
Catalytic combustion of methane on aluminate-supported copper oxide

Paola Artizzua,*, Edouard Garbowskia, Michel Primeta, Yves Brulleb, Jacques Saint-Justb

aLACE, UniversiteÂ Claude Bernard LYON I, 43 Boulevard du Onze Novembre 1918, 69622 Villeurbanne Cedex, France
bGaz de France, DR/CERSTA/DCPC, 361 Avenue du PreÂsident Wilson, PO 33, 93211 La Plaine Saint Denis Cedex, France

Abstract

Copper oxide has been deposited onto high surface area magnesium aluminate spinel prepared from alumina and

magnesium nitrate. The catalytic properties of such a solid have been investigated in methane combustion. At the laboratory

scale a very good activity is observed (light-off of 5308C) and no CO is detected. Aging at 10008C under water vapour has no

in¯uence on activity. The previous catalyst has been washcoated on monolith and tested on a rig either with methane or

synthetic natural gas at very high GHSV under conditions close to those of a gas turbine. In that case also, a good activity was

observed. # 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Catalytic combustion of methane is one of the most

promising processes for energy production due to two

main attractive environmental requirements only

obtained with this process: CO2 evolved for identical

energy production is reduced by one quarter when

compared to combustion of octane [1], and NOx

formation is prevented because of the temperature

lowering [2]. In some cases catalytic combustion must

be performed at high temperatures, i.e., for high power

yields. Gas turbines or radiant reformers need more

output energy ef®ciency associated with restricted

volume, which means large gas consumption and high

temperatures for the catalyst [3]. This high-tempera-

ture methane combustion requires thermally stable

catalysts. Noble metals (Pd, Pt, etc.) supported on a

carrier like alumina are not well adapted to the severe

conditions usually encountered inside a turbine. Both

the temperature, in the 700±12008C range, and the

water vapour content, about 6 vol%, induce a severe

sintering of the metallic particles, as well as of the

support [4]. A rapid deactivation is generally

observed. The use of thermostable supports is of little

value because the metallic phase sinters as soon as the

temperature exceeds 10008C [5].

First transition metal oxides are another class of

catalysts for the total oxidation of hydrocarbons [6].

Although they are less active than noble metals, the

active solid state phases that can be obtained are

numerous [7]. Previous works concerning hydrocar-

bons catalytic combustion have been already pub-

lished, mainly on cobalt [8], chromium [9] and

copper [10] base oxides. It has been observed that

copper oxide is one of the most attractive phases, due

to its relatively high activity and fairly good stability.

CuO can be obtained in a fully dispersed state as

Cu2� ions provided it is supported on a carrier like
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alumina [11]. However, as soon as temperatures of ca.

7008C are reached, a solid state reaction occurs lead-

ing to a partially deactivated catalyst (copper alumi-

nate formation) [10]. It should be remembered that

alumina is a spinel with cationic vacancies due to the

trivalent state of the aluminium ions. These vacancies

can be ®lled with Cu2� ions migrating inside the bulk

of the alumina. One means to prevent such a cation

migration is to use as support an aluminate instead of

alumina [12]. In such a case two main advantages are

obtained:

1. Aluminates (aluminium spinels) are thermally

stable structures, much more than transition

aluminas from which they have been synthetized

[13].

2. Cu2� ions migration inside the bulk of the support

is then limited due to cationic vacancies occu-

pancy.

One of the most stable spinels is MgAl2O4, for

which high speci®c surface areas can be obtained [14].

It may be valuable to support CuO on such a solid in

order to obtain an active and thermostable oxidation

catalyst.

In the present study the catalytic properties of CuO/

MgAl2O4 were investigated in the complete oxidation

of methane at various stages of aging. Changes in

catalytic behaviour were connected with modi®ca-

tions with surface properties.

