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Oxygen surface mobility on oxides-supported metals has been studied for many years in our laboratory. The first step of the process is the activation of the oxygen molecule on the metal particle. Measurements of the kinetics of the adsorptiondesorption of oxygen on metal surfaces were possible by the way of isotopic exchange studies. The influence of the nature of the metal, of the accessibility of the metal, of the oxide support are reviewed.

Introduction

A lot of work has already been done for a better understanding of surface mobility phenomena. In fact mobile surface species were rapidly shown to be largely involved in many catalytic processes. It is now well established that surface migration may participate:

• In catalytic cycles for the transfer of reaction intermediates between active sites during bifunctional reactions. • In the catalyst activation.

• In the prevention of the catalyst deactivation. • In the catalyst regeneration.

In the case of hydrogen mobility an incredible amount of publications appeared in the past decades. Up to now, four International Symposia have been quite exclusively devoted to the presentation of researches dealing with hydrogen spillover and surface migration [START_REF]Spillover of adsorbed species[END_REF][START_REF]Second conference on spillover[END_REF][START_REF]New aspects of spillover effect in catalysis[END_REF][START_REF] Li | Spillover and migration of surface species on catalysts[END_REF]. Spillover was defined as involving the 'transport of an active species sorbed or formed on a first phase onto another phase that does not under the same condition sorb or form the species. The result may be the reaction of this species on the second phase with other sorbing gases and/or reaction with, and/or activation of the second phase' [START_REF] Conner | Discussions[END_REF][START_REF] Conner | [END_REF]. Hydrogen spillover was then presented as being involved in lots of reactions and abusively used to tentatively explain many intriguing results.

Much less attention has been paid to oxygen mobility. Nevertheless, Delmon was one of the first to outline the importance of spillover oxygen in selective catalytic oxidation reactions [START_REF] Weng | Second conference on spillover[END_REF][START_REF] Qiu | Second conference on spillover[END_REF][START_REF] Delmon | [END_REF][10][11][12][13][14][15], induced phase stabilization preventing catalysts deactivation [START_REF] Qiu | Second conference on spillover[END_REF]16] and catalyst regeneration processes [START_REF] Zhou | Second conference on spillover[END_REF]. The evidence of oxygen mobility came from the synergetic or cooperative effect observed between phases of multicomponent catalysts used in industrial oxidation processes [START_REF] Ruiz | [END_REF][START_REF] Weng | Proceedings of the Eleventh International Congress on Catalysis[END_REF][START_REF] Weng | [END_REF]. A new type of mechanism, denoted 1 remote control, was then proposed and described as follows: 'Acceptor A carries the functions necessary for oxidation, while donor D, which is not active when alone in the reaction test, activates molecular oxygen into a special mobile oxygen species. This special oxygen can migrate onto the surface of acceptor A to create new selective centers and/or regenerate the centers which become deactivated during the reaction' [START_REF] Weng | Second conference on spillover[END_REF]21]. This mechanism was used to explain the specific activity of some oxides mechanical mixtures (MoO 3 -Sb 2 O 4 , SnO 2 -Sb 2 O 4 , ...) in the selective catalytic oxidation of isobutene to methacrolein [START_REF] Weng | Second conference on spillover[END_REF]10,14,22,23]. In the case of MoO 3 -Sb 2 O 4 catalysts, Sb 2 O 4 , which is inactive in oxidation reactions, was shown to be responsible for the production of spillover oxygen accelerating the reoxidation of the reduced Mo oxide and cleaning the carbon deposit off the MoO 3 active surface [START_REF] Zhou | Second conference on spillover[END_REF]24,25]. More lately, oxygen spillover was proposed to induce the creation of new selective sites as it triggers the reconstruction of the active surface during catalysis [10,26,27].

In what follows, taking some distance with strictly speaking spillover phenomena, let us focus on a brief review of direct oxygen mobility measurements. 18 O/ 16 O isotopic exchange proved to be a powerful technique to study migration processes on oxides. This methodology was, for example, successfully applied to evidence oxygen surface mobility during selective oxidation on multicomponent oxide catalysts [28]. On simple oxides, kinetic and mechanistic informations were collected. More recently, our studies concentrated on the study of the oxygen activation on the catalyst, which represents the very first step of the migration process. In fact, the metal particle acts as a porthole for the subsequent migration of oxygen on the oxide support. Therefore the role of the metal is crucial and the influence of various parameters has been analyzed.

