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d/alkali treatment on the catalytic
combustion activity of manganese oxide
octahedral molecular sieves†

Ming Sun,* Bentian Zhang, Hengfa Liu, Binbin He, Fei Ye, Lin Yu, Changyong Sun
and Hongli Wen

Manganese oxide octahedral molecular sieves (OMS-2) are a type of widely applied catalyst for its excellent

catalytic properties and competitive price. We use CH3COOH and KOH to modify the microstructure, the

concentration of K+, the acidity, the redox properties and the oxygen vacancies of the OMS-2materials. The

acid-treated OMS-2 displays superior catalytic combustion activities in dimethyl ether combustion (T10 of

170 �C and T90 of 230 �C, Ea of 64.7 kJmol�1) and toluene combustion (T10 of 170 �C and T90 of 194 �C, Ea of
62.4 kJ mol�1), whereas the alkali treatment imposes a negative effect on the catalytic activity. The superior

activity of the acid-treated OMS-2 can be ascribed to the richer surface oxygen, higher oxygenmobility and

redox properties, and stronger acidic sites of the catalyst.
1. Introduction

MnO2 presents a wide diversity of morphologies and crystal
structures, including a-, b-, g-, d-, 3-MnO2, etc. Among these
polymorphic forms, manganese oxide octahedral molecular
sieves (OMS-2), namely the cryptomelane structure of a-MnO2,
has attracted special attention for its outstanding properties such
as low cost, multiple sources, porous structure, mixed valance of
Mn, and notable redox activity.1,2 This material has found wide
application in the eld of catalysis and electrochemistry (super-
capacitors, lithium-ion batteries, fuel cells, etc.3,4). As for the
application in catalysis, especially in the domain of environ-
mental science, the OMS-2 catalyst has been extensively studied
for oxidation of CO, O3 and soot,5–8 and the volatile organic
carbon compounds (formaldehyde and acetaldehyde,9,10

ethanol,11 benzene,12 toluene,13–15 hexachlorobenzene,16 ethyl
acetate,17,18 o-xylene,19 etc.).

To improve the catalytic activity of the OMS-2 material,
doping with the transition metal or noble metal (Fe, Co, Ni, Cu,
Ce, Ag, Pd, Zr10,20–27), is one of the most effective approaches.
The doping measurement can modify the surface/structure
properties of OMS-2, especially the redox activity, which could
lead to an enhancement in the catalytic performance. In this
study, we used a facile way to modify the OMS-2 material. The
OMS-2 catalyst was simply treated with the solution of inorganic
nology of Guangdong Regular Higher

ical Engineering and Light Industry,

006 Guangzhou, P. R. China. E-mail:

1; Tel: +86-20-39322202

tion (ESI) available. See DOI:
acid (CH3COOH, HAc) or alkali (KOH). The treatment protocol
is xed by considering the following evidences: (1) the OMS-2
contains 2 � 2 tunnel structure with K+ in the tunnel, and the
K+ concentration can affect the catalytic and electrochemical
activity.28,29 Therefore, it is possible to adjust the catalytic
property through the substitution of K+ by other alkali metal
ions (Li, Na, Cs) or H+.17,18,21,30,31 (2) The etching by acid. Metal
oxides have some special O-terminated facets which could react
with H+. The post etching process has been applied to obtain
high performance g-MnO2-like material by selective dissolution
of LaMnO3 with HNO3,32 to create with newly formed oxygen
defect over the surface of La0.5Sr0.5CoO3,33 to produce highly
defective CeO2 by HNO3,34 to modify the micro-surface of Cu2O
forming pinhole or zigzag with acetic acid,35 and to restructure
Co3O4 from polycrystalline microspheres to single-crystalline
polyhedra by HAc,36 etc. Through the acid/alkali treatment, we
aimed to control the K+ concentration and to modify the OMS-2
structure forming defects or oxygen vacancies, thus achieving
an enhanced catalytic activities.