2. Experimental

2.1. Catalyst preparation

2.1.1. MgAl2O4 support

MgAl2O4 synthesis needed three steps:

1. The ®rst one consisted of impregnation of a

Degussa alumina (100 m2/g) with an aqueous

solution containing the required amount of

magnesium ions.

2. Water was then evaporated at 808C under reduced

pressure. The solid so obtained has been dried

further overnight at 1208C, then crushed, and

finally calcined under air in a muffle furnace at

5008C during 24 h after having raised the tempera-

ture at a rate of 18C/min. This first calcination is

necessary in order to decompose the magnesium

nitrate into magnesium oxide supported onto the

alumina.

3. The solid was put into a vertical tubular quartz cell

(above a fritted) and allowed to be flushed with dry

oxygen from room temperature to 10008C during

24 h. This temperature has been reached after

having been raised at a rate of 18C/min. Both

temperature and duration are needed for a complete

alumina±magnesia solid state reaction.

2.1.2. CuO/MgAl2O4

MgAl2O4 was contacted for 1 h at room tempera-

ture with a copper nitrate solution containing an amount

of copper allowing a ®nal CuO content of 5 wt%. After

water elimination, drying at 1208C, the solid has been

calcined under oxygen at 5008C during 24 h.

2.1.3. Monolith washcoating

Cordierite honeycomb monolith samples

(1 in.�1 in. length�diameter, 400 CPSI) have been

used as support of the previous catalyst. The applica-

tion process leads to monoliths containing about

10 wt% of active phase.

2.2. Physicochemical characterizations

2.2.1. Analysis

Chemical analyses were performed using AAS. The

results are given in Table 1.

2.2.2. BET area

The speci®c surface area (SSA) has been measured

using the BET method on samples previously treated

under vacuum at 5008C for 2 h.

2.2.3. X-ray diffraction (XRD)

The XRD spectra have been obtained for MgAl2O4,

and CuO/MgAl2O4 in the fresh and the aged states.

The obtained diffraction patterns were compared to

the theoretical ones from the JCPDS ®les.

2.2.4. Diffuse reflectance spectroscopy (DRS)

The diffuse re¯ectance spectra have been recorded

at room temperature with a PE Lambda 9 spectro-

meter, equipped with an integrating sphere. The spec-

tral range covers 200±2500 nm. The reference used

was BaSO4.
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2.2.5. Temperature-programmed reduction

Experiments have been performed according to the

following experimental conditions:

� sample weight: 30 mg,

� gas feed: H2 (1%) in Ar,

� total flow: 20 cm3/min,

� temperature raising rate: 58C/min,

� temperature range: 25±9008C, and

� pretreatment: Ar, 4008C, 1 h.

The hydrogen consumption was monitored by using

an in-line gas chromatograph. The amounts of hydro-

gen consumed was deduced from the area of the TPR

peaks within a 6±8% error.

2.3. Catalytic activity measurements

2.3.1. Powdered catalysts

The catalytic activity of solids has been measured in

methane combustion according to the following

experimental conditions:

� catalyst weight: 500 mg,

� reaction mixture: O2 (4 vol%)�CH4 (1 vol%)�N2

(95 vol%),

� total flow: 6.4 l/h corresponding to a GHSV of

15 000±25 000 hÿ1, and

� pretreatment: O2, 4008C, 1 h.

For all the samples in fresh and aged states, carbon

monoxide was never detected.

The activity of CuO/MgAl2O4, as well as the sup-

port itself, was measured for the fresh state (directly

issued from the calcination at 5008C) and for aged

states, either at 10008C or at 12008C. Comparison of

the catalysts was performed using the T50 temperature

(light-off temperature) de®ned as temperature corre-

sponding to 50% of methane conversion.

2.3.2. Aging procedure

Aging procedures at very high temperature with

water vapour were necessary to investigate the thermal

stability of the catalysts. The conditions of aging are as

follows:

� catalyst weight: 3 g,

� geometric bed: cylindrical (h�2 cm, ù�2 cm),

� temperature: 10008C or 12008C,

� feed composition: O2 (5 vol%)�H2O (6 vol%) in

nitrogen,

� total gaseous flow: 10 l/h, and

� aging duration: 24 h.

