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Abstract

The catalytic combustion of carbon monoxide over ceria, lanthana, and their mixed oxides has been studied under reaction conditions
free from heat and mass transfer limitations. The bulk structures, surface compositions, and surface areas of the catalysts were determine:
by XRD, XPS, and BET methods, respectively. Doping either ceria or lanthana with low levels of the other oxide retards the reaction. The
reaction order on carbon monoxide is almost first-order over ceria, but over the lanthana-containing catalysts it changes from positive to
negative with increasing partial pressure. With all catalysts, the rate tends to zeroth order on oxygen with increasing partial pressure. An
extended study was made of the major solid solution, lanthana-in-ceria, which operated near-threshold temperatures is poisoned by lanthane
The active centres are ensembles of cerium atoms, the size being lowered by lanthanum. The retardation is discussed in terms of interaction
between cerium ensembles and anionic vacancies.
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1. Introduction been predicted to be exothermic at the surface, especially at
the (110) and (310) surfaces, but endothermic in the bulk [9].
The catalytic activity of ceria in the oxidation of carbon However, this stems mainly from the dependence of the sub-
monoxide is well known. Rienaker and co-workers reported stitution energy of C&" for Ce** in the lattice rather than
the efficacy of pure ceria and of its mixed oxides with alu- the contribution to the reaction enthalpy from the energy of
mina [1], thoria [2], and lanthana [3]. Catalytic activity was the formation of the vacancy.
associated with electrical conductivity and lattice structure, In a review of the catalytic oxidation of carbon monox-
although these early authors recognised that to enable acide by ceria-based materials, Trovarelli [12] proposed two
curate formulation of the reaction mechanism a quantitative mechanisms: a stepwise redox mechanism and a concerted
analysis of the catalyst surface was required. In the case ofmechanism. In the former, adsorbed carbon monoxide is
pure ceria, the transfer of lattice oxygen to adsorbed carbonoxidised by transfer of lattice oxide that is replenished by
monoxide was confirmed as an oxidation route in several adsorption of molecular oxygen on the transient oxygen va-
laboratories [4-8]. Breysse et al. [4,5] further related the cancy. In the concerted mechanism adsorbed carbon monox-
catalyst activity of pure ceria directly to its electrical conduc- ide reacts with an active surface oxygen.
tiVity when the latter alters in response to the concentration Dopmg ceria with lower valent cations creates oxygen
of intrinsic anionic vacancies, these in turn being controlled yacancies, manifested by increased electrical conductiv-
by reactant partial pressures. Theoretical treatments have rai'ty [13] Small such cations preferentia”y migrate to the
tionalised the mechanism of oxygen transfer [9-11], suppos-syrface [14], with the anion vacancies being expected to do
ing that intrinsic oxygen vacancies play a pivotal role in the |jkewise [11]. It has been proposed that the defective sur-
catalytic oxidation of carbon monoxide. Modelling the oXi-  face of these materials may enhance the catalytic properties
dation of carbon monoxide by oxygen transfer from ceria has f these doped solids relative to pure ceria [14]. Although
several examples of cation segregation in oxide systems are
~* Corresponding author. known [15], it is perhaps surprising that doping ceria with
E-mail addressakb@warwick.ac.uk (A.K. Bhattacharya). a series of trivalent oxides had little or no effect on its cat-
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alytic activity for the oxidation of carbon monoxide: activity 400 um. Before catalytic reaction testing, the stored samples
did not correlate with either the concentration of extrinsic were heated to 60T in air.
anion vacancies or oxygen mobility [16]. In fact, Rienaker
and Wu [3] reported that doping ceria catalysts with lan- 2.2. Reactor
thana retarded the oxidation despite later being effective in
stabilising the catalysts’ surface areas, a feature attributed Gases of known composition are introduced from cylin-
to an association of an oxygen vacancy with its progenitor ders via Brooks 5850 mass flow controllers. The microre-
dopant ion [17]. Thus, superficially extrinsic oxygen vacan- actor consists oﬁ-, %—, and 1—16—in. stainless steel tubs con-
cies appear not to promote the catalytic oxidation of carbon nected using Swageloc fittings. The system is operated at
monoxide. atmospheric pressure, with negligible pressure drop across
A possible determinant of catalytic activity, claimed for the catalyst bed. The reactant gases were mixed in the man-
the promotion of methane combustion by partial substitution ifold section, which included a 7-um filter, pre-heated to
of Ce in ceria with isovalentions, is crystallite size where the 120°C, and delivered to a heated quartz reaction tube. The
smaller, more defective fluorite structures are credited with fixed catalyst bed consists of a cylindrical plug of 200- to
raising activityvia increased oxygen mobility [18]. How-  400-um catalyst particles, 10-mm length, and 4-mm diam-
ever, we would respectfully point out that, indexed relative eter. Product gases were analysed by gas chromatography
to their surface areas, this range of catalysts exhibited no in-(Hewlett-Packard model 5890) using a Carboxen 1000 col-
crease in their specific activities. umn and mass spectroscopy (Fisons Instruments).
Kundakovic and Flytzani-Stephanopoulos [19] alterna-
tively attributed the promotion by lanthana of the ceria- 2.3. Catalysttesting
catalysed oxidation of methane to several factors, including
smaller ceria crystal size, increased reducibility, and the in- ~ The catalyst bed comprised a weighed amount (about
troduction of extrinsic oxygen vacancies. 0.2 g) of particles (200-400 pm) located within a quartz
Despite catalysis being a surface phenomenon, none oftubular reactor (4-mm i.d.) packed, with tapping, into a
the past studies of catalytic activity correlated catalyst per- length of at least 20 mm. The reacting gases were delivered
formance with the composition of the surface. as 10% CO in nitrogen (25 miin) and 21% Q in helium
To explore the source of the activation in the catalytic oxi- (118 mi/min), generating a linear gas velocity of 19 ¢sn
dation of carbon monoxide, the aim of the present work was At 380°C, tests showed that the oxidation rate increased
to measure the specific activities, crystallite sizes, and sur-With linear gas velocity up to about 10 ¢gmand thereafter

