRTEM image which are

15 assigned to (110) and (101) crystal phase of MnO, (JCPDS PDF
001-0799). The cube-like particle is observed in E-450 (NaOH

route) and the main intraplanar spacing about 0.49 nm can be
ascribed to (101) crystal plane of the standard Mn;O, (JCPDS
PDF 001-1127).
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Fig. 11 Ols XPS spectra of MnOx catalysts (oxalate route).

‘J =
20 Fig. 9 SEM and TEM images of D-450 (Nanocasting route) and E-450
(NaOH route). 3.3 Surface composition and oxidation state

The surface element compositions such as manganese oxidation
a0 states and adsorbed oxygen species were investigated by XPS
method. Fig. 10 and 11 represent the Mn 2p and O 1s XPS
spectras of the manganese oxide samples, respectively. As
revealed in Fig. 10, the Mn 2p spectra of all samples are
decomposed into three components corresponding to Mn(Il),
3s Mn(III) and Mn(IV) species on the surface of catalysts and an
energy separation of 11.4~11.6 eV is observed between the Mn
2p3/2 and Mn 2p1/2 states. Fig 10 shows that the components at
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binding energies(BE) = 640.6+£0.2, 641.7+0.2, and 643+£0.2 eV
are assigned to the surface Mn?*, Mn*', and Mn*" species, 28,31, 41-
4 respectively. The accurate content of surface Mn"™ and their
molar ratios was calculated by a quantitative analysis method on
the Mn2p XPS spectra, as shown in Table 1. Obviously, the
calcination temperature of catalysts has a great impact on the
distribution of surface manganese ions. The population of higher
Mn*" species decreased apparently with increasing the calcination
temperature, such as A-350 (0.304)—A-550 (0.208) and B-350
(0.307) —~B-550 (0.192), which illustrates that the amorphous
MnO, formed at low calcination temperature is good for keeping
higher metal ions on oxides’ surface. In the meantime, the lower
mole ratios of Mn*"/ Mn>* or Mn*/ Mn®" appeared with higher
calcination temperature. However, a large quantity of Mn?'
species are hold on the catalysts during thermal treatment because
of the reducing atmosphere formed in the decomposition process
of oxalate ligands which has been discussed in other report®.
Interestingly, the number of Mn*" and Mn*" ions are very close on

catalyst A-350, B-350 and A-450 which exhibited better catalytic

o

b
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different surface oxygen species with a binding energy at 529.8

40 and 531.3 eV were summarized in Table 1. As expected, the

amorphous MOx(A-350, B-350) has more adsorbed oxygen
species(O,, O, 0,%) and the samples with high crystallinity
oppositely have larger population of surface lattice oxygen
species. It is found that the samples possessing rich adsorbed
surface oxygen (A-350, B-350) or surface lattice oxygen (A-450)
have a better catalytic activity for benzene oxidation (shown in
section 3.5).

Fig. 12 shows the O 1s and Mn 2p XPS spectra of the
manganese oxides catalysts obtained by different methods and the
distribution of surface species is concluded in Table 1. For MnO,
prepared by NH,;HCO; precipitation and nanocasting route, there
is a small population of Mn>" on the catalyst surface and the main
manganese species is Mn*" and Mn®**. Meanwhile, more Mn®" is
obtained on the Mn;0, catalyst (NaOH precipitation) and the
proportion of Mn*" decreased seriously. Compared to the sample
A-450, the content of lattice oxygen species reduced obviously on

other three kinds of manganese oxides prepared by different

, methods. Moreover, the ratio of Mn*/Mn?" is far away from 1.0

S

activities (as shown in section 3.5). The relation among Mn®",

Mn*, and Mn* on the surface of manganese oxides has an and their catalytic activities were inferior to the manganese oxide

important impact on the surface oxygen species of oxides. For % prepared by oxalate route.

amorphous MnO,, more higher manganese state (Mn*") will
produce more surface adsorbed oxygen species, such as O, ,0™,

»s and lower manganese state (Mn®") existed in the crystal will

S

produce oxygen vacancy (V,) which will promote the mobility of
lattice oxygen. Meanwhile, the highly crystallinity of samples
formed under higher treatment temperature will have a great
content of lattice oxygen (0O”) and all surface oxygen species will

;0 make a certain degree of contribution on the combustion of

Intensity (a.u.)
Intensity (a.11.)

