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The promotion effects of Ba on manganese oxide for CH4 deep
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A series of cataysts based on high specific surface area MnO, precursor and modified by various amount of Ba were prepared and
applied in CH,4 deep oxidation. The catalysts were characterized by means of No-BET, XRD, TG-DTA, H»-TPR and CH,4-TPR techniques.
The catalytic evaluation results show that CH,4 oxidation activity of the modified catalysts was enhanced, with the optimal Ba/Mn mol
ratio being ~0.1. Whereas, comparative study demonstrates that CO oxidation activity of the modified catalysts was not improved. It was
shown previously that the reactivity of the oxygen species in a catalyst is crucia for CO oxidation, but not critical for CH4 oxidation. In
this study, TPR results verify that the mobility and reactivity of the lattice oxygen of Ba-modified catalysts is not improved, thus leading to
no enhancement of their CO oxidation activity. However, the addition of Ba into manganese oxides is supposed to improve the basicity of
the lattice 02~ of the prepared catalysts, which is favorable for the rupture of the first C—H bond in CHy, the rate-determining step of the
reaction. It isthus concluded that the enhanced CH4 oxidation activity of the modified catalysts can be attributed to this modification effect

of Ba
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1. Introduction

CHg, the main component of natural gas, is an attractive
fuel due to its low carbon to hydrogen ratio and the easy
availability of natural gas around the world [1-3]. However,
CHg, is aso found to be a potent greenhouse gas [1,2,4].
Though the emission of CHg4 is not regulated at present, it
is expected to be restricted in the near future[1,3].

L ow-temperature deep oxidation of CH4 is an effective
way to utilize it as an energy source, or prevent it from
polluting the atmosphere. Since the 1970s, catalysts based
on precious metals such as Pt, Pd and Rh have been suc-
cessfully developed and applied in hydrocarbon combustion
[5,6]. However, these conventional catalysts are not active
enough for applications in low-temperature CH4 oxidation
[2,3]. Presently, it is still a challenge and an important re-
search topic to find an effective and applicable catalyst for
this process.

CHg is known to be the most difficult to oxidize among
al the hydrocarbons, since it contains only very strong
C—H bonds. In general, the rupture of the first C-H bond is
crucial and considered as the rate-determining step in CHg
oxidation reactions [ 7-13]. Supported Pd is the most active
catalyst for CH4 oxidation dueto the superior ability of Pd to
activate both C—H and OO bond [14]. However, this class
of catalysts have dtill some limitations, e.g., the strong in-
hibition of their activity by the reaction products (CO, and
H20) [9-11], the limited availability [15] and high price of
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Pd. Therefore, over recent years, people have paid consid-
erable attention to basic metal oxides, expecting to achieve
some stable and active catalysts, which have the potentia to
be practicaly applied in CH4 deep oxidation. Manganese
oxides are highly active catalysts for CO oxidation [16-20]
and hydrocarbon combustion [21,22], and have been exten-
sively studied in these two processes as well as for many
other reactions [23,24]. Because of their easy availability,
environment-friendly characteristics and remarkable redox
property, they are latent and attractive combustion catalysts,
and worth trying for CH4 deep oxidation.

When studying oxidative coupling of CHg4, Campbell et
al. [13] found that the relative activity of rare-earth metal
oxides parallelstheir basicity. Burch et al. [8] suggested that
the efficient activation of CH,4 requires highly basic sites.
The addition of barium oxide into manganese oxides has
been reported to increase the basicity of the obtained cat-
alysts [25]. Therefore, based on these interesting previous
studies, our objectivein the present work isinvestigating the
maodification effects of Baon manganese oxidefor CH4 deep
oxidation, expecting to find some promising catalysts. Asan
attempt to elucidate the nature of the active sites, CO oxida-
tion was aso carried out over the modified and unmodified
catalysts.