face compositions, identify the bulk structures, and sketch 'émained invariant with a gas rate up to 40/smThe con-
reaction kinetics over the entire composition range of ceria— Version of carbon monoxide and the formation of carbon

lanthana mixed oxides. Over the major part of the compo- dioxide were measured: the mass balance was=133@ with

sitional range, up ta = 0.6 in Ce,_,La,O,_, 2, the gen- 95% confidence limits.

eral formula for these mixed oxides, lanthana forms a solid )

solution in ceria; above = 0.9, ceria forms a solid solu-  2-4- Temperature-programmed desorption (TPD)

tion in lanthana; the range between= 0.6 andx = 0.9 L ) ) i

results in the formation of mixed phases [20]. Although ac- ~ Following initial TPDs in a helium carrier and subse-
tivity indices over the whole range of oxide compositions are duent adsorption of carbon monoxide at 340for 1 h, two

presented here, the complexity of the responses outside th&'@sses of TPD were performed: oxidative single-stage and
lanthan-in-ceria solutions enforces a postponement of their Wo-stage TPD, first in a helium carrier and then in oxygen-

detailed analysis. At this stage, we have focused on the be-
haviour of the latter solutions. A minor study of dopants
other than lanthana is included.

in-helium.

3. Results

3.1. Oxidation rate as a function of mixed oxide

2. Experimental composition: effect aof in of Ce,_,La,Oo_y /2

2.1. Catalyst preparation The stationary reaction rate at 310 formed the basis
of this comparative study of catalyst activity as a function
Mixed oxide catalysts of the general formula;Cel a, of oxide composition. Pass-conversions of carbon monoxide

O2_,,2 were prepared by co-precipitation from nitrates were in the range 0.3-5%. The results are presented in Fig. 1
(Ce(NG)3 - 6H2O (99.99%, Alfa), La(NQ@)s - 6HO as functions of bulk and surface compositions.