2.3.3. Rig test with washcoated monolith (Fig. 1)

Catalytic activity test has been performed either

with methane or with synthetic natural gas. In every

case fuel was mixed with nitrogen and oxygen in order

to ensure a nominal constant concentration of 1 vol%

of combustible gas.

Conditions are as follows:

� CH4 (or SNG) 1 vol%�O2 (10 vol%) in nitrogen,

� synthetic natural gas: CH4 (93 vol%)�C2H6

(5 vol%)�C3H8 (1.5 vol%)�C4H10 (0.5 vol%),

� GHSV: 300 000 hÿ1 (50 l/min),

� monolith (cordierite): length�0.8 in, diame-

ter�1 in,

� temperature range: from 2508C to 8508C,

� temperature increased by steps of 50±708C. Dura-

tion of an isothermal step: 12 min, and

� four temperatures simultaneously measured: gas

inlet and outlet, monolith inlet and outlet.

3. Results

3.1. Catalytic activity

3.1.1. MgAl2O4

The support is totally inactive below 5508C. How-

ever, a slight conversion of 20% is observed roughly at

7008C (Fig. 2(a)). This result is a surprising since both

Mg2� and Al3� cations are inactive in total oxidation

Table 1

Chemical analysis

Catalyst CuO (wt%) Mg (wt%) Al (wt%) Al/Mg Cu/Mg Al/Cu

CuO/MgAl2O4 (fresh) 4.9 14.9 33.8 2.0 0.10 20

CuO/MgAl2O4 (aged) 2.9 9.0 20.6 2.02 0.10 20

CuO/MgAl2O4 (theoretical) 5.0 16.2 36.0 2.0 0.09 21
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(d0 cations). This small conversion at high tempera-

tures may be explained by another parallel reaction

(vide infra).

3.1.2. CuO/MgAl2O4 (fresh state)

Light-off temperature is 5358C (Fig. 2(b)), while

the activation energy equals 120 kJ/mol. No change in

activity with time has been observed in the full range

of temperature.

3.1.3. CuO/MgAl2O4 (aged states)

When aged at 10008C the solid showed an

activity only slightly reduced, because the light-off

temperature increased only by 208C (Fig. 2(c)).

Moreover when comparing the activity at low

conversion, in the 350±5008C range, the activity

was only reduced by a factor of 1.4. Such a value

appears to be very small after the severe conditions

of aging.

Fig. 1. GDF test rig.

Fig. 2. Catalytic activity of CuO/MgAl2O4 in the methane combustion: (a) activity of the support alone, (b) activity of the fresh CuO/

MgAl2O4 catalyst, (c) activity of the CuO/MgAl2O4 catalyst aged at 10008C, and (d) activity of the CuO/MgAl2O4 catalyst aged at 12008C.
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The same is not true when the solid was aged at

12008C, since an almost inactive solid was obtained

(Fig. 2(d)). This aged catalyst was even less active

than the support alone itself.

3.1.4. Monolith washcoated with CuO/MgAl2O4

The catalytic behaviour of the monolith washcoated

with 10% in weight of CuO/MgAl2O4 was the same

whatever the fuel, i.e., methane or natural gas. Con-

version curves are illustrated in Fig. 3 showing that

the combustion started at roughly 5008C (1% conver-

sion) and led to a light-off of 8008C. These tempera-

tures may seem too high, but it should be remembered

that the ¯ow rate is very high (50 l/min) leading to

very high velocity inside the monolith.

3.2. Physicochemical characterizations

3.2.1. Chemical analysis (Table 1)

Analysis performed by AAS reveals that elements

ratios rather than elements weight percentages are

indicative of constant composition. For catalyst aged

at 12008C, a fused solid appearing like clinker was

obtained: consequently chemical attack for dissolu-

tion was so dif®cult that only part of this solid was

really analysed.