VOCs. These different effects are proved by investigating the
result of O 1s XPS. As represented in Fig. 11, the asymmetrical O
1s signal can be fitted with three components: one peak at low BE
(about 529.8 ev) which is assigened to the lattice oxygen (0%);

3

another peak at the medium with a binding energy (531.3 eV) that

&

is ascribed to the surface adsorbed oxygen (0,7, 07, 0,%) ; the

Binding ener‘gy (eV)

‘Bindil;g eneréy (er

small peak at highest BE (533.0 eV) which is contributed to the

Fig. 12 Ols and Mn2pXPS spectra of MnOx catalysts prepared b,

adsorbed OH groups and molecular water®" ***7_ The contents of & P P YRS PIEP 4
different methods.

Table 1 Surface areas, average pore size, and pore volume from BET analysis and surface element compositions of the MnO, samples from the Mn 2p

6s and O 1 s XPS spectra.

sample BET surface area BJH pore size  Pore volume surface element molar ratio

(m’+ g) (nm) (em’ g T )

Mn*' Mn’** Mn*’ Mn*/ Mn** Mn*/Mn®"  Oads* Olatt
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A-350 355.5 3.8 0.21 0.301
B-350 226.3 3.4 0.27 0.300
A-450 85.9 4.4 0.15 0.290
A-550 50.1 9.6 0.15 0.325
B-450 65.4 7.85 0.25 0.297
B-550 35.1 17.2 0.25 0.306
C-450 1159 6.6 0.24 0.126
D-450 132.6 17.5 0.59 0.144
E-450 285 17.0 0.23 0.391

0.395 0.304 1.010 0.770 0.349 0.557
0.393 0.307 1.023 0.781 0.334 0.591
0.418 0.291 1.003 0.697 0.235 0.728
0.467 0.208 0.641 0.446 0.315 0.643
0.469 0.234 0.787 0.498 0.281 0.688
0.502 0.192 0.626 0.383 0.298 0.621
0.418 0.456 3.624 1.089 0.299 0.629
0.382 0.473 3.284 1.239 0.188 0.582
0.367 0.242 0.619 0.662 0.251 0.549

* adsorbed oxygen including O,, O and 0,*

3.4 Temperature-programmed reduction

H,-Temperature-programmed reduction analysis was operated to
investigate the reducibility of Mn species or the reactivity of the
oxygen species on the catalysts. According to the -earlier
publishing®!, the reduction of manganese oxides can be described
by the successive processes: MnO,—~ Mn,0;—~ Mn;O,—~ MnO.
Every further reduction process will need a higher reaction
temperature which gives us an effective method to determine the
accurate composition of the catalysts. Fig. 13 displays the H,-
TPR profiles of the manganese oxide samples. Each profile was
decomposed into two or three components which strongly depend
on the oxidation states of the catalysts. All the TPR profiles show
two separate peaks at higher temperature zone of which first
reduction peak (250~320 °C) is corresponded to the reduction of
Mn,0; to Mn;0,4 and second reduction peak (400~430 °C) is
ascribed to the reduction of Mn;O, to MnO. This result is in
perfect agreement with the H,-TPR results of manganese oxides
reported in other literatures®™ **. It is worth to pointing out that
the reduction temperatures of the samples treated at developing
temperature shifts to higher value and it means the decrease of
lattice oxygen mobility on catalysts. The oxygen mobility of
catalysts will be an important factor on catalytic oxidation of
VOCs® #. The clear peaks appeared at lower temperature zone
(<250 °C) on catalysts A-350(or A-450, B-350) can be
contributed to the reduction of higher metal ions (such as Mn*")
to Mn,0;. However, the same peaks seem to diminish even
disappear on the other samples which confirms the population of
active Mn*" is cut down by developing the calcination
temperature of as-prepared catalysts. This result is consistent with
the XPS data shown in Tablel. Similarly, the perfect reducibility
of the catalysts at lower temperature zone is up to the rich active
oxygen species located on the catalysts surface which will have a
great effect on the catalytic oxidation of VOCs. Therefore, we
deduce that the catalysts (A-350, B-350, and A-450) with good

reducibility at lower temperature will have a good performance

40

on the deep oxidation of benzene. The reducibility properties of
MnOx obtained by different methods are shown in Fig. 13¢ and
the sample A-450 has the best reducibility at lower temperature

zone compared with the other three kinds of manganese oxides.