(99.999%, Aldrich)) with ammonium bicarbonate, washed  Doping either ceria or lanthana with low levels of the
free of alkali, dried in air at 110C, powdered, decomposed other oxide strongly retards catalyst activity. Up to the
in air at 45C°C, calcined at 800C for 8 h and sized to 200— lanthana-in-ceria solution limit in the range bulk= xp =



Rate (Mol CO, hr” m” x10%)

Fig. 1. Specific activity as a function of mixed oxide composition: (a) bulk and (b) surface.
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Fig. 2. Apparent energy of activation (a) and apparent specific pre-exponential factor (b) as functions of the catalyst surface composition.

0.5-0.6 [20], the catalytic activity diminishes progressively the two activity maxima are replaced by single peaks when
with addition of lanthana. Above this limit, in exhibitingtwo  the surface lanthanum ionic fraction is about 0.9. The pair of
maxima, the patterns of activity become extremely irregular. theta equations is, respectively,

Analyses of the surface segregation isotherms of the
Iantha_na-in-ceria sqlutions rgsult in simplle empirical repre- IN(A) = —6.5+ 1.0E,
sentations, suggesting consistency of their surface structures
and energies [20]. Since catalysis is a surface phenomenonin(A) = —-1.5+ 0.7E.
this encourages the presentation of the results in terms of the
surface composition. With the lanthana-in-ceria solid solutions, our main theme,

The temperature dependencies of the activities enablethe concentration-dependent retardation of catalytic activity
their resolution into apparent energies of activation and ap- is attributed to an increasing energy of activation at low lev-
parent specific pre-exponential factors. These are displayedels of lanthanum and to a decreasing pre-exponential factor
as functions of the surface composition in Fig. 2. at high levels.

The dependence of the apparent energy of activation on To summarise, with the lanthana-in-ceria solutions, in-
the composition of the surface of this range of mixed ox- creasing levels of lanthana progressively retard the catalytic
ides is complex. It may be viewed as exhibiting two maxima: action of ceria yet exhibit a maximum in the energy of
arounded first peak achieved at between a surface lanthanunactivation and the pre-exponential factor. We have already
ionic fraction,xs, of 0.1 and 0.2, and a second sharp peak established that these solutions exhibit surface segregation
atxsof 0.9. isotherms with consistent descriptive constants. With the

Similar to the composition dependency of the energy ceria-in-lanthana solutions, the patterns of activity are ir-
term, the pre-exponential factor shows two maxima: a high regular in exhibiting two maxima, although these reduce
first peak at betweens of 0.1 and 0.2 and a second low to a single maximum in the energy of activation and pre-
peak atxs of 0.9. Strong compensation effects are appar- exponential factor responses. At this stage, our study of the
ent: with lanthana-in-ceria solutions, the progressively de- segregation isotherms and other data describing the latter so-
creasing catalytic activity induced by lanthana is resolved lutions is incomplete, and consequently, beyond an outline
into single peaks in both the activation energy and pre- description of the pure lanthana case, we shall concern our-
exponential terms whereas with ceria-in-lanthana solutions, selves only with the catalytic action of lanthanides in ceria.
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Table 1
Oxidation rate as a function of composition ofCgLnyOz_ /2
Ce La Pr Gd Nb Surface area Rate Specific rate
(1-x) (m2/g) (mol of COy/(h kg)) (310°C) (mol of COy/(hm?)) (x103) (560°C)
1 0 0 0 0 152 1593 0.105
0.8 0.2 0 0 0 139 0.347 0.025
0.8 0 02 0 0 179 0.559 0.031
0.8 01 01 0 0 190 0.561 0.029
0.8 0 0 Q2 0 186 0.350 0.019
0.975 Q025 0 0 0 1293 0603 0.047
0.98 0 0 0 0025 150 153 0.104
3.2. Oxidation rate as a function of mixed oxide When the oxygen partial pressure is raised, the initial rate
composition: effect of Ln in of Ge,Ln,Oz_, 2 diminishes with time. When the oxygen partial pressure is