3.2.2. BET areas

SSA values are reported in Table 2. Aging at

10008C leads to some slight sintering, whereas aging

at 12008C leads to samples of very small speci®c

areas.

3.2.3. X-ray diffraction measurements

Diffraction spectra of fresh and aged catalysts are

reported in Fig. 4. In every case the diffraction lines of

the spinel structure are clearly identi®ed. In addition,

the lines become sharper and more intense with

increasing the aging temperature. This is to be related

directly to the increasing crystal size also evident from

the lowering of the BET area.

No peaks attributable to a transition alumina have

been detected. Very small peaks corresponding to

MgO (periclase) are observed for MgAl2O4. It has

been reported that complete MgAl2O4 synthesis from

magnesia and alumina is time consuming due to the

kinetics of the solid state reaction [15], complete

transformation is dif®cult to obtain.

For the fresh CuO/MgAl2O4 solid, the lines corre-

sponding to MgO almost disappeared, whereas small

Fig. 3. Catalytic activity of the CuO/MgAl2O4 deposited onto cordierite honeycomb: (a) activity for methane combustion, and (b) activity for

synthetic natural gas.

Table 2

Specific surface area

Catalyst Treatment SSA (m2/g)

MgAl2O4 None 47.0

CuO/MgAl2O4 None 44.7

CuO/MgAl2O4 (A1000) 10008C�water 33.1

CuO/MgAl2O4 (A1200) 12008C�water 2.2
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and wide ones corresponding to CuO were detected.

This must be connected to the low copper loading as

well as to a high dispersion state of CuO.

When aged at 10008C the only difference in the

XRD spectrum is the disappearance of the peaks due

to CuO. At the same time the lines due to spinel

become sharper.

After aging at 12008C the spinel lines are very sharp

because of the drastic sintering of the solid. Faint lines

attributable to MgO are still observed.

3.2.4. Diffuse reflectance spectroscopy

The diffuse re¯ectance spectra of all the samples are

reported in Fig. 5.

For the fresh sample the spectrum shows two mains

features: (i) no absorption occurs in the near infrared,

except weak and wide bands, hardly visible at ca.

1400, 1900 and 2100 nm, (ii) there is a large absorp-

tion from 200 to about 850 nm and responsible for the

blue±grey colour of the solid. After the catalytic

activity measurements up to 8008C, the following

changes are observed: the absorption in the visible

part of the spectrum is lowered leading to a

well-de®ned band at 750 nm, and a second one of

low intensity appears in the near infrared part at

1450 nm.

After aging at 10008C the colour now turns pale

yellow. The spectrum shows four separate bands. The

most intense one occurs at 1450±1500 nm and seems

to be symmetrical. The second one is weaker and is

located at 750 nm. The third band is detected as a

slight plateau at about 400 nm, while the last one is

located at 250 nm. This latter band was also observed

in the case of the fresh sample.

When aged at 12008C the sample becomes almost

white and signi®cant changes of the absorption in the

visible range are observed. The near infrared band

located at 1500 nm decreases by about 60%. The most

important change is the strong decrease (by ca. 85%)

of the band located at 750 nm, which is hardly

detected. The two other bands located in the UV range

are not affected by such an aging at 12008C. In

conclusion the main effect of the increase in the aging

temperature is the progressive disappearance of

750 nm band.

3.2.5. Hydrogen reduction at programmed

temperature

The reduction pro®les of copper oxide deposited on

magnesium spinel are shown in Fig. 6, while Table 3

givesthehydrogenconsumption, temperaturemaximum

and H2/Cu ratio deduced from the TPR experiments.