Experimental

Isotopic exchange experiments were carried out in a recirculated batch reactor coupled with a Quadrupole Mass Spectrometer (BALZERS QMS 420). The home made apparatus used for these studies was described in earlier publications [29][30][31][32]. A recirculating pump is necessary to avoid any diffusion and mass transport effects in the gas phase that would limit the changes in partial pressure measured by the mass spectrometer. Before reaction, samples may be pretreated in situ in any conditions and at any temperature. For the reaction, pure gases were used. 16 O 2 , ≥99.995% pure, was delivered by Alphagaz and 18 O 2 , provided by Isotec Inc., was ≥99% pure. During the exchange itself, the evolution of the oxygen isotopomer partial pressures above the catalyst was monitored by mass spectrometry. Mass 28 was routinely recorded to detect any possible leak in the reactor.

The whole process of exchange may be schematically represented as shown in Fig. 1. On oxide-supported metals, 18 O/ 16 O exchange occurs through a sequence of well differentiated steps: 1. Dissociative adsorption of 18 O 2 on the metal particle. 2. Transfer of 18 O atoms from the metal to the support. 3. Surface migration of 18 O atoms on the support. 4. Exchange of 18 O atoms with 16 O atoms of the surface. 5. Finally, every step i is coupled with step -i corresponding to the reverse route for the exchanged species.

Depending on the reaction temperature, two other steps may be encountered. 1. Internal (bulk) migration and exchange of 18 O with 16 O atoms of the support. 2. Direct exchange of 18 O 2 (g) with oxygen atoms of the support. Strictly looking to oxygen surface migration on oxides, that is, assuming no bulk diffusion and no direct exchange, three types of exchanges can occur according to either Boreskov [33], Winter [34] or Novakova [35]: 1. Homoexchange (Type I, R 3 , R): without participation of oxygen atoms of the solid 18 O 2 (g)

+ 18 O 2 (g) → 2 18 O 16 O 2 (g)
Three mechanisms can occur according to the number of adsorbed oxygen atoms involved in the reaction [33,[START_REF] Ozaki | Isotopic Studies of Heterogeneous Catalysis[END_REF][START_REF] Klier | [END_REF][38]. That is:

• Oxygen atoms exchange without the participation of adsorbed species [START_REF] Schwab | Proceedings of the Second International Congress on Catalysis[END_REF] through a four-atom intermediate [START_REF] Hirota | [END_REF].

Fig. 1. Schematic of the isotopic exchange mechanism between 18 O 2 (g) and 16 O atoms (or ions) of an oxide-supported metal catalyst.

• The reaction obeys a Rideal-Eley mechanism between a gas phase molecule and one adsorbed atom. • Homoexchange occurs between two pairs of adsorbed atoms (Bonhoeffer-Farkas mechanism). 2. Simple heteroexchange (Type II, R 1 ,R ′ ): between one oxygen atom of a dioxygen molecule and one oxygen atom of the solid Then, two types of experiments may be carried out: 1. Homoexchange, also denoted 'equilibration', when the adsorption-desorption on the metal particle is rate limiting. This type of exchange corresponds to an equilibration of two oxygen isotopomers at the catalyst surface. In most cases, this reaction is much more rapid on the metal than on the support and in what follows, we will only consider homoexchange on the metal. Experiments are carried out with an equimolar mixture of 16 O 2 and 18 O 2 and the partial pressure in 16 O 18 O is followed as a function of time. Equilibration experiments give useful information on the oxygen activation process at the surface of metallic particles. 2. Heteroexchange, simply denoted 'isotopic exchange'.

In that case, pure 18 O 2 is initially introduced in the reactor and the formation of 18 O 16 O and 16 O 2 is monitored. These measurements provide a direct estimation of the oxygen surface migration kinetics. Nevertheless, three conditions must be fulfilled to get reliable data: exchange must occur via the metal particle (the rate of direct exchange is negligible), surface migration must be the rate-determining step and exchange must exclusively occur with surface atoms. For a further interpretation of these two types of measurements, several parameters may be calculated.