lowered, the reverse phenomenon is observed. The results
Table 1 presents the variation in oxidation rate with mixed presented here are the stationary rates achieved after an ex-
oxides of ceria with lanthana, gadolinia, preseodymia, and tended period of operation. At low oxygen partial pressures,
niobia. the rate of the CO oxidation reaction is found to increase
Gadolinia and preseodymia retard the catalytic activity in proportion to the square root of oxygen partial pressure,
of ceria to a degree similar to that exhibited by lanthana, Po,. Further increases o, have progressively less ef-

whereas niobia has no effect. fect on the reaction rate, eventually establishing an apparent
zeroeth order. The effect of the full range®§, can be rep-
3.3. Kinetics of catalytic oxidation resented by the expression

3.3.1. Over ceria rate= 27y/(%02) / (1+ 9V (%0y) ). (2)

The responses to changing the partial pressures of carborThe retardation of the oxidation by carbon dioxide was mea-
monoxide, oxygen, and carbon dioxide, at constant partial sured by its inclusion in the reaction feed gases. The re-
pressures of the other two gases, are presented in Fig. 3.  sponse may be represented by the equation

The apparent order on CO partial pressure is approxi- 1.8

mately 0.8, which is in good agreement with that reported by rate= 5 5 TR )
Breysse [21]. Alternatively and preferably the results may be [1+4 0.1(%CQ) + 0.04(%CO)?]

represented by the Langmuir-type isotherm expression: 3.3.2. Over lanthana

rate— 1.3(%CO)/(1 i 0_3(%(:0)). ) The responses to changing the partial pressures of carbon

monoxide, oxygen, and carbon dioxide, at constant partial
Adsorption of CO on ceria has been reported as obeying apressures of the other two gases, are presented in Fig. 4.
Langmuir adsorption isotherm [22]. At the partial pressures At the threshold temperature of 310, the catalytic oxi-
generated by the product carbon dioxide, its retardation ef- dation rate increases faster than first order with CO pressure
fect is negligible (see later). but the low pass yields limit the accuracy of the data. Oper-
The responses of the rate of oxidation to changes in oxy- ating at higher temperatures improves the quality of the data,
gen partial pressure are dependent on the duration of the testwhich is modelled later. At 340 and 37Q, Fig. 4a shows
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Fig. 3. The responses of the reaction rate over ceria to the partial pressures of (a) carbon monoxide, (b) oxygen, and (c) carbon dioxide.
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Fig. 4. The responses of the reaction rate over lanthana to the partial pressures of (a) carbon monoxide, (b) oxygen, and (c) carbon dioxideeEtet solid |
the highest temperatures correspond to the model.

the positive responses at low CO pressures becoming nega3.4. Temperature-programmed desorption
tive at high CO pressures.

In contrast to the hysteresis exhibited with ceria catalysts,  The results of the single-stage oxidative desorptions are
stationary rates of oxidation were quickly established after presented in Fig. 6. Up to a surface lanthanum ionic frac-
step changes in oxygen partial pressure. The data in Fig. 4ltion of 0.79, corresponding to the bulk solubility limit of
show the reaction order oRp, ranging from 0.3 to 0.7 at  lanthana-in-ceria, the amount of absorbed carbon monox-
340 and 370C, respectively, generating amean value of 0.5. ide increases smoothly in approximate proportion to the
Compared to the strong retardation by carbon dioxide over lanthanum content. Above this level, the adsorption pat-
ceria, Fig. 4c shows its effect on carbon monoxide oxidation tern changes to include a maximum. Table 2 presents the
over lanthana to be weak. results of the two-stage TPDs. Adsorption of carbon monox-