Fig. 4. X-ray diffraction patterns of CuO/MgAl2O4: (a) MgAl2O4 support, (b) fresh CuO/MgAl2O4 in the fresh state, (c) CuO/MgAl2O4 aged

at 10008C, and (d) CuO/MgAl2O4 aged at 12008C. Symbols correspond to main diffraction peaks of MgAl2O4 (*) MgO (*) and CuO (&).
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The TPR results are not in accordance with the

catalytic activity measurements. For the fresh catalyst

(Fig. 6(a)), the reduction mainly consists of a double

peak whose maximum is at 3108C, whilst a smaller

shoulder is observed at ca. 2308C. After the main

reduction peaks, a long tail is observed ranging from

3508C to almost 8008C. Thus for the fresh catalyst,

TPR experiments evidence three types of copper ions.

When aged at 10008C (Fig. 6(b)), the TPR pro®le

has modi®ed. The intensity of the main peak strongly

decreases and two peaks at 2108C and 2308C are

observed. When comparing the amount of hydrogen

consumed below 3508C, only 1/4 of CuO initially

present and easily reduced is still present. However, at

the same time the catalytic activity is preserved, since

no deactivation is observed after aging at 10008C.

Fig. 5. Diffuse reflectance spectra of CuO/MgAl2O4: (a) fresh CuO/MgAl2O4, (b) after catalytic activity measurements up to 7008C, (c) CuO/

MgAl2O4 aged at 10008C, and (d) CuO/MgAl2O4 aged at 12008C.

Fig. 6. TPR profiles of CuO/MgAl2O4: (a) fresh CuO/MgAl2O4, (b) CuO/MgAl2O4 aged at 10008C, and (c) CuO/MgAl2O4 aged at 12008C.
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If aging is performed at 12008C (Fig. 6(c)), addi-

tional changes are observed in the TPR pro®le. No H2

consumption is observed below 5508C. Moreover, at

the end of the experiment, when the ®nal temperature

is reached, only a fraction of the copper is reduced.

The total H2/Cu is now about 0.7 implying that copper

was not completely accessible to hydrogen, or that the

oxidation state has changed. XRD analysis showed

that the MgAl2O4 structure is preserved, while no CuO

phase was discussed. It is likely to think that the spinel,

which has strongly sintered (2.2 m2/g), has dissolved

copper ions as reported in the literature for numerous

transition metal ions [15]. For this sintered material

having incorporated copper ions, hydrogen diffusion

may be the limiting step of the reduction.

4. Discussion

One of the main facts of this study is the stability of

the catalytic activity despite the disappearance of a

great deal of copper as revealed by TPR, XRD and

DRS. This may be due to the structure of copper oxide

(vide infra)

4.1. Support properties

The support is inactive below 5508C, but a slight

conversion of 20% is observed at around 7008C, which

may be explained by a second parallel reaction.

MgAl2O4 is not fully stoichiometric, since traces of

MgO have been detected by XRD. According to the

conditions of the preparation MgO is accessible to the

reactants. In the case of the oxidative coupling of

methane, the best catalysts are based on basic oxides

(alkaline or alkaline-earth oxides) [16,17]. Thus for

the MgAl2O4 support of the present study, methane

may be activated by MgO leading to the formation of

radical-anions. Due to temperature (500±7008C) and

excess of oxygen, these are immediately oxidized to

CO2, because they are much more reactive than

methane towards oxygen.

4.2. Fresh catalyst

The diffuse re¯ectance spectroscopy shows that

copper is only present as bulk CuO, whose spectrum

is characteristic and different from that of isolated

Cu2� ions. It consists of a band having a characteristic

shape, i.e., a maximum located at ca. 700 nm decreas-

ing linearly on the longer wavelength side and a tail

ranging from 850 to the 2500 nm: The latter is due to

some semi-conducting character of CuO (traces of

Cu2O?). The most important fact is the absence of a

minimum. On the opposite the spectrum of isolated

Cu2� ions deposited onto a support like alumina

consists of a band whose maximum is at 760 nm,

having a long side up to 1200±1300 nm and a char-

acteristic minimum of absorption at 500±600 nm

[10,11]. It is clear from the spectrum that the fresh

catalyst contains almost exclusively CuO, although

some isolated ions cannot be excluded because their

spectrum would be submerged by that of CuO.