From homoexchange experiments, the initial rate of equilibration, used to compare the activity of the metal in the activation of oxygen, is systematically given by

r q (t = 0) = N g 2P 0 dP18 O 16 O dt t=0
Nevertheless the rate equation depends on the mechanism of homoexchange. Different methods were in fact developed for the purpose of more fundamental and mechanistic studies [33,34,[START_REF] Ozaki | Isotopic Studies of Heterogeneous Catalysis[END_REF][START_REF] Klier | [END_REF][41][42][43].

On the other hand, the rate of isotopic exchange may be accessed from the mass balance in 18 O atoms during heteroexchange experiments. Neglecting the 18 O accumulation in metal particles, we get

r e =-N g dα g dt with dα g dt =- 1 P 0 dP18 O 16 O 2dt + dP16 O 16 O dt
The rate of exchange is then calculated from the initial slopes of the plots 'partial pressure' versus 'time'.

The number of atoms of the oxide support exchanged is given by N e =N g (1-α g ).

Furthermore, informations on the mechanism of exchange may be obtained from the relative evolution of the oxygen isotopomers' partial pressure at the beginning of the reaction. The type of mechanism also gives indication on the nature of mobile oxygen species.

Finally, when exchange is controlled by surface diffusion on the support, a good measurement of the surface mobility is obtained. Metal particles are then in equilibrium with the gas phase and there is no gradient of concentration across the metal/support interface. The driving force is the labeled-oxygen concentration gradient at the support surface along the x-axis. Surface diffusivities can be determined from the model developed by Kramer and Andre [44], assimilating metal particles, randomly distributed on the support, to circular sources of diffusing oxygen species. The amount of oxygen species diffusing on the support is then given by 

N e = 2 √ π C m 18 I 0 D s t

Results and discussion

The study of the 16 O/ 18 O homoexchange (or equilibration) on metals is a refined way of looking at the oxygen activation on the catalyst. In fact, 16 O/ 18 O homoexchange is a measurement of the overall rate of adsorption-desorption (Steps 1 and -1 in Fig. 1). The metal particle acts as a porthole for the heteroexchange of oxygen with surface species on the support (Fig. 1).

These preliminary measurements are always required before to go any further in the study of oxygen migration on oxide surfaces. In fact, a fast equilibration is necessary for a correct measurement of surface mobilities.

Data found in the literature or collected in our laboratory concerning equilibration rates over various metals (Group VIII, copper, nickel) are now discussed. In fact this reaction was largely investigated by Duprez et al. [29,31,[START_REF] Duprez | Second conference on spillover[END_REF][START_REF] Kacimi | [END_REF][START_REF] Kacimi | [END_REF][48][49][50]. A wide number of systems have been studied including various oxides (Table 1).

The main results are summarized in Tables 234567. First of all, 16 O/ 18 O equilibration is much slower than the corresponding reaction with hydrogen. Therefore oxygen equilibration is generally carried out at higher temperatures, typically within the 250-500 • C temperature range. Under such conditions, metals are partially or totally oxidized.

Relative activities of metals in the activation of oxygen

One of the first studies carried out in the laboratory by Kacimi [START_REF] Kacimi | [END_REF] dealt with the characterization of Al 2 O 3 supported Cu and Ni catalysts. At 350 • C, Cu is the only one to be active in the equilibration of oxygen. Furthermore, the activity of copper was shown to be directly proportional to the surface area of the metal particles.

Later, Rh and Pt catalysts were studied. Whatever the support (alumina or zirconia), Rh was always presented as the most active metal [30,48,51]. On ZrO 2 -supported systems, the rate of equilibration on Pt is 10 times lower than on Rh, so that the adsorption-desorption on the surface of the Pt particles is limiting the whole process of exchange on the catalyst up to 450 • C [30]. Therefore, for subsequent measurements of surface mobility, rhodium should be chosen. In that case, the limi- tation by the adsorption-desorption on the metal is minimum.

Comparing Rh and Pd catalysts [50,51], Pd was presented as mostly inactive for the equilibration of oxygen. A factor of 6000 was calculated between the rate of equilibration on Rh and Pd.