Carbon dioxide is adsorbed on lanthana with a range of ide on ceria as carbonyl, carbonite (€0), and carbonate,
binding strengths yet the apparent activation energy (notthe latter with concomitant reduction of ceria [12,22], is
shown) of the oxidation of carbon monoxide was changed manifested by the major release as carbon dioxide in the
little by the presence of carbon dioxide. It may be concluded first-stage desorption. Despite its much lower surface area,
that the carbon dioxide is only weakly adsorbed on the sites lanthana adsorbs far more carbon monoxide, releasing some
active in the catalytic oxidation of carbon monoxide over as carbon dioxide in the first-stage desorption but addition-
lanthana. ally generating a carbonaceous residue desorbed as carbon

dioxide in the oxidative second-stage desorption.
3.3.3. Over Cggslap.0501.875

The responses of the reaction to changing the partial pres-3.5. Crystal size of Ge,La,O2_, > catalysts
sures of carbon monoxide, oxygen, and carbon dioxide over
this oxide are presented in Fig. 5, where they are also com- It has been suggested that crystallite size is a determinant

pared to models developed later. of the catalytic activity of ceria systems in the oxidation of
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Fig. 5. The responses of the reaction rate ovey égkag 0501 g75to the partial pressures of (a) carbon monoxide, (b) oxygen, and (c) carbon dioxide.
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4. Discussion

15 XRD of the present catalysts distinguished three struc-
A tures formed over the complete range of oxide compositions:
10 a solid solution of lanthana in ceria is formed up to a bulk
m lanthanum ionic fractionyp, of about 0.6; a mixed phase
- betweenxy of 0.6 and 0.9; and a solid solution of ceria in
S lanthana when, exceeds 0.90. We have presented data on
' the physical characteristics of these catalysts and quantita-
0 tively modelled the surface segregation data elsewhere [20].
I N T R R We aim to apply this data in the analysis of the present
060 02 04 06 08 10 lanthanum concentration-dependent retardation of the ceria-
Surface xin Ce. La O catalysed oxidation of carbon monoxide. We have already
e noted that, over the range of the lanthana-in-ceria solution,
Fig. 6. The specific oxidative desorption of carbon monoxide adsorbate the retardation increases smoothly with lanthanum concen-
(formed at 340 C) as a function of mixed oxide surface composition. tration but that the patterns of activity become irregular at
higher concentrations. For these reasons we confine the dis-
cussion to catalysts forming lanthana-in-ceria solutions.
The results also show that the apparent energy of activa-

Mol CO, /m’ (x 10 *)

Table 2
The desorption of carbon oxides following adsorption of carbon monoxide tion and the pre-exponential factor respond systematically
on ceria and lanthana (desorbate as umol per square metre of oxide) with surface-segregated lanthanum concentratigiising
Oxide StTPD d Tpp with xs at low levels and falling at high levels.

co <o co  co A further refinement of the discussion is perhaps apt. The
Ceria 16 14 0 0.2 standard measurements of catalytic activity were performed
Lanthana 8.7 4.6 0 18  atlow partial pressures and close to the threshold reaction

temperature of the least active catalysts using gas compo-
sitions with a twenty-fold stoichiometric excess of oxygen.
At the conditions, the oxidation rate was almost zeroeth or-
methane [19]. To test this hypothesis in the present case, dataler in oxygen but responded to oxygen pressure if that were
on the crystal size and specific activity of the present range lowered by an order of magnitude. It always responded to
of pure and mixed oxide catalysts are displayed in Fig. 7. carbon monoxide pressure; hence, it can be anticipated that
Fig. 7a shows that increasing the lanthanum atomic fraction the reactivity patterns will reflect the activation of carbon
results in progressively smaller crystal sizes and decreasingmonoxide rather than of oxygen.

