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Catalytic combustion of methane over cobalt—-magnesium oxide solid
solution catalysts

Sheng-Fu B, Tian-Cun Xiad, Hai-Tao Wand, Emmanuel Flahal; Karl S. Colema® and Malcolm L.H. Greeh*

2 State Key Laboratory for Oxo Synthesis and Selective Oxidation, Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences,
342 Tianshui Road, Lanzhou 730000, PR China
b \wolfson Catalysis Centre, Inorganic Chemistry Laboratory, University of Oxford, South Parks Road, Oxford OX1 3QR, UK
E-mail: malcolm.green@chem.ox.ac.uk

Received 21 February 2001; accepted 6 June 2001

A series of cobalt-magnesium oxide solid solution catalysts (CoMgO) have been prepared using urea combustion methods, and charac-
terised by X-ray diffraction (XRD) and laser Raman (LR). The catalytic activities for methane combustion have been tested in a continuous-
flow microreactor. The Co content has a significant effect on the activity of the cobalt-magnesium oxide solid solution catalysts. The
catalysts containing 5 and 10% Co have the lowest light-off temperature in methane combustion. In the preparation of cobalt—-magnesium
oxide solid solution catalysts, higher urea to metal ratio favors the formation of the catalysts with smaller crystal particles and leads to a
better catalytic performance for methane combustion. Addition of lanthanum nitrate to the solution of Co and Mg nitrate depressed the
formation of the cobalt-magnesium oxide solid solution and decreased the activity of the catalysts for methane combustion. The cobalt—
magnesium oxide solid solution catalysts are very stable when the calcination or reaction temperature is no moré ¢hato9@wer, the
catalytic activity decreases rapidly after high temperatti®000° C) calcination, possibly due to sintering of the catalyst and thus decrease
of the surface area.
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1. Introduction as a stabiliser) on the catalytic performance of the catalysts

. . _has been studied.
The catalytic combustion of the methane and volatile

compounds represents a family of new technology in air

pollution prevention and improvements of energy efficiency. Experimental
However, the combustion catalysts being extensively stud- . .
ied are mainly supported palladium and platinum, which are ' "¢ COMgO oxide catalysts were prepared as solid solu-

very expensive and prone to deactivation at high tempélf—m m(;;hodd USiﬂg EO(NQ(;"?AHZO'lMg(N%)EGHZOd' U“r‘a d
atures [1,2] or transition metal substituted hexaalumina as added to the Co and Mg salts at the desired ratio, an

which is difficult to prepare and less active at lower temper 1€ mixture was snr(rjed ?t tr.oom_trimper?tgre for 1 Tht 0 afford
tures [3-5]. The perovskite-type oxide catalysts show a go d"nomogeneous red soiufion. 11is solution was then com-

catalytic performance in methane combustion [6-8]. Ho usted at 650-85T for 10-30 min to obtain the CoMgO

ever, the low surface area of the catalysts leads to less acﬁQl'd solution catalyst_s - The composmon_of the mixture for
ch catalyst and their marks are shown in table 1.

ity per unit mass catalyst. Recently, it has been reported Y 7= : '
the Co/MgO or Co/Zr@ catalysts, which are prepared usin% The activities of the catalysts were tested in a fixed-bed

conventional impregnation methods, exhibit good catalyt uacljrtzd Tef‘ctgf (i'(.jddT mfn:z‘ C(t)ntt)aininr? ?\'200 g|°f cac;[alyts;
activity for the combustion of diesel soot [9,10] and for th paded Into the middle ot the tbe, which was piugged wi
rﬁﬂ'ca wool in the two ends. The gas flow rate was controlled

y a Brooks mass flow meter (model 5850TR). Prior to re-
aoqtion, the furnace temperature was increased to the target
temperature in flowing air at a rate oP6/min. A gaseous
ixture of CHy (1 vol%) and air (99 vol%) was then contin-
Rusly supplied at a space velocity of 40 003 hThe prod-

combustion of methane [11,12]. It has been pointed out t
the activity of these catalysts is directly related to th&Co
sites on the surface of the catalysts. However, the effect
the catalyst preparation method on théCsites on the sur-

face of the catalyst is still not clear. In this study, we ha

repared a series of cobalt—magnesium oxide solid solutid X .
prep g cts were analyzed with an on-line gas chromatograph (HP

