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Abstract

Oxidation of methane over yttria/zirconia mixed oxide shows two parallel oxidation pathways, i.e. partial oxidation to

CO�H2�H2O and full oxidation to CO2�2H2O. Both reactions proceed via a Mars van Krevelen mechanism with ®rst order

kinetics for methane and oxygen and are retarded by water. A mechanism is suggested in which methane is homolitically

dissociated over Oÿ�s� sites and via the formation and decomposition of a formaldehyde precursor reacted to CO, H2 and H2O.

In parallel, CO2 is obtained from decomposition of bicarbonate that is formed via further oxidation of dioxymethylene. #
1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Partial oxidation of methane CH4�1/2O2!CO�
2H2 recently attracted signi®cant interest. The reac-

tion is mildly exothermic (�H8298 K�ÿ45 kJ/mol)

and yields a synthesis gas mixture with a H2/CO ratio

of 2, which compares favorably to the conventional

steam reforming of methane for synthesis gas produc-

tion (�H8298 K�206 kJ/mol, H2/CO�3). Over the

past years a large number of supported transition metal

and noble metal catalysts along with a number of

partially reduced mixed metal oxides were reported to

be suitable for partial oxidation of methane [1±8]. In

general, these catalysts are found to produce synthesis

gas via the so called indirect partial oxidation mechan-

ism that was ®rst reported by Prettre [9] in 1946 for

supported Ni catalysts. The oxygen is ®rst consumed

in the full oxidation of methane to carbon dioxide and

water (CH4�2O2!CO2�2H2O, �H8298 K�ÿ802 kJ/

mol). Subsequently, the remaining methane is con-

verted to synthesis gas by reforming with produced

water and carbon dioxide (CH4�CO2!2CO�2H2,

�H8298 K�247 kJ/mol, (CH4�H2O!CO�3H2,

�H8298 K�206 kJ/mol). Though high conversions to

synthesis gas can be obtained in this way the primary

full oxidation is considered to be problematic. Scale-

up from the laboratory experiments to an industrial

scale reactor causes dif®cult temperature control and

may easily result in runaways due to the heat produc-

tion from the highly exothermic full combustion [10].

Direct partial oxidation in contrast has been claimed

to occur over Rh and Pt coated monoliths in ultra short

contact time reactors above 10008C [11±14]. Direct

partial oxidation was also reported over Ru/TiO2 [15]

and over Ni/CaO�2Al2O3 [16]. The oxidation state, or

degree of oxidation of the metal is suggested to play a

crucial role in the selectivity between direct partial

oxidation and direct full oxidation. However, the
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mechanistic aspects of the partial oxidation over these

catalysts are still unknown.

In this paper, we report on the oxidative conversion

of methane over yttria/zirconia, which is a mixed

oxide catalyst suitable for direct partial oxidation

[17]. Steady state and transient kinetics measurements

in combination with kinetic modeling are used to

elucidate the possible mechanistic steps over this

catalyst.

2. Experimental

The yttria/zirconia mixed oxide catalyst was pre-

pared from powder (Zircar), obtained from Gimex,

that consists of 12 wt.% yttria in zirconia. The powder

was pressed, crushed and sieved to a 0.3±0.6 mm

particles fraction. After calcination at 9008C for

15 h, a BET surface area of 20 m2/g was measured.

Catalytic experiments were carried out in a quartz

tubular ¯ow reactor with a 5 mm internal diameter. A

gas ¯ow of 170 ml/min containing He, CH4, O2 and N2

in the ratio of 13:2:1:1 with a total pressure of 1 bar

was passed through the reactor. The catalyst bed was

diluted with 50 wt.% quartz particles with the same

diameter of 0.3±0.6 mm. The 76 vol.% He dilution

and the addition of the quartz particles are used to

avoid signi®cant temperature deviations between the

catalyst particles and the oven temperature arising

from the exothermicity of the reactions.

The product gases were analysed with a Varian

3300 GC equipped with TCD and a 3 m�1/8 inch

Carboxan 1000 column with He as a carrier gas.

Conversions (X) and yields (Y) are calculated as:
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Pulse experiments were conducted at atmospheric

conditions in a quartz tubular reactor with a 4 mm

internal diameter. Prior to the pulses the catalyst was

heated in ¯owing oxygen up to 8008C. After 30 min at

8008C, oxygen was replaced by helium for 30 min.

Subsequently, methane pulses were admitted. The

products H2, H2O, CO and CO2 were measured by

mass spectrometer using masses 2, 18, 28 and 44.

3. Results

3.1. Steady-state performance

Fig. 1 presents conversions and yields from oxida-

tive conversion of methane over 300 mg yttria/zirco-

nia between 5508C and 9008C. Signi®cant

contribution of gas phase reactions is excluded based

on the measurement of negligible conversions in

absence of the catalyst. Under the current set of

reaction conditions the catalyst was active above

5508C. The products were CO, CO2, H2O and H2.