2. Experimental
2.1. Catalyst preparation

The high specific surface area MnO, precursor (265
m?/g) was prepared via the stoichiometric reaction between
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KMnO4 and Mn(NOs3)2 solutions, similar to the methods
reported in [26,27]. Typicaly, 0.24 M KMnOg4 solution
was dripped into 50% Mn(NQOg3)2 that was under stirring.
A brown precipitate, which has been proven to be ¢-MnO,
fine powder [28], was formed promptly. When the reaction
was finished, the pH of the mixture is ~2.0. The mixture
was then vacuum filtered and washed repeatedly with dis-
tilled water, until the water passing through the precipitate
was neutral. Afterwards, it was dried at 110°C overnight,
and used as the precursor to prepare the catalysts.

Ba—Mn binary oxide catalysts with different Ba/Mn mol
ratios (0.05, 0.10, 0.15, 0.20, 0.25 and 0.30) were prepared
viaimpregnating a cal culated amount of Ba(NOs), aqueous
solution onto the MnO2 precursor. After evaporation to dry-
ness in a water bath, all the samples were calcined in sta-
tic air atmosphere at 600°C for 4-6 h. The catalysts are
denoted by the names of the metal elements and the corre-
sponding Ba/Mn mol ratio, such as BaMn0.05, BaMnO0.10,
BaMn0.15, BaMn0.20, BaMn0.25 and BaMn0.30. The un-
modified MnO, catalyst was prepared by direct calcination
of the MnO2 precursor under the same conditions.

2.2. Catalyst characterization

BET surface areas were measured by nitrogen adsorp-
tion—desorption at 77 K with a ST-30 instrument.

XRD patterns were recorded on a BD-90 X-ray diffrac-
tometer with Cu K, radiation of 40 kV and 20 mA and a Ni
filter. The scan step is 0.1° with a preset counting time of
4 s; and the scan region is from 10° to 70°.

TG-DTA anayses were performed in airflow using a
Dupont 1090 instrument, starting from room temperature to
1100°C with aramp of 15°C/min.

H>-TPR was carried out using a Ha/N2 (5.1%) gas mix-
ture, the temperature being increased from room tempera-
ture to 800°C with a rate of 10°C/min. Prior to entering
into the catalyst bed, the gas flow was purified with a MnO
oxygen trap and amolecule sieve 5A H>O trap. Another wa-
ter trap was equipped at the outlet of the reactor to remove
the formed water. A thermal conductivity detector (TCD)
was used to monitor the Hy consumption. In some cases, the
amount of consumed Hy was calibrated with CuO + SiO;
standard. Generally, the catalysts were diluted with quartz
powder to ~10 wt%. 100 mg mixture containing ~10 mg
pure catalyst powder was used for the Ho-TPR experiment.

CH4-TPR was performed using a CH4/N> (5.5%) gas
mixture on the similar set-up to Hx-TPR with nearly the
same methods and experiment conditions. In this experi-
ment, the main reaction products are H,O and COy; the for-
mation of CO is negligible, as also testified by Stobbe et
a. [29]. We got information via measuring the consumption
of CH4. To rule out the effect of formed CO, on the signal,
compared with the H>-TPR set-up, an additional molecule
sieve 5A trap was equipped at the outlet of the reactor to
adsorb COs. In case thistrap is saturated by CO», the base-
lineis noisy and some negative CO» peaks can be observed.
With this method, we make sure that the obtained profiles

are redlly based on CH4 consumption, and not perturbed by
the formed CO».

2.3. Activity evaluation

Catalytic tests were carried out in a U-shaped fixed-bed
microreactor (ID = 6 mm) with a continuousdownflow. The
samples were pressed under 8 MPa for 2 min to form pel-
lets, and then crushed and sieved. Typically, 0.2 ml 40—
60 mesh catalysts were used for activity evaluation. To avoid
channeling, ~1 ml same size porcelain particleswere loaded
abovethe catalyst bed. A blank experiment showed the lack
of activity of the porcelain particles at the reaction temper-
ature region. A K-type thermocouple was placed on top of
the catalyst bed (touch the catalyst) to monitor the reaction
temperature. To measure the light-off behaviors of the cat-
alysts, al data were collected with increasing temperature.
The volume composition of the feed gas is CHs 1.5%, O»
18% and balanced by high purity N2. The total feed flow
rate was 70 ml/min corresponding to a gas hourly space ve-
locity (GHSV) 21000 h—1. The reactants and productswere
analyzed with an on-line 1102G GC equipped with a TCD
on aPorapak Q column for CH4 and CO», and on amolecule
sieve 5A column for CH4 and CO. Before analysis, the re-
action at each temperature over all the studied catalysts was
stabilized at least 30 min. The flow rate of the carrier gasHe
is 30 ml/min. CH4 conversion was cal culated by the change
of its peak area before and after the catalyst bed.