(CoMgO) catalysts using the urea combustion method [1 . .
and tested their activity in methane combustion. The stru 880A) using a Porapak T column (20-100 mesh), equipped

tures of the catalysts were probed using X-ray diffractiowith a flame ionization detector (FID) and a thermal conduc-

ivity detector (TCD).

and laser Raman spectroscopy. The effect of the cobalt ctgx- . .
The X-ray diffraction (XRD) patterns of catalysts were
tentand the amount of urea and the lanthanum content (u?ggorded on an X-ray diffractometer (Philips PW1710) with

* To whom correspondence should be addressed. Cu K, X-ray operated at 40 kV and 30 mA. The samples
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Table 1
A series of cobalt-magnesium oxide solid solution catalysts.
Catalyst formula Composition of catalyst Urea/metal Symbol of Surface area
(mol%) (mole ratio)  the catalyst (®fg)
Cap,05Mdp.950 5Co(NG)2 + 95Mg(NO3)2 5 CoMgO-1 425
Cap.1Mgp.90 10Co(NQ)2 + 90Mg(NO3)2 5 CoMgO-2 312
Cap,15Mgp 850 15Co(NQ@)2 + 85Mg(NO3)2 5 CoMgO-3 274
Cap 2Mgp g0 20Co(NQ)2 + 80Mg(NO3)2 5 CoMgO-4 218
Cap,05Mdp.950 5Co(NG)2 + 95Mg(NO3)2 4 CoMgO-5 386
Cop.05Mgg 950 5Co(NG)2 + 95Mg(NO3)2 3 CoMgO-6 322
Cap,05Mdp.950 5Co(NG)2 + 95Mg(NO3)2 2 CoMgO-7 334
Capilag1MgogO10s  10Co(NGy)z + 10La(NO3)7 + 80Mg(NOs), 5 CoLaMgO-1 248
Cap.1LagoMgg 7011 10Co(NGy)2 + 20La(NG3)2 + 70Mg(NO3)2 5 ColLamMgO-2 191
Cap1lag3MgoeOr1s  10Co(NGy)2 + 30La(NO3); + 60Mg(NOs), 5 CoLaMgO-3 147
Cap.1Lag 4Mgg 501 2 10Co(NGy)2 + 40La(NG3)2 + 50Mg(NO3)2 5 ColLaMgO-4 R
Cop.20Mgg.g00 CoMgO-4 calcined at 100TC for 4 h 5 CoMgO-8 3B
: : : 100
were mounted on an aluminum plate with a groove cut |r)t —o—Co0.05Mg0 050 /
it. The Raman spectra were recorded with a resolutic 90 { —=—co0.10Mg0.900 é /
of 2 cm ! using a Yvon Jobin Labram spectrometer, us =—de—Lot). 1Mg0.850
. . 80 C00.20Mg0.800
ing a 514.5 nm At laser, run in a back scattered confoca e
arrangement. The scanning range was 90-3000'cifihe 10
specific surface area of the catalysts was measured usingZ |
ASAP 2010 (Micromeritics Instrument Corporation) using2
N2 adsorption method. g 50+
S a0l
. - _5 30 4+
3. Resultsand discussion
20 4
3.1. Catalytic combustion of methane over *'
cobalt-magnesium solid solution catalyst with different 2 ///
cobalt contents 0 % * * : : .
400 450 500 550 600 650 700 750
Figure 1 shows the results of the catalytic combustio Temperature ()