At temperatures above 8008C some ethane and ethy-

lene were detected as well. Between 8508C and 9008C
the oxygen conversion was complete. The amount of

C2 products still increased with temperature causing

an increase in methane conversion and water yield.

Above 8508C the CO and CO2 yields did not change

markedly with temperature, while the hydrogen yield

showed some decrease in favor of water.

To distinguish between primary and secondary

reaction products the inter-dependencies of conver-

sion and selectivity were measured by variation of the

contact time. Fig. 2 shows the yields of CO and CO2 at

different methane conversions. The results were

obtained from a series of experiments at 6008C with

a constant gas ¯ow and different catalyst loadings to

avoid the possibility of mass transfer effects. The

graph shows that CO and CO2 yields depend linearly

upon conversion.

Fig. 1. Conversion and yield plot for partial oxidation of methane

with 300 mg of 12 wt.% yttria/zirconia mixed oxide catalyst as a

function of temperature (yields are normalised to CH4 feed).
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Fig. 3 shows the CO and the H2 selectivity as a

function of the methane conversion. The results were

obtained at 7008C with different amounts of catalyst.

The graph shows that the CO selectivity and the H2

selectivity are constant at 61% and 36%, respectively.

3.2. Kinetics

The in¯uence of temperature and partial pressure of

reactants and products on CO and CO2 formation was

investigated. A summary of the results from the

kinetic measurements is given in Table 1. The appar-

ent activation energy for CO formation was 114 kJ/

mol, while 105 kJ/mol was found for the CO2 forma-

tion. The apparent reaction orders were measured at

6008C under differential conditions (conversion <5%).

From the formed products only water showed signi®-

cant in¯uence on the reaction rate and was therefore

added to the reactant feed. With respect to the methane

partial pressure (varied between 30 and 235 mbar), the

order for CO and CO2 formation were 0.9 and 0.8,

respectively. With respect to the oxygen partial pres-

sure (varied between 3 and 88 mbar) the reaction

orders were 0.9 and 1.0 for CO and CO2 formation,

respectively. With respect to the water partial pressure

(varied between 3 and 41 mbar) the reaction orders

wereÿ0.5 andÿ0.4 for the formation of CO and CO2,

respectively.

3.3. Methane pulse experiments

The role of lattice oxygen for methane conversion

was tested by means of pulse experiments. The cat-

alyst was pretreated with oxygen at 8008C for 30 min

followed by ¯ushing with helium at the same tem-

perature for further 30 min to remove gas phase and

adsorbed oxygen. Fig. 4 shows a representative result.

The methane conversion was approximately 5% and

Fig. 2. CO and CO2 yield as a function of methane conversion

measured at 6008C, using catalyst loadings of 20, 100, 300, 600

and 1090 mg.

Fig. 3. The selectivity of CO and H2 versus methane conversion at

7008C.

Table 1

Kinetic parameters for 12 wt.% yttria/zirconia

Primary

reaction

Apparent

activation energy

Reaction orders for

CH4 O2 H2O

CO formation 114 kJ/mol 0.9 0.9 ÿ0.5

CO2 formation 105 kJ/mol 0.8 1.0 ÿ0.4

Fig. 4. Methane pulse over 300 mg yttria/zirconia after pre-

treatment of 30 min in oxygen followed by 30 min in helium,

both at 8008C.
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CO, CO2, H2 and H2O were formed. The CO selec-

tivity was close to 70% and the H2:CO ratio was 1.

Water showed a very broad peak indicating a strong

interaction with the catalyst.

4. Discussion

As outlined above partial oxidation of methane may

occur via two different mechanisms, i.e., direct partial

oxidation or total oxidation followed by reforming

reactions [9]. Characteristic for the indirect route is

that all oxygen must be used up, before signi®cant

amounts of CO and H2 are formed. Thus, the presence

of CO in the products, before all oxygen is converted,

indicates direct partial oxidation. Note that we have

excluded the possibility of oxygen slip through the

catalyst bed by varying the bed height. Direct evidence

for the primary formation of CO is seen also from the

conversion/yield plot (Fig. 2). The straight lines for

CO and CO2 indicate that CO and CO2 are primary

products and are not interconverted under our experi-

mental conditions.

As to be expected from Fig. 2 the addition of CO2 to

the reactants did not signi®cantly in¯uence the pro-

duct distribution. This excludes the possibility of CO

formation from fast CO2 reforming and simulta-

neously excludes the possibility that CO is formed

via the reverse water gas shift (CO2�H2!CO�H2O).