CO oxidation was performed on the same set-up. Typ-
ically, 0.2 ml 40-60 mesh catalysts were evaluated at a
GHSV 21000 h~1 with increasing temperature. The vol-
ume composition of the feed gas is 2.5% CO in air. The
conversion of CO was calculated by the change of its peak
area before and after the catalyst bed.

3. Results
3.1. Activity evaluation

3.1.1. CH4 deep oxidation

Figure 1 showsthe typical light-off behavior of CH4 over
unmodified MnO, and Ba-modified BaMn0.10. Obviously,
the addition of Ba enhancesthe activity of manganese oxide
toward CH4 oxidation, especialy at relatively lower conver-
sion level. CH,4 complete oxidation over MnO, takes place
at 580°C, while that over BaMn0.10 occurs at 540 °C. Both
catalysts were subjected to 10 h durability test at their corre-
sponding complete CH4 oxidation temperature; no deactiva-
tion was found.

The steady-state CH,4 oxidation rates over the modi-
fied and unmodified catalysts are compared in figure 2 as
Arrheniusplots. It is obviousthat the activity of BaMn0.10
is much higher than that of the unmodified MnO,, as evi-
denced by its much higher reaction rates. The apparent acti-
vation energy on MnO, and BaMn0.10is 84 and 94 kJ/mol,
respectively.
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Figure 1. CH,4 deep oxidation over unmodified MnO, and Ba-modified

BaMn0.10 catalyst.
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Figure 2. Arrhenius plots for CH4 deep oxidation over unmodified MnOy
and Ba-modified BaMn0.10.

The effects of Baloading on the reactivity of the catalysts
were explored. T1g and Tog, the temperatures corresponding
to 10 and 98% CH4 conversion, are plotted against Ba/Mn
mol ratio in figure 3. The Typ and Teg over MNO, are 380
and 580°C, respectively. All the modified catalysts exhibit
lower T1p than the unmodified MnO,, with the lowest T1g
(325°C) being achieved over BaMn0.05. The neighbor cat-
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Figure 3. The effects of Ba loading on the reaction performance of the
catalysts.

alyst, BaMn0.10 shows similar T1o (330°C), which also dis-
playsthe lowest Tog (540 °C) among all the catalysts. When
Ba/Mn ratio is above 0.20, the complete oxidation activity
of the catalysts is degraded, as testified by their higher Tos.
Apparently, the addition of not too much Ba can enhance
the activity of manganese oxide toward CH4 deep oxidation,
with the optimal Ba/Mn mol ratio around 0.1.

3.1.2. CO oxidation

To understand and unravel the possible reasons lead-
ing to the improved activity for CH4 oxidation of man-
ganese oxide via Ba addition, CO oxidation over MnO, and
BaMn0.10 were also carried out for comparative study. Dif-
ferent from CH4 oxidation, the results in figure 4 substan-
tiate that BaMn0.10 exhibits nearly no promoted reaction
performance when compared with the unmodified MnO;.
Both catalysts display almost the same activity and light-
off behaviors, with the complete CO conversion occurring at
140°C. It is noted here that the activation energy on MnO,
and BaMn0.10 is 41 and 46 kJmol, respectively, similar to
what was found over manganese oxide catalysts by Imamura
etal.[16].