Very recent measurements on ceria and cerium-zirconium mixed oxides supported noble metals further showed that Ru was at least 10,000 times more active than Pd for the activation of oxygen [52].

Finally, according to Table 2, the relative activities in 16 O/ 18 O equilibration at 300 • C of solids prepared with chlorine-free precursors would be: Ru>Rh>Pt>Pd≈Cu>Ni≈0. Nevertheless, the relative activity of these metals may be affected by their dispersion and by the support (see Sections 3.3 and 3.4).

The great activity of rhodium was related to its p-semiconductor character when oxidized, with a high population of oxygen species loosely bonded to the surface.

Influence of the oxygen partial pressure on the activation of oxygen

As shown in Table 3, the rate of equilibration at 400 • Cona␥-Al 2 O 3 supported rhodium increases lin-early with the oxygen partial pressure. The equilibration reaction rate is thus first order in oxygen which means that the adsorption on the Rh particle becomes rate limiting at 400 • C.

Effect of the support on the activation of oxygen

To distinguish the influence of the support on the equilibration reaction on the metal particle a wide number of oxides supported rhodium catalysts (Table 4) have been studied.

The first series of experiments were carried out at 400 • C on various alumina supported rhodium dechlorinated catalysts [29,31]. The rates measured are remarkably identical whatever the 'origin' of the alumina. Nevertheless, compared to the rates measured at 300 • C, they are relatively small. This is probably due to the presence of residual Cl species (see Section 3.5).

More recently Martin [30] extended this study to four other simple oxides: SiO 2 , ZrO 2 , MgO and CeO 2 . Except for SiO 2 , no clear influence of the support was seen on the rate of equilibration. The very low activity of rhodium supported on silica could be attributed to some kind of SMSI effect. Recently Sadi et al. [53] showed that the reduction in hydrogen of a Rh/SiO 2 catalyst above 500 • C led to the appearance of reduced centres on the silica surface. The silicon formed can then react with Rh particles to form intermetallic compounds like Rh 2 Si present as relatively flat particles spread on the support. So, at moderate temperature (400-500 • C), some rhodium silicide may already have been formed. In fact, the accessibility of the metal is poor on both systems with dispersion as low as 9%. Furthermore it was also demonstrated by TPR/TPO measurements that silica may inhibit the reoxidation of Rh in Rh/SiO 2 systems [54].

In the literature, 16 O/ 18 O isotopic equilibration on metals is presented as being support-sensitive, particularly with reducible supports with whom SMSI effects can occur. Shpiro et al. [55] showed that the rate of equilibration at 20 • C over Rh/TiO 2 and Pt/TiO 2 strongly depends on the reduction temperature of the catalyst. The rate is maximum for catalysts reduced at 300 • C while it decreases abruptly after reduction above 500 • C. Moreover, all catalysts show an induction period where oxygen equilibration occurs at a slower rate. After the induction period, the reaction rate increases by a factor of 3 to 8. Apparently, for catalysts reduced at 300 • C, the reaction is slightly faster on Pt (5×10 16 atoms m -2 metal s -1 ) than on Rh (2.5×10 16 atoms m -2 metal s -1 ). Those results differ from the relative values obtained on alumina-supported metals at 300 • C, where rhodium is much more active than platinum (Table 2). Two reasons can be proposed to explain these differences. First of all, the activation energy for O 2 equilibration is likely to be lower on Pt/TiO 2 than on Rh/TiO 2 . On alumina, E a =62±4kJmol -1 for Pt and 75±5kJmol -1 for Rh [31]. On zirconia-supported metals the difference is even greater: E a =37 kJ mol -1 for Pt and 80 kJ mol -1 for Rh [32]. If we assume that activation energies do not change with temperature, the activity ratio A Rh /A Pt should increase by a factor of 14 between 20 and 300 • C for Al 2 O 3 catalysts and by a factor of 4500 for ZrO 2 catalysts. The relatively high activity of Pt at low temperature is then coherent with the differences in activation energies between the two metals. The second reason concerns a possible effect of TiO 2 on 16 O 2 / 18 O 2 equilibration. Shpiro et al. [55] did not determine the activation energies for their titania catalysts. However we can reasonably assume E a >30 kJ mol -1 , so that the estimated intrinsic rates at 300 • C should vary between 10 19 and 10 20 atoms m -2 metal s -1 for Pt/TiO 2 and Rh/TiO 2 . These rates are one order of magnitude higher than those measured for alumina-supported catalysts. This observation suggests that specific sites localized at the metal/support interface are active sites for 16 O 2 / 18 O 2 homoexchange. A reduction of the catalysts at high temperature would lead both to an incorporation of metal atoms into the oxygen vacancy sites (geometric effects) and to metal-Ti 3+ interactions (electronic effects). According to Shpiro et al. [55], filling oxygen vacancies and increasing the electron density on the metal leads to a decrease of 16 O 2 / 18 O 2 homoexchange rate. Significant equilibration rates were also obtained by Cunningham et al. on RhO x /CeO 2 at ambient temperature [56,57]. In their experiments, active sites for exchange are Rh cations closely associated with cerium oxide:

Rh 2 O 3 + 2Ce x Ce + O x o ⇔ 2Rh ′ Ce + V * * o + 2CeO 2 using Kroger-Vink's notations
Although no clear indications about the sample weight and the rhodium dispersion were given by Cunningham et al., a minimum rate of 10 16 atoms m -2 metal s -1 can be estimated from the results obtained on a 2%RhO x /CeO 2 sample at 18 • C. This is close to the value found by Shpiro et al. [55] for Rh/TiO 2 catalysts.

Finally, new studies on Ce x Zr (1-x) O 2 (0≤x≤1) supported rhodium catalysts [58] confirmed the limited influence of the support on the adsorption-desorption process on the metal particle at 300 • C.

Looking at Table 4 and excluding Rh/SiO 2 samples, one can see that all rates of oxygen equilibration at 300 • C are in the 10 18 -10 19 range. A factor of only 20 is observed between the most and the less active Rh-catalyst. Everything proceeds without the participation of the support. This kind of study gives a good measurement of the oxygen adsorption and desorption on the metal surface, without interference with the oxide support. 16 O/ 18 O equilibration is a structure-sensitive reaction. Nevertheless, if we compare the results obtained on fresh and sintered alumina supported catalysts to look at particle size effects, all metal supported catalysts are not affected in the same way (Table 5). In general, Pt catalysts are much more sensitive to particle size variations than Rh and Pd catalysts. It clearly appears that the 16 O 2 + 18 O 2 equilibration reaction is only slightly sensitive to the Rh particles size. In fact the rate of equilibration varies by a factor of only 3 to 4 when the dispersion decreases by a factor of 11. On platinum the variations are much more important with a factor of almost 45 on the rate of equilibration when the dispersion of the metallic phase varies by a factor of 15. The reaction is faster on larger Pt particles [48,51,59] while the opposite occurs with rhodium [48,50,51,59]. On palladium systems, no real influence was seen [50].

Sensitivity of the oxygen activation process to the metal dispersion

On ceria-alumina the same type of evolutions are observed. Nevertheless the variations are more limited (Table 6).

The 16 O/ 18 O isotopic exchange that occurs during thermal desorption of oxygen from polycrystalline rhodium was investigated by Matsushima [60]. O 2 chemisorbed at very low temperature (-148 • C) desorbs in two steps with: (i) a low-temperature (LT) peak at -110 • C, resulting from the O 2 molecular adsorption and (ii) a high-temperature (HT) peak, with a maximum varying from 450 (at high oxygen coverage) to 850 • C (at low coverage), resulting from the oxygen atomic adsorption. When 18 O 2 is adsorbed at -148 • C after preadsorption of 16 O 2 , no exchange is found in the LT peak while a significant exchange can be observed in the HT peak. This means that O 2 dissociation is necessary for isotopic equilibration to occur on rhodium. Moreover, the higher 18 O/ 16 O ratio in the LT peak indicates that most of the atomically adsorbed oxygen is 16 O, the first to be adsorbed. Similar peaks were observed by Gland et al. [61] or by Sobyanin et al. [62] on Pt. However on Pt, by contrast with Rh, the isotopic ratio in the molecular peak and in the atomic peak is almost equal. This means that in the case of Pt the fraction of dissociated O 2 slightly depends on the oxygen coverage. On Rh the fraction of dissociated O 2 is significantly greater at lower coverage. The behavior of platinum single crystals was investigated by Sobyanin [62]. Pt (1 1 1) is much more active for oxygen equilibration than Pt (1 1 0), while Pt (1 0 0) is quite inactive. This structure sensitivity can explain the differences in activity found on Pt/Al 2 O 3 catalysts as a function of Pt particle size.