Table 1 also shows that CO is not formed from steam

reforming since steam decreases the CO formation

rate.

Though the constant hydrogen selectivity up to

30% methane conversion shown in Fig. 3 indicates

the absence of secondary reactions for hydrogen, we

see a small decrease of the hydrogen yield above

8508C which is only partly the result of the increasing

formation of C2's and water by methane coupling

(see Fig. 1). Zirconia is known to be active for

hydrogenation e.g. butene hydrogenation [18] and

isosynthesis [19]. The dissociative adsorption of

hydrogen to form hydroxyl groups proceeds readily

on zirconia. However, below full oxygen conversion

hydrogen oxidation was not observed in partial oxida-

tion of methane. This agrees with results of Ouyang

et al. [20], who observed that the OH groups formed

on the most active sites for H2 dissociation disap-

peared under conditions where other hydrocarbons

were present. These sites were preferentially covered

with methoxy and formate groups. Thus, during our

measurements no secondary reaction occurs until

part of the catalyst is not in contact with gas phase

oxygen anymore and the coverage of the competing

adsorbates decreases.

We have so far concluded that the mixed yttria/

zirconia oxide does catalyze direct partial oxidation of

methane albeit not with 100% selectivity. But even

taking into account the competing reaction to CO2, the

water yield is too high and the hydrogen yield is too

low to account for a partial oxidation reaction accord-

ing to the reaction CH4�1/2O2!CO�2H2. This sug-

gests that water is also a primary product in the direct

partial oxidation and that the overall reaction proceeds

according to Eq. (1).

CH4 � O2 ! CO� H2 � H2O (1)

Kinetic modeling (see Fig. 5) shows that the overall

reaction can be described well with the contribution of

partial oxidation according to Eq. (1) and full oxidation.

Then, the question arises in what elementary reac-

tion steps CO, H2 and H2O are formed and how the

parallel formation of CO2 is linked to the overall

reaction. First we analyze the evidence for the parti-

cipation of adsorbed or lattice oxygen in the oxidation,

i.e., whether the reaction follows a `Langmuir-Hin-

shelwood' or a `Mars van Krevelen' mechanism. The

key experiment in that respect is shown in Fig. 4. The

Fig. 5. Best fit for the partial oxidation experiment with 300 mg

12 wt.% yttria/zirconia mixed oxide using partial oxidation

according to reaction 1 with r � k1exp�ÿ114 � 103=RT� � CH4 � O2�
H2Oÿ1=2 and full oxidation with r � k2exp�ÿ105 � 103=RT� � CH4�
O2 � H2Oÿ1=2. (Arrows point from measured data to fitted line.)
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evolution of products seen here stems from exposing

the oxidized catalyst to a pulse of methane. Approxi-

mately equal amounts of H2 and CO were formed

together with a smaller peak of CO2 from the complete

oxidation. Water was evolving in a rather broad peak

with the maximum shifted towards longer residence

times compared to the maximum of H2 and CO

evolution. This indicates that water is quite strongly

adsorbed on yttria/zirconia even at such high reaction

temperatures, and agrees with the negative reaction

orders of ÿ0.5 and ÿ0.4 that were found for water

with respect to CO and CO2 formation. Since the total

product composition also agrees well with the steady-

state results a `Mars van Krevelen'-type mechanism is

concluded to be the foundation for the oxidation

reactions that proceed under the methane oxidation

conditions.

Having established that lattice oxygen is active for

forming CO, CO2 and H2O, we turn to the question of

how methane is activated. Following results for

methane activation on metal surfaces the interaction

of methane with the oxidic surface will start with the

dissociative adsorption of methane to form a hydroxyl

group with lattice oxygen and a methyl group. The

active site for this reaction can be a coordinatively

unsaturated cation where methane dissociates hetero-

lytically. CHÿ3 forms a methyl group on the Lewis site

and H� is accepted on the adjacent lattice oxygen [21].

A second possibility is the homolytic dissociation of

methane. In this case the active sites would be coor-

dinatively unsaturated Oÿ oxygen sites that form a

methoxy and a hydroxyl species [22]. In case of

heterolytic dissociation the methyl is likely to undergo

oxygen insertion or migration to a coordinatively

unsaturated lattice oxygen to form a methoxy group

[23,24]. In that context it is important to note that

yttria/zirconia mixed oxides are known to have a

defect structure that is dominated by oxygen vacan-

cies, which allows a relatively high mobility of the

oxygen anions [25±28]. Thus, the interaction of

methane with the oxide surface in both cases

leads to the formation of a methoxy and a hydroxyl

group.

As is mentioned in the work of Finocchio et al.