Catalytic combustion is an important technology used widely
in the eld of energy-transforming and environmental protec-
tion. Catalytic combustion could promote the combustion effi-
ciency and decrease the discharge of CO and hydrocarbons in
the combustion of methane,37 LPG or dimethyl ether (DME).
Catalytic combustion is also an effective technology to eliminate
volatile organic compounds (VOCs). Among the materials for
catalytic combustion, manganese oxides have been considered
as the promising low-temperature catalyst. To evaluate the
effect of the acid/alkali treatment on OMS-2, herein, we applied
the OMS-2 catalysts in the catalytic combustion of DME and
toluene, respectively, and discussed the relationship between
surface/structure properties and their catalytic performance.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 XRD patterns of the OMS-2 catalysts.
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2. Experimental

All of the chemical reagents were of analytical grade and were
used as received without further purication. KMnO4, MnSO4-
$H2O, HNO3 (68%), CH3COOH (HAc), KOH were all purchased
from Guangzhou Chemical Reagent Company.

2.1 Catalysts preparation

The OMS-2 material was prepared by a reuxing methods as
reported previously.38 The KMnO4 solution was added into an
acidied MnSO4 solution to achieve a MnO4

�/Mn2+ molar ratio
of 0.76. The mixtures were then reuxed at 100 �C for 24 h. Aer
the reaction, the product was ltered, washed with deionized
water thoroughly, and then dried at 60 �C overnight to get nal
sample.

2.1.1 Acid-treated OMS-2. The prepared OMS-2 was added
into 1 mol L�1 HAc solution, stirred and reuxed at 60 �C under
atmosphere for 24 h. Then, the resulting black slurry was
ltered, washed thoroughly by deionized water, and dried at
60 �C overnight to get the nal product. The OMS-2 material
obtained by this way was denoted as HAc–OMS-2.

2.1.2 Alkali-treated OMS-2. The alkali-treated OMS-2 was
prepared in a similar way as that of the acid treatment, except
that the acid was substituted by 1 mol L�1 KOH for 6 h. The
obtained sample was denoted as KOH–OMS-2.

2.2 Materials characterization

The X-ray diffraction patterns (XRD) were characterized with
a MSAL-XDII X-ray diffractometer (40 kV, 20 mA, Cu Ka radia-
tion) at a scan rate of 5� min�1. The data were collected at
a 0.01� step from 10� to 80�. The scanning electron microscopy
(SEM) images were obtained by using SU8020 instrument. The
high-resolution transmission electron microscopy (HRTEM)
images were recorded on a FEI Tecnai G20 operating at an
accelerating voltage of 200 kV. Temperature programmed
reduction of hydrogen (H2-TPR) and oxygen desorption (O2-
TPD) measurement were carried out on a Micromeritics
AutoChem 2920 chemisorption analyzer equipped with a TCD
detector. For TPR test, about 30 mg of sample was loaded in a U-
shaped tube and pretreated at 200 �C in a ow of Ar for 1 h. Aer
cooling to room temperature, the catalyst was then heated at
a rate of 10 �Cmin�1 to 600 �C in a owing mixture of H2 and Ar
(50 mL min�1, 5 vol% H2/Ar). For TPD test, 100 mg of catalyst
was pretreated under He atmosphere at 300 �C for 30 min, and
then cooled to room temperature, followed by exposing to O2 for
30 min. Then, it was blown using He to remove the physically
absorbed oxygen and subsequently heated to 900 �C in owing
He. Ammonia temperature-programmed desorption (NH3-TPD)
measurement was carried out by a Quantachrome instrument.
For NH3-TPD, 100 mg of the sample was preheated in a ow of
dry N2 at 350 �C for 1 h in a xed-bed quartz ow reactor. Aer
preheating, NH3 adsorption was done at room temperature by
passing 1000 ppm NH3 in N2 gas mixture at a ow rate of 150
mL min�1 for 90 min. The sample was then ushed with
a steady ow of N2 to remove the surface physically adsorbed
NH3. Aer the ushing, the catalyst was heated under a ow of
This journal is © The Royal Society of Chemistry 2017
N2 from room temperature to 450 �C with a temperature ramp
of 10 �Cmin�1. X-ray photoelectron spectroscopy (XPS) data was
obtained by a VG MultiLab 2000 electron spectrometer with an
Mg Ka X-ray source. The spectra were calibrated using the
carbon peak. The spectra were deconvoluted using the XPSPEAK
soware. The element compositions were analyzed by induc-
tively coupled plasma-atomic emission spectroscopy (ICP-AES,
PROFILE SPEC).