Effect of surface contaminants (Cl, S, ...)o n the activation of oxygen

It clearly appears from Table 7 that chloride ions behave as a poison for the equilibration reaction. One can even notice that Rh is about five times more sensitive to the presence of chloride ions than Pt [49]. The impact of chlorine was also shown to be a function of the oxide support [59]. In fact in the case of CeO 2 -Al 2 O 3 , the rate of equilibration is more strongly affected by the presence of chlorine.

It is currently admitted that most of these Cl ions are located on the support in the vicinity of the metal particles. However it was shown by EXAFS [63] and by SIMS [64] that some Cl atoms are still bound to the metal after high-temperature oxidation or reduction. This could explain the inhibiting effect of chlorine during equilibration.

Exactly the same effect was observed with sulfur [59]. It has a poisoning effect on the 16 O 2 + 18 O 2 equilibration reaction which is again more pronounced on CeO 2 -Al 2 O 3 than on CeO 2 . 16 O/ 18 O equilibration is also sensitive to adatoms present on supported metal catalysts. Masai et al. [65][66][START_REF] Nishiyama | Second conference on spillover[END_REF] investigated the effect of tin on oxygen homoexchange over Rh/SiO 2 and Ru/SiO 2 catalysts at very low temperature (-160 to -80 • C). Under these conditions, noble metals essentially remain in a zero-valence state. The presence of tin increases the rate of equilibration on Rh and Ru by two orders of magnitude. It is assumed that oxygen molecules are dissociatively adsorbed on Rh or Ru. Adsorbed oxygen atoms can spillover the catalyst to adjacent tin atoms where their recombination is easier than on noble metals.

Conclusions

The study of the kinetics of oxygen homoexchange reaction is a powerful way of getting informations on the oxygen activation on oxide supported metals.

We evidenced a strong influence of the nature of the metal itself. It appeared that Rh and Ru are the most active metals for the 16 O 2 + 18 O 2 equilibration reaction. Therefore, one of these metals should systematically be used for further studies of the oxygen migration on the surface of oxides. In fact, adsorption-desorption of the oxygen on the metal particle needs to be fast if one wants to get a reliable measurement of the oxygen surface diffusion.

Furthermore, while the influence of the support seems to be limited in the case of Rh-catalysts, it was shown that both the accessibility of the metal and the presence of surface contaminants (Cl, S) have a large impact on the oxygen activation at the surface of metals.

Therefore, taking advantage of the sensibility of the 16 O 2 + 18 O 2 equilibration reaction to both the nature of the metal and the metallic surface area, this 'test' reaction can be used for the determination of the surface composition of bimetallic systems. The surface enrichment in one of the metal (surface segregation) may be evidenced. This approach was even used to investigate the influence of aging treatments under various conditions on the surface composition of PtRh/Al 2 O 3 [48,49,59], PdRh/Al 2 O 3 [50] and PtRh/CeO 2 -Al 2 O 3 [48,59] catalysts.

Nomenclature

(g) refers to the gas phase α g atomic fraction of 18 O in gas phase at time t (s) denotes atoms of the oxide C 18 m surface concentration of 18 O atoms on the metal particles (atoms m -2 ) D s surface diffusion coefficient of oxygen on the support (m 2 s -1 ) I 0 specific perimeter of the metal particles (m g -1 ) N e number of atoms of the support exchanged at time t N g number of 18 O + 16 O atoms in the gas phase P 0 total pressure r e rate of 18 O exchange with the support (atoms min -1 g -1 ) r q rate of ( 