3.2. BET surface areas and XRD measurements

BET surface areas of the catalysts are listed in table 1.
All catalysts show much lower surface areas than the MnO;
precursor (265 m?2/g), indicating that the MnO, precursor is
metastable, which sintered and crystallized into more sta-
ble crystalline phases [28]. The surface area of MnOy is
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Figure 4. CO oxidation over unmodified MnO,, and Ba-modified BaMn0.10
catalyst.

Table 1
Physical properties of the catalysts.

Catalyst  BET surfacearea  Phase composition measured by XRD
(m?/g)

MnOy 23 a-Mny0g3, B-MnOy

BaMn0.05 21 a-Mny0O3, B-MNnOy, BaMngO1g

BaMn0.10 20 a-Mny03, BaMngO;5, BaMNnO3

BaMn0.15 19 a-Mny03, BaMngO14, BaMnO3

BaMn0.20 18 a-Mny03, BaMngO;5, BaMNnO3

BaMn0.25 17 a-Mny03, BaMngO14, BaMnO3

BaMn0.40 13 a-Mny03, BaMngO44, BaMnO3, Ba(NO3)»

23 m?/g, which issomewhat higher than that of the Ba-modi-
fied catalysts. Furthermore, with the increase of Ba loading,
the surface areas of the catalysts tend to decrease gradually.
This may be caused by blocking of the pores of manganese
oxide by the new-formed Ba-Mn composite oxides (see
XRD results), or due to the low surface areas of the Ba-Mn
composite oxidesthemselves. In brief, the change of surface
areas of the catalysts does not seem to play akey rolefor the
promoted CH4 oxidation of the Ba-modified catalysts.

XRD was used to analyze the bulk phase composition of
the catalysts. The crystalline phases detected in each sample
arelisted in table 1. For comparative study, pure Ba(NO3)2
was calcined under the same conditions and subjected to
XRD analysis. Interestingly, it is found that it did not de-
compose into barium oxide, since only intensive diffraction
peaks of Ba(NO3), were observed in its XRD pattern (re-
sults not shown). Our previous study shows that the high
surface area MnO» precursor consists mainly of a-MnO> ul-
trafine powder [28]. However, the main crystalline phase of
MnO, is a-Mny03 (Bixbyte), together with a trace amount

of B-MnO,. This indicates that the metastable MnO, pre-
cursor transformed mainly into more stable «-Mn2QO3 dur-
ing the 600°C calcination, accompanying the decrease of
the oxidation state of Mn from 4+ to 34. BaMn0.05 shows
nearly the same diffraction pattern to MnO,, except that the
intensity of «-MnpOg3 diffraction peaks is somewhat lower.
This may imply that Ba reacted with the MnO, precursor to
form a new crystalline phase BaMngQO16 With minute quan-
tity, whose diffraction peaks overlap with those of 8-MnOa,
and nearly escape the detection of XRD.

Interestingly, starting from BaMn0.10, another new-
formed crystalline phase BaMnOgs, together with BaMngO1¢
was obviously observed in the samples. Upon further in-
creasing the Baloading, the amount of BaMnQOs rises, while
that of BaMngO15 is amost constant, as testified by the in-
tensity of their diffraction peaks. In comparison, the amount
of «-Mn203 decreases monotonically with the increase of
Ba loading. This indicates that, though pure Ba(NO3)>
is very stable under the calcination conditions adopted in
this study, it can react with the metastable MnO» precur-
sor to form new Ba-Mn composite oxides at the expense
of «-Mny03 formation. Ba(NO3)2 can only be detected
when Ba/Mn mol ratio reaches 0.4, as evidenced by its two
strongest diffraction peaksin the XRD profile of BaMn0.40
(table 1).

It is worth noting here that, due to the formation of
BaMnOs3 and BaMngO1g, a considerable amount of Mn was
stabilized at higher oxidation state as 4+ in the modified
samples, instead of 3+ in the unmodified MnO,. This may
contribute to the enhanced CH,4 oxidation activity of the
modified catalysts.

3.3. TG-DTA analysis

To clarify the effect of Ba addition on the thermal behav-
ior of manganese oxide, the MnO, precursor and BaMn0.10
dried at 110°C without further calcination at higher temper-
ature were analyzed with the TG-DTA method. The profiles
are shown in figure 5.