2.3 Catalytic activity

The catalytic combustion of DME was tested at atmospheric
pressure in a continuous ow xed-bed quartz reactor (8 mm
i.d.). 100 mg of the catalyst was loaded in the middle of the
reactor supported by quartz wool. The catalysts (40–60 meshes)
were pretreated for 1 h with 20% O2 in He at 250 �C, followed by
cooling to the reaction temperature in the same gas. A gas
mixture of DME, oxygen and helium were co-feed into the
reactor with the volume ratio of 1 : 10 : 40, and the total gas
hourly space velocity (GHSV) was xed at 30 000 h�1. The out-
ow gas was analyzed using Agilent 6820 gas chromatograph,
with a methyl silicone capillary column (ATSE-30) connected to
a ame ionization detector.

The catalytic combustion of toluene was tested in a similar
equipment. The loading catalyst was also 100 mg. The
concentration of toluene was 4 g m�3 and the GHSV was 20 000
h�1. The catalytic activity is characterized by parameter T10 and
T90, indicating the temperature at which DME or toluene
conversion reaches 10% and 90%, respectively.

3. Results and discussion
3.1 Structure and surface properties of the OMS-2 catalysts

The crystal structure and the phase purity of the catalysts were
investigated by XRD as shown in Fig. 1. All the patterns match
well with the tetragonal cryptomelane structures of a-MnO2

(JCPDS 44-0141). Aer the acid or alkali treatment, no obvious
difference among these XRD peaks is observed, indicating that
these treatments do not affect the phase structure of the OMS-2
catalysts.
RSC Adv., 2017, 7, 3958–3965 | 3959

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra27700d


Fig. 3 TEM and HRTEM images of the OMS-2 (a and b), HAc–OMS-2
(c and d), KOH–OMS-2 (e and f).
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The typical SEM images and the element-mapping results for
OMS-2, HAc–OMS-2, and KOH–OMS-2 are displayed in Fig. 2. All
of the samples display nanorods morphologies regardless of the
acid or the alkali treatment. The element-mapping results show
the uniform and continuous dispersion of the K, Mn and O
elements. However, the relative content of K is different: for
OMS-2, it is 5.5% (wt.); for KOH–OMS-2, it rises to 8.6% (wt.); for
HAc–OMS-2, it decreases to 4.5% (wt.).

TEM images reveal that the three catalysts are characterized
by themorphology of nanorods (Fig. 3), which is consistent with
the results of the SEM. The lattice fringes in the HRTEM images
show d-spacing of 0.69 nm, corresponding to the (110) facet of
a-MnO2. By careful inspection, it can be found that the lattice
fringes of the OMS-2 and KOH–OMS-2 are more clear than those
of the HAc–OMS-2, indicating that the former two catalysts are
highly crystallized, while the HAc–OMS-2 has poor crystal
structure with many defects as displayed in Fig. S1 (ESI†).