The XRD pattern shows also the presence of CuO

(small peaks). Due to the low content of CuO (5 wt%)

the appearance of lines suggests the presence of large

crystallites of copper oxide.

The TPR pro®le also evidences the presence of such

an oxide. In previous works performed on similar

catalysts it has been shown that isolated Cu2� ions

supported on alumina are reduced at 260±2708C,

whereas the reduction of CuO occurred at 3408C
[12]. So the main double peak must be assigned to

the reduction of CuO. The double structure is probably

due to a two-step reduction (Cu2�!Cu1�!Cu0)

occurring at slightly different temperatures. The

shoulder occurring at rather low temperature

(2308C) is unusual for the reduction of Cu2� ions.

It might be due to small amounts of species very

hydrogen sensitive, for instance, small crystallites of

CuO, or CuO in the form of bidimensional rafts.

4.3. Aged catalyst (10008C)

The drastic changes of the spectrum must be asso-

ciated with a change of the nature of copper.

Table 3

TPR experiments: hydrogen consumption according to the

temperature range

Catalyst 258C<T

<5008C
5008C<T

<10008C
H2

total/Cu

CuO/MgAl2O4 85% 15% 0.97

CuO/MgAl2O4 (A1000) 29% 71% 0.97

CuO/MgAl2O4 (A1200) 4% 96% 0.70
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Both the 770 and 1450 nm bands, as well as the

minimum at 550 nm, correspond now to isolated Cu2�

ions, in octahedral and tetrahedral environment,

respectively. This means that Cu2� ions have left

the CuO network to enter that of the MgAl2O4 spinel.

Previous studies have demonstrated that isolated Cu2�

ions deposited onto alumina (spinel-like structure)

are only octahedrally coordinated. Supported tetrahe-

dral Cu2� ions have never been evidenced. In the case

of tetrahedral coordination, copper ions must be

necessarily located inside the bulk of alumina (copper

aluminate formation) or at least just below the

uppermost layer. In the case of the present CuO/

MgAl2O4 catalyst, there are no data allowing the

conclusion that the obtained new spinel is a super®cial

or a bulk one. However, one fact should be kept

in mind: In TPR experiments, the reduction of the

major part of the Cu2� ions (70%) occurs now at

7508C. This temperature level is not in accordance

with a copper spinel located at the surface of the

support for which reduction is expected at lower

temperatures.

The XRD spectrum is of little value. It reveals that

CuO has disappeared as oxide, while traces of MgO

are still present. MgO may be formed by the following

solid state reaction:

MgAl2O4 � CuO, CuAl2O4 �MgO

Such a reaction occurs partially between MgAl2O4

and FeO [15]. It can explain here both the disappear-

ance of CuO as demonstrated by DRS, XRD and TPR

and the appearance of MgO.

4.4. Aging at 12008C

For the sample aged at 12008C, the occurring

changes are of another nature. In the diffuse re¯ec-

tance spectrum both bands corresponding to Cu2� in

tetrahedral and octahedral environments have

decreased: 60% of Cu2� (Td) and 15% of Cu2�

(Oh) are now missing, while a strong charge transfer

is detected at 250 nm. Thus a change of valence state

must be considered.

The XRD spectrum reveals only the presence of

MgAl2O4 and MgO (traces). MgAl2O4 (support) and

CuAl2O4 (partly formed) have the same unit cell

parameter and they cannot be easily discriminated

by the technique.