Three obviousweight loss stepsin the TG curve of MnO2
precursor are observed: (a) A weight loss of 6.9% from am-
bient temperature to 200°C, which may correspond to de-
sorption of chemically bound water [20,27]. In thistempera-
ture region, the phase transformation of metastable ¢-MnOo,
the main component of the MnO precursor, into more sta-
ble -MnO, and its further crystallization upon increas-
ing the temperature are supposed to happen. The total ef-
fects of al these processes resulted in an exothermic peak
at 209°C in its DTA curve. (b) A weight loss of 6.2%
in the temperature region of 520-600°C, associated with
an endothermic peak at 588°C in the DTA curve. This
is generally assigned to the following process. 2MnO; —
MnpOs3 + %Oz [20,27,29]. (c) A weight loss of 0.9% around
900°C, which is ascribed to the MnoO3 — Mn3Og4 trans-
formation [27,30]. A corresponding endothermic peak ap-
pears at the same temperature. However, another obvious
endothermic peak at 990°C in the DTA curve could aso be
attributed to this process[27].
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Figure 5. TG-DTA analysis of MnO, precursor and Ba-modified BaMn0.10
dried at 110°C.

Compared with the MnO precursor, the thermal behav-
ior of Ba(NO3), impregnated MnO; is similar, while some
differences are also apparent. No evident weight lossis ob-
served from ambient temperature to 450 °C, indicating the
lack of big amount of chemically bound water. A much
smaller exothermic peak at 218°C seems to imply that
Ba(NO3)> can hinder the phase change and the crystalliza-
tion of MnO,. The transformations of MnO, into MnoO3
and Mn203 into Mn3O4 are also observed in its TG-DTA
curveswith very similar characteristicsto those of the MnO»
precursor. However, anew fast weight loss step occurs at the
temperature region of 450-550°C, accompanying an obvi-
ous endothermic peak at 538 °C. This could be assighed to
the reaction between Ba(NOs3)2 and MnO,, which resulted
in the formation of BaMnOs and BaMngO16 composite ox-
ides. TG-DTA analysis confirmsthe XRD results.

3.4. Hy-TPRresults

Studies show that alot of composite metal oxide catalysts
contain more mobile oxygen species than the corresponding
single components, which may result in the improved oxida-
tion activity of the obtained catalysts. To check if this effect
happens upon the addition of Ba into manganese oxide, Ha-
TPR was thus used in this study. The results are shown in
figure 6.

Two reduction peaks positioned at 350 and 415°C, re-
spectively, are observed for MnO,, which are attributed to
the reduction of MnyOg3, the main component of this cata-
lyst, to MnO with Mn3O4 as the intermediate [28,29]. How-
ever, for the Ba-modified samples, three reduction peaks are
seen in their profiles, with the main peak siting at 420°C.
The other two smaller peaks are positioned at ~300 and
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Figure 6. Hy-TPR profiles of the catalysts.

370°C, respectively. It isworth noting here that the main re-
duction product of the modified samples could also be MnO,
as proved by its green color. Upon increasing the Ba load-
ing, the H> consumption of the 420 °C peak increases, as ev-
idenced by theincrease of its area. Therefore, this peak may
be assigned to the reduction of Mn** to Mn?* in the lattice
of BaMnOs, since XRD shows the amount of this phase also
increases with theincrease of Baloading. The assignment of
the two low-temperature peaksis not very clear now, while
they may be attributed to the overlapped reduction of left
Mn,O3 together with BaMngO16 and BaMnOs in the sam-
ples. The sharper and narrower shape of the 420°C peak
indicates that the oxygen speciesin the modified samplesis
more uniform. However, H>-TPR results show that the mo-
bility of the oxygen species in the Bamodified catalystsis
not improved.

3.5. CH4-TPRresults

In the oxidation of methane, CH4 molecul es are supposed
to react first with oxygen species on the catalysts and ac-
tivated [29]. To get more direct information and under-
stand the effects of Ba addition on the nature of the oxy-
gen species, CH4-TPR was thus employed to characterize
the catalysts, with the results shownin figure 7.