The H2-TPR characterizations were applied to examine the
surface and bulk oxygen reducibility of the MnO2 catalysts, and
the result is presented in Fig. 4a. All the three catalysts display
overlapping reduction peaks, which contain the reduction of
MnO2 to Mn2O3 and then to MnO.39,40 The temperatures of the
reduction peak for the OMS-2, HAc–OMS-2 and KOH–OMS-2 are
ca. 321 �C, 273 �C and 348 �C, respectively. The reduction
temperature of the MnO2 reects its reducibility,6 therefore, the
reducibility of the OMS-2 decreases in the order of HAc–OMS-2>
OMS-2> KOH–OMS-2. The amounts of H2 consumption are
summarized in Table 1. Compared with the OMS-2 catalyst, the
H2 consumption of HAc–OMS-2 drops, however, it rises in the
case of KOH–OMS-2. The smaller H2 consumption means the
lower average oxidation state (AOS), indicating that there is
more Mn3+ in the HAc–OMS-2 than the two other catalysts.
Fig. 2 FESEM images and element mapping of the OMS-2 (a), HAc–OMS-2 (b), KOH–OMS-2 (c).

3960 | RSC Adv., 2017, 7, 3958–3965 This journal is © The Royal Society of Chemistry 2017
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Fig. 4 H2-TPR (a) and O2-TPD (b) profiles of the OMS-2 catalysts.

Fig. 5 NH3-TPD profiles of the OMS-2 catalysts.
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The O2-TPD tests were conducted to explore the oxygen
species involved in the catalytic combustion reaction (Fig. 4b).
Generally, three oxygen desorption peaks are detected in the O2-
TPD proles of the OMS-2 catalysts except that of the KOH–

OMS-2: low temperature (LT, <200 �C), medium temperature
(MT, 400–600 �C), and high temperature (HT, >600 �C), which
can be ascribed to the surface oxygen species or chemisorbed
oxygen molecule, the surface lattice oxygen related with Mn(III),
and the bulk lattice oxygen related withMn(IV),6,22,40 respectively.
Among the three OMS-2 catalysts, the HAc–OMS-2 has a rela-
tively lower desorption peak for the MT and HT peaks. In the
case of KOH–OMS-2, the MT peak disappears and the HT peak
becomes stronger, delayed at least 15 �C compared with the
OMS-2 catalyst. In conclusion, the temperature of O2 desorption
for the HAc–OMS-2 catalyst was the lowest, suggesting that it
possesses the most loosely bound and active oxygen species.

The surface acidity of the MnO2 is known to be related with
its catalytic activity, and NH3-TPD experiments were performed
to explore the surface acidity (Fig. 5 and Table 1). For the three
OMS-2 catalysts, two continuous desorption peaks of NH3 can
be observed from 170 �C to 320 �C. The desorption peak
temperature indicates the binding strength between acid sites
and NH3 molecule,41 therefore, the lower temperature corre-
sponds to weak acidic site, and the higher temperature stands
for strong acidic site. Compared with the origin OMS-2 catalyst,
the HAc treated OMS-2 has a relatively higher desorption
temperature of NH3 and larger desorption peak area, revealing
that the acid strength, especially the strong acid, rises aer the
acid treatment. Whereas, aer the KOH treatment, the acidity of
OMS-2 decreases signicantly as shown by the small desorption
peak area and the low peak position. The OMS-2 is reported to
have Brönsted acid sites and Lewis acid sites, the former are
originated from acidic hydroxyl groups attached to metal oxides
(Mn–OH), and the latter is regarded as empty orbitals of metal
Table 1 Reducibility, H2-TPR, O2-TPD and NH3-TPD results of the cata

Samples
H2-TPR
peak/�C

H2 consumption
mmol g�1

OMS-2 321 7.8
HAc–OMS-2 273 6.5
KOH–OMS-2 348 8.6

This journal is © The Royal Society of Chemistry 2017
ions in the MnO2.42 During the process of HAc treatment, the K
in the tunnel of OMS-2 is gradually exchanged by H+ as proved
by the ICP result (Table 2), and the H+ exchange increases the
Brönsted acid sites.31 In another aspect, the acid treatment
creates more oxygen vacancy sites over the OMS-2 material as
justied by the XPS results (Fig. 6) in latter chapter. The Lewis
acid sites increases with the rise of oxygen vacancy sites.43 In
general, the acid treatment enhances the Brönsted/Lewis acid
sites of the OMS-2 catalysts. In contrast, the KOH treatment
decreases the Brönsted acid sites by the reaction of protons with
hydroxide.