The TPR reveals that part of the copper is missing

because the H2/Cu ratio is now 0.70. This ratio may be

explained by a partial decomposition of the Cu(II)

spinel into a Cu(I) spinel. As a matter of fact, heating

of CuAl2O4 at high temperatures leads to the forma-

tion of CuAlO2 [14]. If partial reduction occurs, even

in the presence of O2 as mentioned in the literature, a

simple calculation based on total H2 consumption

shows that there is now 60% of Cu(I) and 40% of

Cu(II) according to the stoichiometry if all copper is

assumed to be reduced. So 60% of Cu2� is now

missing. This result has to be compared to that of

DRS, which showed that 60% of tetrahedrally coor-

dinated ions have disappeared along with 85% of

octahedrally coordinated ones. In the CuAl2O4 spinel

copper is located in both octahedral and tetrahedral

sites. However, due to crystal ®eld stabilization energy

which is lower for tetrahedral symmetry, it is under-

standable that the disappearance of Cu(II) as revealed

by TPR mainly concerns Cu(II) Td. Moreover, the

Cu(I) ion having a d10 electronic con®guration, such

as Zn2� ion, is likely to have the same preferential

tetrahedral environment: reduction of Cu(II) Td into

Cu(I) Td does not induce cation migration.

4.5. Relation between structure and activity

If the slight activity of the support is ignored, which

is probably due to the oxidative coupling of methane

[16,17], CuO supported on MgAl2O4 is a remarkable

catalyst leading to a light-off at 5308C. Under the

same conditions, a 2 wt% Pt/Al2O3 catalyst shows a

T50 of 4808C [18], i.e., only 508C lower. All physi-

cochemical characterizations clearly showed that only

CuO is present as active phase, for which dispersion

and texture are not known. Due to the type of exposed

surface, an epitaxy between CuO and the MgAl2O4

spinel may be considered.

Copper oxide (tenorite) has a structure which is a

distorted version of PtS. Cu2� has four Cu±O coplanar

bonds corresponding to a strong octahedral modi®ca-

tion [19]. The surface of CuO crystallites may well

correspond to oxygen atoms arranged in a square

planar arrangement. This is exactly the same for

some spinels catalytically active, like Co3O4 and

Mn3O4, for which only (1 1 1) and (1 1 0) low-

index planes are supposed to exist at the surface

[20]. Thus it is possible that the support and the
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CuO structures match onto some planes leading to

good anchoring of CuO. A high dispersion of the

active phase would be expected, which is associated

with a high catalytic activity.

In the same study [20] the authors have shown

without ambiguity that no tetrahedral sites are present

onto the spinel surface and that the activity is related to

octahedral symmetry only. We proved the same here

by DRS because no tetrahedral Cu2� are evidenced for

the fresh catalyst, which is active.

No deactivation was observed after an aging per-

formed at 10008C revealing that the number of active

sites is not deeply modi®ed. The catalyst shows only a

slight deactivation consisting of a rate reduced by a

factor of 1.4 (conversions compared at low levels) and

the T50 shifts to higher temperature by only 208C. This

catalytic behaviour does not re¯ect at all the physi-

cochemical characterizations, which show on the con-

trary profound modi®cations of the solid.

On the XRD pattern the slight peaks due to bulk

CuO have disappeared, indicating either a redisper-

sion of the oxide or a transformation. The BET surface

area only decreased from 45 to 33 m2/g, after aging at

10008C. Moreover, when comparing the activity at

low conversion, i.e., at a low temperature, it is valuable

to note that the activity ratio (before and after aging) is

strictly equal to the BET surface areas ratio (r�1.4).

Thus aging seems to induce only slight sintering of

catalyst particles, CuO anchored onto MgAl2O4. If

aging had induced only a textural change, only a loss

of CuO should have been observed either by XRD,

DRS and TPR. Experimentally the opposite is

observed.