Table 2 18

 2 O 2 + 16 O 2 equilibration data -effect of the nature of the metal

	Catalyst						Metal	Temperature	Rate of equilibration	Relative	Reference
								dispersion (%)	( • C)	(atoms m -2 metal s -1 )	activity a
	0.5Rh/Al 1	b	87	300	6.0×10 18	353	[30,48,51]
	0.5Rh/Al 1	b	87	300	1.0×10 19	588	[50]
	1.2Pt/Al 1	c		57	300	1.7×10 16	1	[48,51]
	0.5Pd/Al 1	d	38	300	7.5×10 14	0.04	[51]
	0.5Pd/Al 1	d	38	300	1.6×10 15	0.09	[50]
	0.6Rh/Zr 1		b	66	300	1.1×10 18	65	[30]
	0.6Rh/Zr 2		b	61	300	1.9×10 19	1118	[30]
	1.2Pt/Zr 1	c			24	300	1.1×10 18	65	[30]
	0.5Rh/CeAl b	84	300	3.1×10 18	182	[48]
	1Pt/CeAl c			84	300	2.8×10 17	17	[48]
	0.9Pd/Ce 1	e	65	300	1.1×10 16	0.65	[52]
	0.8Ru/Ce 1	f	4	300	1.3×10 20	7647	[52]
	0.9Pd/CeZr 1	e	60	300	5.2×10 15	0.31	[52]
	0.9Ru/CeZr 1	f	7	300	7.1×10 19	4176	[52]
	4Cu/Si 1	g					13	300	4.5×10 14	0.03	[46]
	20Ni/Si 1	g				15	350	1.6×10 13	0.001	[46]

a Base 1 for 1.2Pt/Al 1 . b Impregnated using Rh(NO 3 ) 3 . c Impregnated using Pt(NH 3 ) 2 (NO 2 ) 2 . d Impregnated using Pd(C 5 H 7 O 2 ) 2 . e Impregnated using Pd(NO 3 ) 2 . f Impregnated using Ru(C 5 H 7 O 2 ) 3 . g Impregnated using nitrate precursors.

Table 3 18

 3 O 2 + 16 O 2 equilibration data -effect of the total pressure (50% 18 O 2 +50% 16 O 2 )

	Catalyst		Metal	Temperature	Pressure	Rate of equilibration	Reference
			dispersion (%)	( • C)	(Torr)	(atoms m -2 metal s -1 )	
	0.5Rh/Al 2	a	80	400	14	1.3×10 18	[29,45]
	0.5Rh/Al 2	a	80	400	21	2.1×10 18	[29,45]
	0.5Rh/Al 2	a	80	400	30	3.2×10 18	[29,45]
	0.5Rh/Al 2	a	80	400	42	3.9×10 18	[29,45]
	a Samples initially prepared using RhCl 3 •3H 2 O and further dechlorinated under H 2 /10%H 2 O at 500 • C for 5 h (residual content in Cl=0.18%).

Table 4 18

 4 O 2 + 16 O 2 equilibration over Rhodium catalysts -support effects Impregnated using RhCl 3 •3H 2 O and further dechlorinated under H 2 /10%H 2 Oa t4 5 0 • C for 5 h. b Impregnated using RhCl 3 •3H 2 O and further dechlorinated under H 2 /10%H 2 Oa t5 0 0 • C for 5 h.

	Catalyst						Metal dispersion (%)	Temperature ( • C)	Rate of equilibration (atoms m -2 metal s -1 )	Reference
	0.6Rh/Al 2	a			75	400	3.1×10 18	[29,31]
	0.5Rh/Al 2	a			80	400	3.1×10 18	[29,31]
	0.6Rh/Al 3	a			55	400	3.6×10 18	[29,31]
	0.6Rh/Al 4	a			50	400	3.5×10 18	[29,31]
	0.6Rh/Cr 2 O 3	b	22	400	1.4×10 18	[29]
	0.5Rh/Al 1	c			87	300	6.0×10 18	[30]
	0.6Rh/Zr 1	c			66	300	1.1×10 18	[30]
	0.6Rh/Zr 2	c			61	300	1.9×10 19	[30]
	0.6Rh/Si 2	c			37	300	8.8×10 16	[30]
	0.6Rh/Si 1	c			9	300	3.2×10 16	[30]
	0.6Rh/MgO c			46	300	1.4×10 19	[30]
	0.6Rh/Ce 2	c			32	300	5.1×10 18	[30]
	0.3Rh/Ce 1	c			56	300	2.0×10 19	[58]
	0.3Rh/Zr 3	c			44	300	1.3×10 19	[58]
	0.3Rh/CeZr 1	c	85	300	1.0×10 19	[58]
	0.3Rh/CeZr 2	c	65	300	1.3×10 19	[58]

a c Impregnated using Rh(NO 3 ) 3 .