The XPS characterization was used to study the surface
properties of the OMS-2 catalysts. The XPS result is displayed in
Fig. 6 and Table 2. As shown in Table 2, the surface K/Mn molar
ratio of OMS-2 is 0.15. Aer HAc treatment, it drops to 0.13.
However, aer the alkali treatment, the K/Mn rises to 0.36. The
bulk K/Mn molar ratios of the three OMS-2 catalysts tested by
ICP are also presented in Table 2, and they exhibit a similar
trend.

The average oxidation state (AOS) of Mn in the OMS-2 cata-
lysts were calculated based on the Mn 3s spectra (Fig. 6a) and
listed in (Table 2). The calculated AOS increases in the sequence
of HAc–OMS-2 (3.62) < OMS-2 (3.75) < KOH–OMS-2 (3.88),
further conrming that there is more Mn3+ in the acid-treated
OMS-2 than in the two other catalysts. The calculated Mn 3s
results match well with the TPR tests.

Fig. 6b shows the Mn 2p3/2 spectra of the OMS-2 catalysts.
Slight difference in the binding energy (BE) of the Mn 2p3/2 is
lysts

O2-TPD
peak/�C

NH3-TPD

Position/�C
Peak area
(a.u.)

540/715 230/284 2357
510/680 241/289 2583
730 202/278 1299

RSC Adv., 2017, 7, 3958–3965 | 3961
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Table 2 AOS of Mn, surface element compositions, catalytic activity and apparent activation energies (Ea) of OMS-2 catalysts

K/Mn (mol) XPS DME combustion activity and Ea
Toluene combustion activity and
Ea

Bulka Surfaceb
Mn3+/Mn4+c

(mol)
Oads/Olatt

c

(mol) AOSd T10 (�C) T90 (�C)
Ea
(kJ mol�1) T10 (�C) T90 (�C)

Ea
(kJ mol�1)

OMS-2 0.10 0.15 0.83 0.58 3.75 187 256 70.4 178 203 66.3
HAc–OMS-2 0.095 0.13 1.58 0.76 3.62 170 230 64.7 170 194 62.4
KOH–OMS-2 0.21 0.36 0.68 0.27 3.88 200 267 72.4 190 210 68.0

a Obtained from the ICP results. b Calculated from the XPS results. c Based on the tting result of the XPS. d Calculated with the formula: AOS44 ¼
8.95–1.13 � DEs, where the DEs is the splitting energy of the Mn 3s.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 6
/2

8/
20

26
 8

:2
4:

52
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
observed among the three catalysts. For OMS-2, the peak of Mn
2p3/2 locates at ca. 642.42 eV. Aer acid or alkali treatment, the
BE shis to the high energy, especially for the alkali-treated
OMS-2, the BE moves to 641.87 eV, demonstrating that there
is a larger amount of higher valence Mn in the KOH–OMS-2
catalyst. This result agrees well with the AOS result. Similar
phenomena was reported by Suib et al.45 about the Cu doped
manganese oxide. The prepared CuMnOx-B sample exhibited
the most active performance for CO oxidation, and the Mn 2p3/2
shied to lower energy side. The Mn 2p3/2 spectra is tted into
two peaks. One is around 642.0 eV, and the other is ca. 643.3 eV,
and they are ascribed to the Mn3+ and Mn4+ species, respec-
tively. The Mn 2p result indicates the co-existence of Mn3+ and
Mn4+ in the catalysts. As shown in Table 2, the HAc–OMS-2
catalyst possess the highest Mn3+/Mn4+ atomic ratio (1.58),
followed by OMS-2 (0.83), while KOH–OMS-2 has the lowest
Mn3+/Mn4+ atomic ratio (0.68).