The amount of H2 consumed shows that 75% of

copper present as CuO has disappeared, and that a

second peak occurring at high temperature (7608C)

corresponds to the copper aluminate. On the whole the

stoichiometry H2/Cu has not changed at all between

the fresh and the aged catalyst (see Table 2) and

copper is still present as Cu(II) ions only. This resis-

tance towards hydrogen reduction has been explained

by the migration of copper inside the magnesium

spinel forming a new copper aluminate. 25% of the

initial copper content is still present in the form of

CuO at the surface of the catalyst as revealed by TPR

measurements. However, this low content of CuO is

suf®cient to exhibit an activity identical to that of the

fresh catalyst. As a matter of fact the contradiction is

only apparent and an explanation may be given

according to a very simple model (Fig. 7).

MgAl2O4 is a spinel with a relatively high SSA. It is

likely to think that the copper oxide particles have a

quite large contact area with the MgAl2O4 support

(epitaxy). A simple model consisting of CuO anchor-

ing onto low-index planes (1 1 0) of spinel can explain

the behaviour. At moderate temperatures the CuO

particles lay onto the MgAl2O4 surface, because no

suf®cient driving force exists to enter the spinel.

Aging at 10008C induces a high mobility of Cu(II)

ions, and a great deal of copper ions may migrate

inside the bulk of magnesium spinel. It must be the

copper ions at the CuO±MgAl2O4 interface, and the

latter is not accessible to reactants. So up to three-

fourth of the total CuO may disappear by such diffu-

sion without changing the number of external copper

ions (exposed surface sites). So the catalytic activity

should not change, what is experimentally observed,

whereas reducibility changes. Moreover, it is observed

that tetrahedrally coordinated copper ions are now

observed: these species are present only in the bulk of

a mixed copper magnesium aluminium oxide.

When aged at 12008C, copper oxide fully disap-

pears, as revealed by TPR (no reduction occurring

below 7008C) and by DRS (no Cu2� ions in octahedral

symmetry). If no reduction by hydrogen is observed

until 7008C, no reduction by CH4 can occur because

the reducing power of methane is lower than that of

hydrogen: no activity is observed. According to our

Fig. 7. Model for catalyst structure and aging.
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hypothesis of some CuO±MgAl2O4 epitaxy, when the

last layer of CuO migrates a clean MgAl2O4 spinel

surface is restored. Resulting activity is that of an inert

and severely fritted support which is lower than that of

the initial support. Moreover, the intensity of the bands

due to Cu2� (Td) is reduced suggesting that some

species are missing in the DRS analysis. This might be

the case of Cu� ions for which the electronic con®g-

uration (d10) leads to a totally non-absorbing species in

UV±Visible. The formation of Cu� ions explains the

decrease of the band observed by DRS as well as the

value of the H2/Cu ratio (Table 3).

DRS reveals that no octahedrally coordinated cop-

per ions are now present and only tetrahedrally coor-

dinated copper cations are observed. Study of

catalytically active copper-containing spinel in hydro-

genation reactions have revealed the `̀ critical impor-

tance of the octahedral environment of cuprous ion''

[21]. Finally octahedrally coordinated Cu2�ions, per-

taining here to CuO, are proved to be the active sites

for methane combustion. When they disappear either

as tetrahedrally coordinated Cu2� or as Cu� a

decrease in the catalytic activity is observed.

5. Conclusion

MgAl2O4 may be easily prepared, with a reasonable

surface area, from a high speci®c area alumina and

magnesium nitrate. Deposition of CuO onto such a

support leads to an ef®cient catalyst for the total

oxidation of methane with a selectivity of 100% to

carbon dioxide.

The catalytic activity is preserved after a thermal

treatment at 10008C in the presence of water and

despite the partial formation of copper aluminate. In

that sense it should be very valuable for medium-

temperature application. After aging at 12008C in the

presence of water and oxygen, the reduction of the

Cu(II) ions into Cu(I) species occurred, cuprous ions

migrate into the magnesium aluminate bulk. A totally

inactive solid is then obtained.
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