@
A
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Temperature ("Cj

catalysts.
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] 8 . [/
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Fig. 14 (a, b) Benzene conversion as a function of reaction temperature

over MnOx catalysts under the conditions of benzene concentration =1000
ppm in air, SV= 60,000 mL g' h™'; (c) Benzene oxidation over catalysts
A-350, B-350, A-450 for 24 h on stream at 240 °C; (d) The effect of
water vapor in feed stream on the benzene conversion over catalyst A-450
(benzene concentration is

concentration > 1.56 %, SV= 60,000 mL g h™).

about 500 ppm in air, water vapor

3.5 Catalytic deep oxidation of VOCs

All oxalate-derived manganese oxide catalysts were investigated

for the complete oxidation of benzene in the temperature range of
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100-350 °C, as represented in Fig. 14. The conversion of benzene
to CO, increased with the rise in reaction temperature while CO,
and H,O were found to be the only products and the CO,
selectivity was more than 99.0%, indicating that benzene can be
completely oxidized over these catalysts. As shown in Fig. 14a
and b, all catalysts show high activity towards the oxidation of
benzene which is completely converted to CO, and H,O at
temperatures lower than 300 °C. In order to compare the
catalytic activities of the samples conveniently, the temperature
of conversion 10% (Tygy), 50% (Tsge), and 90% (Toge,) are
summarized in Table 2. It is concluded that the catalytic activity
decreased in the order of A-350~ A-450 =~ B-350>B-450>A-
550>B-550 and the catalysts treated at lower temperature perform
better activities. The perfect activity on the amorphous catalysts
(A-350 and B-350) can be contributed to the high surface area
(A-350: 355.5 m* g!, B-350: 226.3 m”> g') and the rich surface
adsorbed oxygen species and the good reducibility at the low
temperature zone. For the highly crystalnility samples formed at
higher temperature, the catalytic activity at lower temperature
zone (<200 °C) decreased seriously except the catalyst A-450.
The poor reducibility of the catalysts A-550, B-450, B-550 at
lower temperature and the decreased value of surface area (as
summarized in Tablel) may be responsible for this phenomenon.
Interestingly, the sample A-450 exhibited a best performance for
benzene deep oxidation especially at 200 °C which may be
associated to the good reducibility and the rich active lattice
oxygen existed on this catalyst. The activities of some Mn-based
catalysts reported in other literatures for benzene (or toluene)
oxidation at 200 C are listed in Table 3. As we can see, the
catalysts in other reports have poor activity for benzene (or
toluene) at 200 °C and the reaction rate for benzene oxidation at
this temperature on our materials is about 2.25 mmol gca{l ht
which is greater than others clearly. The evolutions with time-on-
stream of benzene conversion at 240 °C for the catalysts
including A-550, B-450, B-550 were shown in Fig. 14c. The
catalytic activities of the catalysts were measured within 24 h and
only a slight deactivation was observed on sample A-350 and B-
350 which may be attributed to the amorphous crystal structures
of the catalysts calcined at lower temperature (350 °C) are
unstable under the reaction condition. However, the activity of A-
350 is better than that of B-450 after 24 running which may be
ascribed to that the sample A-350 has higher surface area and the

mesoporous rod structure is more active and stable for benzene

45

=
S

85
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oxidation. Meanwhile, the result showed that the catalyst A-450
exhibited excellent catalytic activity and there was no significant
drop in catalytic activity within 24 h running (99.5 % — 99.2 %),
further indicating that this unsupported manganese oxide catalyst
performs a perfect stability of catalytic activity and is equal even
higher to many noble metal supported catalysts for benzene
combustion in other reports'>'”" *°. Furthermore, the effect of
water vapor on the catalytic activity of A-450 was displayed in
Fig.14d. It can be seen that the presence of water vapor had a
negative effect on the catalyst. It suggested that many active sites
were covered by the water vapor which competed with benzene
molecules or oxygen molecules and it would lead to a reduction
in the number of active sites which are available for the reaction