Fig. 6c displays the O 1s results of the catalysts. The O 1s
spectra is deconvoluted into two subpeaks. The binding energy
at 529.8 eV corresponds to the lattice oxygen species (Olatt), and
the binding energy at 531.3 eV can be assigned to surface
adsorbed oxygen (Oads). The Oads/Olatt molar ratios are
summarized in Table 2. From Table 2, we can see that the Oads/
Olatt molar ratios of the catalysts decreases in the order of HAc–
OMS-2 (0.76) > OMS-2 (0.58) > KOH–OMS-2 (0.27). This might be
related to the poor crystal structure with more surface defects of
HAc–OMS-2 as observed in HRTEM (Fig. 3d and S1†). The O 1s
binding energy of the OMS-2, HAc–OMS-2, and KOH–OMS-2
locates at 529.9, 529.9, and 529.4 eV, respectively. Noted that
the O 1s BE of KOH–OMS-2 shis to lower energy side, and this
Fig. 6 XPS spectra of (a) Mn 3s, (b) Mn 2p3/2, and (c) O 1s for the OMS-

3962 | RSC Adv., 2017, 7, 3958–3965
conrms that there is more lattice oxygen species in the KOH–

OMS-2 catalyst. The surface adsorbed oxygen is relevant to the
surface oxygen vacancy.41,46 Therefore, it can be deduced from
the above results that the density of the surface oxygen vacancy
is the highest in the HAc–OMS-2 among the three catalysts.
3.2 Catalytic performance and discussion

To examine how the acid/alkali treatment inuence the catalytic
property of the OMS-2 catalysts, catalytic combustion of new
energy dimethyl ether (DME) and typical air pollutant toluene
were performed. The DME catalytic combustion activity over the
three catalysts with a GHSV of 30 000mL g�1 h�1 is presented in
Fig. 7 and Table 2, the combustion activities follow the
sequence of HAc–OMS-2 > OMS-2 > KOH–OMS-2. The KOH–

OMS-2 exhibits the lowest catalytic activity, and its T10 and T90 is
200 �C and 267 �C, respectively. Aer the acid treatment,
a signicant decreases (about 30 �C) in T10 and T90 is discovered
for the HAc–OMS-2 catalyst. The HAc–OMS-2 exhibits the
highest catalytic activity among the three catalysts with a T10 of
170 �C and a T90 of 230 �C. For comparison, the performance of
DME combustion previously reported are summarized in Table
S1 (ESI†). From the Table S1,† we can see that the performance
(T10 and T90) of the HAc–OMS-2 is comparable to those of the
reported catalyst. These results clearly show that the acid
treatment on the OMS-2 has positive effect on the catalytic
performance. However, the alkali treatment brings negative
effluence on the catalytic performance.

The catalytic combustion of toluene over these catalysts was
also conducted to study that the OMS-2 material has wide
2 catalysts.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) Activity profiles and (b) Arrhenius plots of the DME catalytic combustion at GHSV ¼ 30 000 mL g�1 h�1, (c) activity profiles and (d)
Arrhenius plots of the toluene catalytic combustion at GHSV ¼ 20 000 mL g�1 h�1.
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application as combustion catalyst (Fig. 7c and Table 2). As shown
in Table 2, the order of the toluene combustion is identical to that
of the DME combustion. Among them, HAc–OMS-2 shows the
best catalytic performance with a T10 and T90 of 170 �C and
194 �C, respectively. The OMS-2 is less active with the T10 of 178 �C
and the T90 of 203 �C. The KOH–OMS-2 exhibits the lowest cata-
lytic activity, giving the T10 of 190 �C and the T90 of 210 �C. Some
of the reported metal oxide catalysts for toluene combustion are
listed in Table S2 (ESI†). Apparently, the performance of the HAc–
OMS-2 catalyst is comparable to those of the reported catalyst.