In the CH4-TPR experiments, the color of the reduction
product is also green for al of the samples, indicating that
MnO is the main product. Again, two reduction peaks are
observed for MnO,, which locate at 500 and 605°C, re-
spectively. Since the two peaks do not separate from each
other very clearly, it is difficult for us to do some peak de-
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convolution and quantitative calculation, as in the Ho-TPR
case. However, the similar reduction behavior was found
by Stobbe et al. [29]; they assigned the two peaks to the
reduction of Mn,O3 to MnO with Mn304 as the intermedi-
ate. The addition of Ba alters the CH4 reduction behavior of
the catalysts. A new reduction peak siting at ~675°C ap-
pears, whose area increases with the increase of Baloading.
Compared with XRD and Hz-TPR results, this peak is at-
tributed to BaMnOg3, a new-formed crystalline phase in the
Ba-modified samples. BaMn0.05 still shows somewhat the
reduction characteristics of Mn,Og3, as evidenced by a small
reduction peak at 610°C. However, further increase of Ba
loading decreases the amount of Mn,O3, and coversits re-
duction behavior. For all the Ba-modified samples, a reduc-
tion peak at lower temperatureis also found in their profiles.
The temperature of this peak decreases from 550 to 510°C
upon increasing Ba/lMn mol ratio from 0.05 to 0.20.

It is noticed that the addition of Ba makes the reduction
happen generally at higher temperature. Therefore, CHy-
TPR confirms the results of H>-TPR, which shows that the
addition of Ba does not improve the mobility of the oxygen
speciesin the achieved samples.

4, Discussion

In this work, it is evident that the addition of a suit-
able amount of Ba significantly enhances the activity of
manganese oxide toward CH4 deep oxidation. The optimal
Ba/Mn mol ratio is ~0.10. Previoudy, Zaki et a. [25] sub-
stantiated that the akalization of Mn,O3 by K or Ba can
improve the electron density and the mobility of its lattice
and surface oxygen species, thus leading to the promoted
activity of the obtained catalysts for HoO, decomposition.
In contrast, similar to this study, they found that the CO ox-
idation activity of manganese oxide is not improved by the
alkalization, but maintained.

It is reported that CH4 oxidation over metal oxide cata-
lysts, such as perovskites [31] and manganese oxide [29],
proceeds via a Mars-Van Krevelen mechanism. This could
also be true for CO oxidation over manganese oxide cata-
lysts. Based on this mechanism, the catalysts undergo are-
dox cycle during the reactions. The redox process in this
study is supposed to proceed between Mnt and Mn*t,
since these two oxidation states are found to be stable in the
catalysts.

In the unmodified MnO,, the main component is «-
Mn,0O3, together with a trace amount of 8-MnO,. Obvi-
oudly, the predominant oxidation state of Mn is 3+. Upon
adding Ba into manganese oxide, a considerable amount of
Mn was stabilized in the lattice of BaMnO3 and BaoMngO16
a the oxidation state of 4+. In these samples, a-Mn203 is
also present, astestified by XRD and evidenced by TG-DTA
results. The coexistence of both Mn3t and Mn** in the
modified samples may devote to the enhanced CH4 oxida-
tion activity of them, since the electron transfer between Mn
with different oxidation states could happen without theions
changing their positions, and thus become easier [27,32].
However, the CO oxidation activity of the modified samples
is not improved. Therefore, we speculate that some other
reasons may be more crucial for the enhanced CH4 oxida-
tion activity of the modified catalysts.