37, 51

of benzene . However, the complete oxidation of benzene

under humid condition can be viewed at 250 °C and this activity
is still better than many catalysts>' 2>,

The effect of preparation method on MnOx for catalytic
oxidation of BTX (benzene, toluene, and xylene) was examined
and the results are shown in Fig. 15. Generally, all the catalysts
tested reveal high activity towards the oxidation of BTX. In terms
of benzene oxidation, it is observed that the manganese oxides
obtained by oxalate route performed much better than other
samples even the surface area of A-450 is little smaller than C-
450 and E-450. As expected, the catalytic activity decreased in
the order of A-450-oxalate-route > C-450-NH4HCO;-route > D-
450-nanocasting-route > E-450-NaOH-route, coinciding with the
sequences of surface lattice oxygen species concentration and low
temperature reducibility. As shown in Table 2, the Ty, Tsg0, and
Togo, values of A-450 (oxalate route) were ca. 164, 188, and 209
°C, which were 67, 102, and 132 °C lower than those achieved
over the E-450-NaOH-route sample, respectively. Furthermore,
the performances of catalysts for toluene and o-xylene oxidation
are presented in Fig. 15b-c and the corresponding results are also
displayed in Table 4. In terms of conversion into CO,, the
following performance trend was observed: A-450 > C-450 = D-
450 > E-450. In this case, the differences among the catalysts are
less evident: both toluene and o-xylene are completely oxidized
to CO, at 230-260 °C which may be ascribed to the low VOCs
concentration tested in our research. However, the oxalate-
derived manganese oxide exhibits better activity than the others
especially at lower reaction temperature range (160-220 °C) due
to the rich surface lattice oxygen species, mesoporous structure,

low temperature reducibility and modest distribution of different



manganese oxidation states.

Table 2. Catalytic activities of the as-prepared MnOx samples

Journal of Materials Chemistry A

catalyst  Preparation method

Benzene conversion (‘C)

toluene conversion

o-xylene conversion

(‘C) (C)

Tiov% Tso% Toov Tio% Tso% Toov Tio% Tso% Toov
A-350 Oxalate route 164 190 212 - - - - - -
A-450 Oxalate route 161 188 209 183 215 235 188 215 235
A-550 Oxalate route 185 218 258 - - - - - -
B-350 Oxalate route 165 192 225 - - - - - -
B-450 Oxalate route 168 203 258 - - - - - -
B-550 Oxalate route 184 222 284 - - - - - -
C-450 NH4HCO3 route 176 211 245 196 225 240 204 227 240
D-450 Nanocasting route 196 247 292 200 227 247 204 227 240
E -450 NaOH route 228 290 341 208 234 258 218 230 250

Table 3. Main data of research papers on VOCs (benzene or toluene) over manganese related oxides catalysts

Catalysts Surface area  VOC type VOC conc. SV Conversion of Reaction Rate at 200 °C  Ref. no.
(m’*g") (ppm) (ML geo’' b)) VOC at 200 °C  (mmol geo ' h™)
mesoporous MnO, 266 toluene 1000 20,000 60% 0.54 >
MnO,, Mn,O3 44~162 toluene 1000 20,000 40% 0.36 2
OMS 75.8 Benzene 627 48,000 45% 0.60 3
Cryptomelane (KMngO1¢) 45~84 Toluene 1062 16,000 <5% <0.04 3
Mn;04, 3~18 Benzene, toluene 1000 15,000 <10% <0.07 30
M1’1203, Ml’lOz
LaMnO3.10 15~29 toluene 1000 20,000 <20% <0.18 53
LaMnOs, 48~17.2 Benzene 1000 60,000 <10% <0.27 2
LaCoOs;, LaFeOs
CuO/CexMnx0, 7.2~158.4 Benzene 1000 12,000 70% 0.38 2
Pd/AlCe-PILC 343.6~377.4  Benzene 160 25,000 50% 0.09 19
Pt/Mn/CeO, 60~100 Benzene 1000 20,000 75% 0.67 14
Manganese oxide 86~355 Benzene 1000 84.1% 2.25
toluene 1020 60,000 23.3% 0.64 This work
o-xylene 230 20.4% 0.13
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Fig. 15 BTX (a: benzene, 1000 ppm in air; b: toluene, 1020 ppm in air; o-xylene, 230 ppm in air) complete conversion as a function of reaction

temperature over MnOj catalysts synthesized by different methods. (SV= 60, 000 mL g)