Based on the above experiments, the acid-treated OMS-2
displayed superior catalytic combustion activities, no matter
in the DME combustion or in the toluene combustion, while,
the alkali-treated OMS-2 showed inferior performance. The
effects of important properties related to the catalytic functions
are discussed below:

3.2.1 Reductivity. As shown in Table 1 and Fig. 4a, the
reductivity of the three catalysts decreases in the order of HAc–
OMS-2 > OMS-2 > KOH–OMS-2, which is in accordance with
their respective catalytic activities. The higher reducibility of
a catalyst usually means higher oxygen species mobility, which
facilitates the redox process and leads to a better catalytic
performance.9,10,24,47 The HAc–OMS-2 has the lowest reduction
temperature and the highest oxygen mobility, consequently, it
shows the best catalytic performance.

3.2.2 Oxygen vacancy and oxygen species. Based on the H2

consumption results and the AOS and Mn 2p deconvolution, it
is found that the fraction of Mn3+ in the HAc–OMS-2 is higher
than that of the two other OMS-2 catalysts. The presence of
This journal is © The Royal Society of Chemistry 2017
Mn3+ is associated with the creation of oxygen vacancies,48,49

therefore, the concentration of oxygen vacancies in HAc–OMS-2
is relatively higher than its counterparts. The oxygen vacancies
have vital impact on the catalytic performance. Increasing the
concentration of oxygen vacancies can improve the catalytic
performance of MnO2,50 and this mechanism has been reported
in the oxidation of benzene,48 aerobic alcohol oxidation,51 and
the oxygen reduction reaction.49,52 The oxygen vacancies of the
OMS-2 catalysts explain quite well their catalytic combustion
activities.

The activation of oxygen is important for the oxidation
reaction.53 Based on the O2-TPD results, the HAc–OMS-2 has the
lowest desorption temperature of oxygen species, meaning that
its oxygen species could be more readily released. The surface
lattice oxygen related with Mn(III) is considered to play a key role
in the catalytic oxidation reaction.46 The HAc–OMS-2 demon-
strates the superior oxygen species mobility, resulting in an
outstanding performance for DME and toluene combustion.
Similar results have been reported for phenyl volatile organic
compounds combustion over MnOx catalyst.53

The surface adsorbed oxygen species have higher mobility
than the lattice oxygen, thus contributing a lot to the catalytic
performance at low temperature.10,40 The more the surface
adsorbed oxygen, the better the catalytic activity. Based on the O
1s results, the Oads/Olatt molar ratios of the catalysts decreased
in the order of HAc–OMS-2 (0.76) > OMS-2 (0.58) > KOH–OMS-2
(0.27), which is in good agreement with the sequence of the
catalytic combustion activities (HAc–OMS-2 > OMS-2 > KOH–

OMS-2). The importance of the surface adsorbed oxygen species
RSC Adv., 2017, 7, 3958–3965 | 3963
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have also been addressed in the catalytic decomposition of
gaseous ozone,41 formaldehyde oxidation,46 CO oxidation,54,55

acetaldehyde oxidation,10 and toluene oxidation.56,57

3.2.3 Acidity. It is reported that the presence of strong
acidity favors for the breakdown of C–C bonds,58 therefore, the
appropriate rise in the surface acidity of the OMS-2 catalyst will
benet the catalytic combustion. Based on the NH3-TPD result
in Fig. 5, the strong acid in HAc–OMS-2 catalyst improved
compared with the other two catalysts, whereas the strong acid
in KOH–OMS-2 decreased. The concentration sequence of the
strong acid agrees well with their combustion activity. He et al.58

also reported that, compared to the origin OMS-2, the doping of
SO4

2� over OMS-2 increase the acidic site concentration, and
further leading to a rise in catalytic combustion of ethanol. Suib
et al.42 reported that OMS-2 has Lewis and Brönsted acid sites,
and the Brönsted acid sites are able to enhance the total
oxidation of CO and VOCs. Also, it is reported that the potas-
sium could partially neutralized the acid sites.59 In case of this
study, the KOH treatment inhibited the Brönsted acid sites of
the OMS-2, therefore, the KOH–OMS-2 has poor performance
for catalytic combustion of DME and toluene.