Kung et a. [33] demonstrated that both |attice oxygen
and dissociatively adsorbed surface oxygen can contribute
to deep oxidation of hydrocarbons. On studying CO oxida-
tion over Ag-modified manganese oxide catalysts, Imamura
etal.[16,17] and Luo et al. [18] observed the stabilization of
Ag as oxidized form by the presence of manganese oxides.
Since the Ag—O bond is weak and its oxygen is readily to
be removed, they thus proposed that Ag ions play therole as
active sites to oxidize CO. Then, the reduced AgP is reoxi-
dized by obtaining oxygen from manganese oxides. Due to
the cooperative action between Ag and Mn, the CO oxida-
tion activity of Ag-modified manganese oxides is markedly
enhanced. However, when studying Ag/MnO,/perovskite
catalysts for CO oxidation, Song et al. [19] attributed the
improved CO oxidation activity of the catalysts to the for-
mation of agreat amount of weakly adsorbed oxygen species
by Ag addition. A common opinion of these authorsis that
the presence of more mobile and reactive oxygen speciesis
crucial for the CO oxidation activity of the catalysts, which
is able to increase the rates of the overall reaction remark-
ably. In this study, there is no proof to show the presence
of detectable amount of weakly adsorbed oxygen species
in the modified catalysts, as evidenced by the lack of a
low-temperature reduction peak in their Ho>-TPR and CHg4-
TPR profiles. Furthermore, compared with the unmodified
MnOy, the reactivity of the lattice oxygen of the modified
samples is also not improved, but decreased a little. This
could be the main reason why the CO oxidation activity of
the modified catalystsis not promoted by the addition of Ba.

CH4 is well known to be the most difficult to oxidize
among all the hydrocarbons, since its molecule contains
only very potent C-H bonds [1]. The rupture of the first
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C—-H bond is commonly regarded as the rate-determining
step for CH4 oxidation, and generally occurs at high temper-
ature [7-13]. This may be the main difference between CO
and CHg4, sincethe former can be activated much moreeasily
than thelatter. Indeed, the much higher activation energy for
CH4 oxidation than that for CO oxidation found in current
work confirmsthis. When studying CH4 oxidative coupling,
Campbell et a. [13] found that the relative activity of rare-
earth metal oxides parallels their basicity. They pointed out
that this could be dueto the better ability of morebasic metal
oxideto abstract one hydrogen atom from a CH4 moleculeto
form a methyl radical, the important reaction intermediate.
Most recently, it is aso suggested that for efficient activa-
tion of CH4 in combustion, highly basic sites are required in
acatalyst [8]. Previous work has already demonstrated that
Ba addition into manganese oxides can improve the basicity
of their lattice oxygen [25]. We thus postulate that in this
study, the predominant reason leading to the enhanced CH4
oxidation activity of the Ba-modified manganese oxide cata-
lysts, actually, could be attributed to their improved basicity,
which is favorable for the activation of C—H bondsin CHs.

However, figure 3 shows that the CH4 oxidation activ-
ity of the catalysts does not aways rise with the increase
of Ba loading. The addition of too much Ba, conversely,
suppresses the activity. This may be due to the lowering of
the mobility of the lattice oxygen because of the formation
of BaMnO3 and BaMngO15 in the samples, as evidenced by
CH4-TPR and Ha-TPR results. In other words, the promoted
C-H bond activation ahility of the catalysts could be offset
by the decreased mobility of the lattice 02~ at high Baload-
ing, thus resulting in the lower CH4 oxidation activity.

5. Conclusion

In summary, the addition of a suitable amount of Bainto
manganese oxide can improveits activity toward CH4 oxida-
tion. Themost active catalyst is achieved with Ba/Mn atomic
ratio around 0.1. Whereas, this promotion effect is not ob-
served for CO oxidation over the Ba-modified catalysts.

Asto CO oxidation, the activation of CO is easy and the
reactivity of the oxygen speciesin the catalystsis crucial for
the overall reaction. However, this factor is not so critical
for CH,4 oxidation as for CO oxidation. Generally, since the
rupture of the first C-H bond in CHg4 is very difficult, it is
considered as the rate-determining step. In this study, char-
acterization results show that the reactivity of the oxygen
species is not improved by the addition of Ba, whereas, the
basicity of the modified catalysts could be improved, which
is believed to be favorable to activate C-H bondsin CHg. It
is thus concluded that due to this modification effect of Ba,
the CH4 oxidation activity of the Ba-modified catalysts is
enhanced, while the CO oxidation activity of them remains
unchanged.
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