3.6 Mechanism of VOCs oxidation over manganese oxide

catalyst

It is noticeable that the distribution of surface species has a great
impact on catalytic performance. It is well known that the
catalytic activity on the manganese oxides is determined by

31

several factors, such as lattice oxygen®” *!, oxygen vacancy™,

36,52

adsorbed oxygen®', surface area®® >?, manganese oxidation state®®

37 and so on. The possible processes of BTX such as benzene
oxidation on the manganese oxide catalysts are discussed in
Scheme 1. A strong relationship among these factors can be
found. For an example, the population of adsorbed oxygen can be
promoted by developing the content of manganese oxidation state
(Mn*") on catalysts and the lower state (Mn>") will lead to
generation of oxygen vacancy which is based on the principle of
electro-neutrality. As shown in Scheme 1, the oxidation of VOCs
by path land 2 is associated with adsorbed oxygen and oxygen
vacancy which both have higher activity at lower temperature and
enhance the adsorption and oxidation of benzene. However, the
mole ratio of Mn**, Mn*" and lattice oxygen on catalyst A-450
were all developed by the Mn;O, phase existed in the Mn,0;
catalyst and this catalyst exhibited a highest activity in this
research. In other words, the distribution of manganese states has
a great impact on the catalytic performance and Mn;O,4 can also
promote the activity obviously. From the XPS data summarised
in Table 1, it can be found that the mole ratios of Mn*"/Mn* on
the catalysts have better activity (A-350, B-350, A-450) are all
close to 1.0. Therefore, this ratio of Mn**/Mn?* on the manganese
oxides is good for the redox process of Mn*"—Mn*"—Mn?" and
this process is the key of benzene oxidation process on the

1.>* demonstrated that the oxidation of CO on

catalysts. Xu et a
Mn,0; might proceed through the Langmuir—Hinshelwood
(<200 °C)

mechanism(>350 °C) with increasing reaction temperature. In

mechanism to the Mars—van Krevelen

40

4

o

60

other words, the concentration of adsorbed hydrocarbon on the
catalysts surface will increase quickly at elevated temperatures
and more lattice oxygen will take part in the process of oxidation
which can explain the sharp increasing of activity at higher
reaction temperature (around 200 °C). Therefore, we assume that
the hydrocarbon adsorbed on the higher manganese state site
would be activated and the lattice oxygen will take part in the
oxidation process (3rd pathway in Scheme 1). This will be an
available explanation for the highest activity over the catalysts A-
450 with highest ratio of lattice oxygen on the surface. All factors
occurred on the manganese oxide catalysts in this study give rise
to the high activity of VOCs combustion (4th general pathway in
Scheme 1 ).

@ Lattice oxygen

adsoried oxygen

it
;

Oxyeen vacaney

Mot~

Mind

Mn*

CO4ILO

Scheme 1 The possible pathways for benzene oxidation on the MnOx

catalyst

4. Conclusion

A series of mesoporous manganese oxides such as micro-rod,
micro-tube and particles with high surface area and well-defined
mesoporosities were successfully prepared by an oxalate route
and examined for the gas-phase oxidation of benzene. The
catalysts treated at lower temperature showed much better
activity than the others for the catalytic oxidation of benzene,
below 220 °C. The

achieving 90% conversion to CO,

characterization results showed that lower temperature of
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calcination was better for keeping high surface area and small
pores while higher temperature treatment decreased the surface
area and pore size. Moreover, the content of higher manganese
oxidation state and adsorbed oxygen species were reduced
s obviously while lattice oxygen species were increased with
developing the thermal treatment temperature which were also
the key factors in determining the activity of MnO,. Compared
with other MnO, obtained by different methods, oxalate-derived
MnOy exhibited higher activity for complete oxidation of BTX
10 especially for benzene oxidation which was ascribed to their
novel characteristics, such as large BET surface areas, small
pores, low-temperature reducibility, rich lattice oxygen and
appropriate  distribution of manganese oxidation states.
Moreover, these catalysts with mesoporous structure can be
15 obtained in large quantities which will be a good candidate for

VOCs abatement.
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