3.2.4 The effect of K+. Alkali metals, especially the K, are
oen used as promoters to enhance the catalytic activity of
materials.59,60 Qu et al.61 reported that a proper content of K+ can
enhance the reactivity of Mn/SBA-15 in the toluene catalytic
oxidation. Li et al.28 also reported that increasing the K+

concentration leads to a considerable improvement in benzene
oxidation over OMS-2 catalyst. However, there are different
study results about the role of K+. For example, Zhang et al.9

concluded that the K+ concentration is not the dominate factor
determining the activity of MnO2 catalyst for HCHO oxidation.
Partial exchange of K+ in the tunnel of OMS-2 with H3O

+ can
improve the selective oxidation of cyclohexane.31 In our case, the
HAc–OMS-2 with the lowest content of K+ presents the best
activity, and the KOH–OMS-2 with the highest contend of K+

shows the worst activity. It is considered consequently that we
propose that the role of K+ might be not as important as other
factors affecting the catalytic combustion activities.

3.2.5 Apparent activation energies (Ea). The Ea values of
DME and toluene combustion were calculated using the
Arrhenius plots in Fig. 7b and d, respectively, and were listed in
Table 2. The Ea for DME combustion decreases in the sequence
of KOH–OMS-2 (72.4 kJ mol�1) > OMS-2 (70.4 kJ mol�1) > HAc–
OMS-2 (64.7 kJ mol�1). Similarly, the Ea for toluene combustion
drops in an order of KOH–OMS-2 (68.0 kJ mol�1) > OMS-2 (66.3
kJ mol�1) > HAc–OMS-2 (62.4 kJ mol�1). In both cases, the Ea
value of HAc–OMS-2 sample is found to be the lowest among the
three catalysts. The lower Ea value suggests that the combustion
reaction can take place more readily over the HAc–OMS-2
catalyst, which is the proof that the HAc–OMS-2 has the supe-
rior catalytic performance.

Briey, the acid treatment is an effective approach to
enhance the catalytic combustion of OMS-2 material. In fact, if
we substitute HAc with HCl, similar result can be obtained (the
activity, the redox properties, ESI, Fig. S2–S5†). This result show
that we could use inorganic acid to etch OMS-2 achieving the
purpose of the control of catalytic activity.
3964 | RSC Adv., 2017, 7, 3958–3965
4. Conclusion

In summary, the acid and alkali treated OMS-2 materials were
prepared and evaluated as the catalysts for DME and toluene
combustion. The acid treatment signicantly enhanced the
catalytic performance, whereas, the alkali treatment decreased
the catalytic activity. The HAc–OMS-2 catalyst had richer surface
oxygen, higher oxygen mobility and redox activity, and stronger
acidic sites, leading to an improvement on the catalytic
combustion activity. The acid etching/dissolution might be an
effective way to enhance the catalytic activity of manganese
oxides or other metal oxides.
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M. F. R. Pereira, J. J. M. Órfão, J. Gascon, F. Kapteijn and
J. L. Figueiredo, J. Catal., 2012, 293, 165–174.

19 Y. Wu, R. Feng, C. Song, S. Xing, Y. Gao and Z. Ma, Catal.
Today, 2017, 281, 500–506.

20 H. Yin, X. Dai, M. Zhu, F. Li, X. Feng and F. Liu, J. Hazard.
Mater., 2015, 296, 221–229.

21 X. Meng, J. Q. Zhang, B. H. Chen, Z. Q. Jing and P. Q. Zhao,
Catal. Sci. Technol., 2016, 6, 890–896.

22 L. L. Zhang, J. J. Tu, L. Lyu and C. Hu, Appl. Catal., B, 2016,
181, 561–569.

23 V. P. Santos, S. A. C. Carabineiro, J. J. W. Bakker,
O. S. G. P. Soares, X. Chen, M. F. R. Pereira, J. J. M. Órfão,
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