of methane over the cobalt—-magnesium oxide solid solution
catalysts with different cobalt contents. The performance dfigure 1. Activity test of the CoMgO catalysts with different Co content.
the catalysts for methane combustion varies depending on
cobalt content. The catalysts with 5 and 10% Co show tlhettice of MgO either forms the active site for methane com-
best activity for methane combustion among the tested chtistion, or the presence of €oin the MgO lattice has syn-
alysts. The temperatures of the catalysts at 10% methaargic effect on the combustion of methane, thus decreasing
conversion are 435 and 433, respectively. Increasing Comethane light-off temperatures significantly in the reaction.
contentto 15 and 20% raises the light-off temperatures of the XRD patterns of the catalysts after the methane combus-
catalysts to 465C. Note, the light-off temperatures of alltion activity test up to 800C are the same as those before
cobalt—-magnesium oxide solid solution catalysts are lowezaction, suggesting that all the catalysts are stable and un-
than that for MgO, which is 598C, suggesting that the dergo no structural change during the activity test. The dif-
Co component plays an important role in cobalt-magnesidmaction peaks become sharper with increasing Co content in
solid solution catalysts for methane combustion. the solid solution catalysts, suggesting the particle size of the
The XRD patterns of the cobalt—-magnesium oxide solichtalysts become larger, which is confirmed by a decrease in
solution catalysts are shown in figure 2. The diffractiosurface area, table 1. Because the catalyst activity depends
peaks at 385 44.2 and 65.2 are due to the aluminum on the number of active sites, higher dispersion of the cata-
holder and are labeled with Al in all the figure$-or all lystleads to more active sites, hence, the catalytic activity of
the catalysts the peaks at°383° and 62.5 are assigned to the catalyst decreases as the cobalt content increases due to
the diffraction of MgO. No diffraction peaks due to §y a decrease in surface area.
were seen in the cobalt-magnesium oxide solid solution cat- The laser Raman spectra of the cobalt-magnesium solid
alysts regardless of the cobalt content. This indicates ttretiution catalysts are shown in figure 3. The partial replace-
the cobalt enters the lattice of MgO forming a uniform solignent of Mg with Co in the lattice of MgO and pure MgO
solution. Hence it is inferred that Co is present in the formre not Raman active and thus show no Raman peaks. How-
of Co?t in these catalysts. The highly dispersed€m the ever, in the CoMgO oxide solid solution catalysts, two broad



S-F. Ji et al. / Catalytic combustion of methane 67

4000 Co0,0,0 JE' Al B
. guo : : :
il A : J N
f Co, ,,Mg, 4,0 after : : ;
3000  calcined at 1000°C for 4h AJ L
S : :
< e Co, ,,Mg, ,0 A A :
2 2000 : 5
g) d COo.15,\/|go.850 L
[0} :
= c Coo.wMgo.goo L
1000 H §
b Coo.osMgo.QsO A_J/\&*;L
a MgO i
0 T : T T T T T T T T T l
10 20 30 40 50 60 70
2 theta
Figure 2. XRD patterns of CoMgO catalysts with different Co content.
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Figure 3. Raman spectra of CoMgO catalysts with different Co content.

Raman peaks at 572 and 1080 chwere observed, which 3.2. Effect of urea to metal ratio on the performance of
increase in intensity with the increase of %Co. These bandscobalt-magnesiumsolid solution catalyst

are believed to be from the Raman scatter 11]. Al-
0sQp(11] Figure 4 shows the results of the catalytic combustion

though crystalline Cg04 has a spinel structure and is con- ) ; . )