Table 5

 5 

	18 O 2 + 16 O 2 equilibration at 300 • C -metal dispersion effects
	Catalyst				Metal dispersion (%)	Rate of equilibration (atoms m -2 metal s -1 )	Reference
	0.5Rh/Al 1	a	87	6.0×10 18	[48,51,59]
	0.5Rh/Al 1	a	54	3.5×10 18	[59]
	0.5Rh/Al 1	a	40	4.1×10 18	[59]
	0.5Rh/Al 1	a	25	1.5×10 18	[48,59]
	0.5Rh/Al 1	a	8	2.0×10 18	[48,51,59]
	0.5Rh/Al 1	a	87	1.0×10 19	[50]
	0.5Rh/Al 1	a	55	2.1×10 18	[50]
	0.5Rh/Al 1	a	6	7.5×10 17	[50]
	1.2Pt/Al 1	b	57	1.7×10 16	[48,51,59]
	1.2Pt/Al 1	b	13	6.5×10 16	[59]
	1.2Pt/Al 1	b	12	3.0×10 17	[59]
	1.2Pt/Al 1	b	7	1.8×10 17	[48,51,59]
	1.2Pt/Al 1	b	4	7.6×10 17	[48,51,59]
	0.5Pd/Al 1	c	38	1.6×10 15	[50]
	0.5Pd/Al 1	c	15	7.3×10 14	[50]
	0.5Pd/Al 1	c	8	1.7×10 15	[50]
	a Impregnated using Rh(NO 3 ) 3 .
	b Impregnated using Pt(NH 3 ) 2 (NO 2 ) 2 .
	c impregnated using Pd(C 5 H 7 O 2 ) 2 .
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 6 O 2 + 16 O 2 equilibration at 200 • C -role of cerium Impregnated using RhCl 3 •3H 2 O and further dechlorinated under H 2 /10%H 2 Oa t4 0 0 • C.

	Catalyst			Metal	Rate of equilibration	Reference
				dispersion (%)	(atoms m -2 metal s -1 )
	0.5Rh/CeAl a	84	3.1×10 18	[48]
	0.5Rh/CeAl a	35	4.0×10 18	[48]
	0.5Rh/CeAl a	14	5.5×10 18	[48]
	1Pt/CeAl b		84	2.8×10 17	[48]
	1Pt/CeAl b		31	5.0×10 16	[48]
	1Pt/CeAl b		4	1.2×10 18	[48]
	a Impregnated using Rh(NO 3 ) 3 .
	b Impregnated using Pt(NH 3 ) 2 (NO 2 ) 2 .
	Table 7				
	18 O 2 + 16 O 2 equilibration at 300 • C -chlorine effects
	Catalyst			Metal	Rate of equilibration	Reference
				dispersion (%)	(atoms m -2 metal s -1 )
	0.5Rh/Al 2	a	95	2.4×10 16	[46,49]
	0.5Rh/Al 2	b	91	5.1×10 17	[46,49]
	0.6Rh/Al 2	a	80	1.7×10 17	[29]
	0.6Rh/Al 2	b	75	1.0×10 18	[29]
	0.5Pt/Al 2	a	95	6.7×10 15	[46,49]
	0.5Pt/Al 2	b	42	2.7×10 16	[46,49]

a Impregnated using RhCl 3 •3H 2 O. b

  18 O + 16 O 2 ) equilibration t time T temperature of exchange

O 2 (g) + 16 O(s) → 18 O 16 O(g) + 18 O(s) 3. Multiple heteroexchange (Type III, R 2 ,R ′′ ): between a dioxygen molecule and two oxygen atoms of the solid 18 O 2 (g) + 16 O 16 O(s) → 16 O 2 (g) + 18 O 18 O(s)