[29], in case of a stable molecule like methane the

dissociation of the ®rst C±H bond requires consider-

ably more energy then the dissociation of a C±H

bond in the formed surface species. Consequently, a

C±H bond in the methoxy is dissociated to form a

second OH group and the remaining OCH2 forms a

dioxymethylene.

The dioxymethylene can be considered the precur-

sor of formaldehyde that easily decomposes to CO and

H2 at the temperatures applied for methane oxidation.

This is supported by measurements of Busca et al.

[30], who showed that the primary adsorbate from

formaldehyde over zirconia, thoria and titania [31] is

dioxymethylene. Furthermore, the formation of CO

and H2 from sorbed formaldehyde was proposed by

Wada et al. on the basis of a kinetic study over

lanthanum±boron oxides [32,33].

The two OH groups formed in the process of

methane decomposition can eliminate water, leaving

an oxygen vacancy and a free lattice oxygen site. The

oxygen vacancies from decomposition of the dioxy-

methylene and water elimination are replenished by

gas phase oxygen, closing the catalytic cycle. The

negative reaction order in water (ÿ0.5) suggests the

interaction with water to be reversible and the cover-

age of hydroxyl groups to be relatively high. This also

suggests that the sites for water formation are involved

in the rate determining step for the formation of CO

and CO2.

Finally, we are left to explain the parallel formation

of CO2. The studies of Busca et al. also showed that

upon heating above 300 K the dioxymethylene species

react to form methoxy and formate. This means that

under the reaction conditions used in our experiments

parallel to the decomposition of dioxymethylene

disproportionation to formate and methoxy species

may occur �2OCH2O2ÿ
2 �s�!CH3Oÿ�s��OCHO�s��

O2ÿ�s� � eÿ�. With surface oxygen readily available

the formate can transform to a bicarbonate which

subsequently decomposes to form CO2 and a hydroxyl

group. Infrared studies on CO2 interaction with zir-

conia by He et al. [34] support that bicarbonate is a

precursor for CO2 formation. Note that in the process

of CO2 formation all methane hydrogen ends up as

hydroxyl groups that will be eliminated to form water

molecules. As with the other reaction the catalytic

cycle is thought to be closed by chemisorption of

oxygen.

Comparing the routes to CO and CO2 formation one

can conclude that to increase the CO selectivity the

concentration of free O2ÿ(s) sites should be lowered.

In total the formation of CO2 from dioxymethelene
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�O C H2O2ÿ�s� � 2 O2ÿ�s� ! C O2�g� � 2 O Hÿ�s��
2VO�s� � 4eÿ� requires more free O2ÿ sites than CO

formation. The kinetic measurements showed that

both CO and CO2 formation have a reaction order

for oxygen close to 1. This leads to conclude that the

variation of the oxygen partial pressure in the range

applied during the kinetic measurements did not sig-

ni®cantly vary the concentration of free O2ÿ(s) sites.

Since variation of the oxygen partial pressure does

in¯uence the reaction rates, the rate determining step

must involve a gas phase oxygen related species other

than normal O2ÿ(s) sites. This brings us back to the

possible active site for methane activation. If we

accept the homolytic dissociation of methane as the

rate determining step, the concentration of Oÿ(s)

species changes the reaction rate. The Oÿ species

may be formed from reaction of gas phase oxygen

with oxygen vacancies according to O2�g� � VO�s��
eÿ $ Oÿ2 �s�;Oÿ2 �s� � eÿ $ O2ÿ

2 �s�, followed by

O2ÿ
2 �s� � VO�s� $ 2Oÿ�s�. Eventually, the majority

of these Oÿ(s) sites form O2ÿ(s) sites; Oÿ�s� � eÿ

$ O2ÿ�s�. If the reaction of gas phase oxygen with

vacancies is considered to proceed relatively fast the

concentration of O2ÿ(s) sites can be high and almost

unaffected by the oxygen gas phase concentration

while only a low concentration of Oÿ(s) as the stable

intermediate is present to activate methane. Finally a

summary of the proposed mechanism is presented in

Fig. 6.

5. Conclusions

Yttria/zirconia is able to catalyse the direct partial

oxidation of methane via CH4 � O2 ! CO� H2�
H2O. Next to this selective oxidation reaction the full

oxidation of methane to CO2 and H2O occurs as a

primary reaction. Both reactions involve a Mars van

Krevelen oxidation reduction route with lattice oxy-

gen sites. Contribution of secondary reactions over

yttria/zirconia is small. The mechanism of the selec-

tive oxidation is proposed to proceed via the decom-

position of a formaldehyde intermediate, while carbon

dioxide is formed via the decomposition of a bicar-

bonate. With the activation of methane over Oÿ(s)

sites as the rate determining step the mechanism

supports the ®rst order reaction kinetics in both oxy-

gen and methane for the partial and the full oxidation.
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