. : : . methane over the cobalt—-magnesium oxide solid solution
stituted of isolated tetrahedra and interlinked octahedra [1 - . .
i . . -~ catalysts containing 5% Co prepared using different urea to
f!ve Raman active modes ¢4 Eg, 3Fg) have been identi- o) atios. For CoMgO-1 (table 1), CoMgO-5, CoMgO-6
fied [15] at 691, 488, 618, 522, and 194 chfora CaOs ;g CoMgO-7 catalysts, the temperatures at 10% G-
single crystal and have begn me_asured at 676, 46_9, 60&rsion are 440, 451, 445, and 482 respectively, and
511, and 189 cm!, respectively, in CgO4 powder (fig- these at 50% Cliconversion are 505, 518, 530, and 360
ure 3). The reason for the Raman spectra of the COMgO Q¥éspectively. The temperatures for complete methane com-
ide solid solutions being different from that of spineld@a  pustion (CH conversion>90%) are 562, 580, 645, and
lies in the strong interaction the @04 with the support. The 652°C, respectively. CoMgO-1 has the highest activity for
broad band at 572 cnt can be assigned to Co—O stretchingnethane combustion, and the catalytic activity for methane
mode. combustion increases with increasing urea to metal ratios.
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The XRD patterns of the catalysts with different urea toorporation of more Co" in the lattice of MgO. The shift
metal ratios are given in figure 5. The diffraction peaks dfecomes more with the increase of urea to metal ratio, sug-
all catalysts are similar to that of MgO regardless of the urggsting that more Co occupy the lattice of MgO.
to metal ratios and no separated cobalt oxide phases werd-igure 6 shows the laser Raman spectra of the catalysts
detected. This indicates that €oreplaces Mg+ and occu- prepared with different urea to metal ratios. The Raman
pies the lattice positions. The peak width is increasing wittand at 572 cm? in the CoMgO catalyst was present, which
the increase of urea to metal ratio, suggesting that the higheas attributed to highly dispersed €. The peak intensity
ratio of urea to Co and Mg in the preparation of solid sagdecreases with the increase of urea to metal ratio, suggesting
lution catalysts leads to finer particles of the catalyst; thibat less CgOs is present on the surface of the CoMgO. This
is confirmed by the increase in surface area, table 1. Tisen agreement with the XRD measurements in figure 5. As
catalytic performance for methane combustion is thus irgshown in figure 4, the activity of the CoMgO increases with
proved. Comparison of the diffraction peak positions of thée urea to metal ratio, and CoMgO-1 has the highest activ-
CoMgO catalysts with MgO shows that the diffraction peakity for methane combustion, which can be explained by the
gradually shift to lower diffraction angles with the increasgore inclusion of C&" in the MgO lattice forming more
of urea to metal ratios, suggesting that the cell size of tlative centres.

CoMgO catalysts increase. This can be explained by the in- Surface area measurements show that the CoMgO-1, pre-
pared using the urea to metal ratio at 5, has the highest sur-

L Wy E face areaga. 42.5 nf/g. The CoMgO-5, -6 and -7, prepared
90 1| —=—cooomups50 @) . // with urea to metal ratios of 4, 3, and 2, have surface areas
IR ' of 38.6, 32.2 and 33.4 ffg, respectively. This shows that
Co0.05Mg0.950 (U%5)
80T| _amo higher urea to metal ratio in the oxide solid solution cata-
0T / lyst preparation leads to increase in the catalyst surface area.
< This may contribute to the higher activity of CoMgO catalyst
2 0T prepared with increasing more urea to metal ratio. However,
g 50+ the difference in surface area among the catalysts is only
3 ik ' small, and therefore entirely, in this case to be the minor fac-
z tor controlling activity of the catalysts.
30 T
S 3.3. Effect of lanthanum contents on the catalytic
v performance of the cobalt—magnesium solid solution
ot A catalyst
0 ¥ & - -

Rare earth oxides are often thought to be stabilisers for
the high temperature combustion of methane, improving
the stability of the supports. In this work, we introduced

Figure 4. Activity test of CoMgO catalysts prepared using different urea #&nthanum to CoMgO oxide solid solutions by combust-
metal ratios. ing a mixture of lanthanum nitrate, cobalt nitrate, mag-
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Figure 5. XRD patterns of CoMgO catalysts prepared using different urea to metal ratios. (Al refers to peaks from the aluminum sample holder.)
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Figure 6. Raman spectra of CoMgO catalysts prepared using different urea to metal ratios.

100

The XRD patterns of the cobalt-magnesium solid solu-

—a— CoMg0-1
90 -{{ —=— coLamgo-1 tion catalysts containing different amounts of lanthanum are
e colaMga:2 given in figure 8. The diffraction pattern of geMgpoO
80 1 ColaMgo-3 is the same as that of MgO, suggesting they have the same
70 | iMC':;MQO“‘ structure. In the XRD pattern of CoLaMgO-1, two broad
5 peaks at 23.3 and 33.2wre observed, attributed to the dif-
fraction of LaCoQ [16], while the peaks corresponding to
850 CoMgO oxide solid solution decrease in intensity. This sug-
£ 40 gests that addition of lanthanum in the catalyst preparation
o depresses the oxide solid solution formation, and that lan-
8 301 thanum is present in a separated phase of LaCd® the
I 90 XRD patterns of CoLaMgO-2, -3 and -4 catalysts, diffrac-
© tion peaks of LaCo@did not increase linearly with the in-
10 crease of lanthanum in the samples, but new peaks at,26.4
0¥ 3 " : “ , 29.7 and 30.2 appear, with the strongest peak at 30.2

100 450 500 550 600 eso  Joo 750  vhese peaks are due to the diffraction of agphase [17].
The amount of LaO3 increases with lanthanum content in
the catalyst, suggesting that lanthanum does not enter the lat-
Figure 7. Catalytic activity of CoMgO catalysts containing different amourfice of MgO. When the lanthanum amount is continuously
of lanthanum. increased in the catalyst, a separated phase g4 aan be
identified. The surface area of the CoLaMgO series catalysts
nesium nitrate, and urea. The activities of the resultamias also found to decrease from 19.1 to 9%2gwvith the in-
cobalt-magnesium solid solution catalysts with differemrease of lanthanum content in the catalysts. The presence
lanthanum contents are shown in figure 7. The temperatucdd aCoQ; and LaOg3 in the catalysts may cover the active
for CH4 conversion to CQ become higher with increasingsites or even remove Co to form LaCg¢@nd thus decreas-
lanthanum content in the catalysts. The CoLaMgO-4 catqg the catalysts activity.
alyst has the highest light-off temperature for £¢bnver- Figure 9 shows the laser Raman spectra of the catalysts
sion. Only 10% CH is converted at 51%C and 50% CHis with different lanthanum contents. The two bands at 572
converted at 5760C. Complete combustion of GHbccurs at and 1080 cm! due to surface G4 on MgO or CoMgO
630°C, which is 80°C higher than for CoMgO-2 containingoxide solid solutions were identified in CoLaMgO-1, but
no lanthanum. This indicates that the addition of lanthanushow lower intensity and are more broad than in CoMgO-2,
to the cobalt-magnesium oxide solid solution catalysts dogsggesting that less @04 is present on the surface of
not improve the catalytic activity. In contrast, it decrease8oLaMgO-1. However, a strong band at 388 ¢nap-
the catalytic activity as the lanthanum content increasespears in the Raman spectra of the CoLaMgO-1 catalyst,
the catalysts. which is due to the presence of 4@ [18]. With in-

Temperature (C)
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Figure 9. Raman spectra of CoMgO catalysts containing different amount of lanthanum.

creasing lanthanum content, the band at 388 tmhifts in our experiment, the catalyst CoMgO-4 (20% Co content)
to 395 cmt! and becomes sharper indicating that moreas calcined at 1000 for 4 h, and the activity of the cal-
LapO3 is present on the catalyst surface. This further supined catalyst tested for methane combustion. The results
ports the XRD and surface area measurements, revealsng shown in figure 10. Over this catalyst, the methane
that the surface of the catalyst is covered withh@Qg par- started to combust to GCat 660°C and complete methane
ticles. conversion occurs at 74&. This is almost identical to the
gas phase reaction without catalyst. Thus it is inferred that
3.4. Sability of the cobalt—magnesium oxide solid solution the high temperature calcination causes a dramatic loss in
catalyst the catalytic activity.
XRD measurement of the calcined cobalt-magnesium
We have shown that the cobalt—-magnesium oxide sok@lid solution catalyst (figure 2(f)) shows that the diffraction
solution catalyst is very active for methane combustiopattern of the high temperature calcined catalyst is similar
However, in practical applications such as engines, the te-that of the uncalcined sample. No diffraction peaks due
action temperature is often up to 100D and a high stabil- to Co304 or other separate phases were detected. This indi-
ity of the catalyst under such conditions is required. Henoates that the bulk structure of the cobalt—-magnesium solid
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_ the solution of Co and Mg nitrate during catalyst prepa-
90 + . ration suppresses the formation of the cobalt-magnesium
/ oxide solid solution and decreases the activity of the cat-
alysts for methane combustion. Lanthanum is present in
70 4 / the form of L0z and LaCoQ in the catalysts, which are
believed to cover the active centres of the catalysts. Simi-
/ larly, the cobalt—-magnesium oxide solid solution catalyst is
50 . ' deactivated for methane combustion after high temperature
' (>1000°C) calcination, due to a dramatic decrease in sur-

80 1

60 1

CH4 Conversion (%)

40 + b
face area and the change of the surface structure.
30
20 +
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