specific activities until a minimum is reached in the range

x = 0.6-0.7, the solubility limit of lanthana in ceria, after 4.1. Kinetics over ceria

which additional lanthanum results in enlarged crystallites

and higher specific activities. Stabilising crystallite size in Over ceria, the reaction order is first, or nearly first, on
lanthanum-doped ceria has been reported previously [17].carbon monoxide pressure, while the order on oxygen is
Fig. 7b visualises specific activity increasing with crystallite  more complex; it varies from half-order at low oxygen pres-

size. sures to zeroeth order for higher pressures. Ceria exhibits
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Fig. 7. (a) Crystallite size as a function of composition and (b) specific activity as a function of crystallite size.
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partial reversible adsorption of carbon monoxide. A con- Computerised curve fitting of the experimental data to
certed reaction scheme is proposed that assumes LangmuirEg. (6) generates insignificant values for the terms contain-
style adsorption isotherms, a random distribution of sites, ing K and K, compared to that based dii;. With the
and an oxidation rate proportional to the product of the cov- simplified denominator, the fit is optimised at= 2, en-
erages of adsorbed carbon monoxide and adsorbed atomi@abling Eq. (6) to be written as

oxygen:

Oz(g) 4+ 2CE€" < 2CE~Ofaqs, rale= (1+ K(co, P&o)?’

4+ +_

COg +Ce™ < Se“ COtads- . wherek, = 56 andK co), = 2. Fig. 4a compares the exper-

Ce—Oadg + CE""—COagg — CEF + C&M—COpags, imental and modelled data at 370.

Ce**—COpags <> CE"" + COyq). IAt gogstazg’; p?rtial Sressures of two g}l‘ tr:je thr'ee'gases]c iﬂ-

volved, Eq. (5) also reduces to reasonable descriptions of the

+ +

Ce™~COyats <> CE™* + COy(g). responses to variations in the partial pressure oxygen and

rate= k(Ko, Po,)*°KcoPco carbon dioxide as shown in Fig. 4.

/((1+ (Ko,Po,)*® + KEG Peo,)

N
x (1+ KcoPeo+ KSS, Pcoy))- (4)

At constant partial pressures of two of the three gases in- AS Over lanthana, the response of the oxidation rate

to variation of the partial pressure of carbon monoxide is

volved, this relationship reduces to reasonable descriptions | h del is based bui
of each of the three experimental responses of the oxidation®CMP!€X The model, Eq. (8), is ased on contributions
rate over ceria to variations in the partial pressure of the third from ceria-style and lanthana-style kinetics as expressed in

gas as shown in Fig. 3. Egs. (4) and (7), respectively,

kngo

(7)

4.3. Kinetics over the mixed oxide €&#lLag.0501.875

a(%CO)? c(%CO) 8

T (14+b(%CO2)2 14 d(%CO)’ ®)

Over lanthana, the response of the oxidation rate to par-wherea, b, ¢, andd are constants taking, at 460G, the val-
tial pressure of carbon monoxide is complex: a second-orderues 121, 16, 3, and 3.4, respectively. Fig. 8 compares the
dependency at low partial pressures and a strong retardaexperimental and modelled data. According to this model,
tion at high partial pressures. Lanthana also exhibits partly some 85% of the oxidation rate would originate from the
reversible adsorption of carbon monoxide. A concerted oxi- ceria-style component of Eq. (8). This compares with a sur-
dation process is proposed, comprising the following steps: face atomic fraction of 0.82 cerium. The oxygen dependency

may be represented by
Oz(g) + 2S5« 25-Q

nCQOg + S« (CO-S rate= 3/(%02) / (1 + 2.4/ (%0y) ). (9)
(CO),~S+ S-0+S— S-CQ~S+ (CO),—1-S
(CO),—1-S+ CO(g) ~ (CO),—-S§

4.2. Kinetics over lanthana rate

S—CQ—S@ COZ(g) + 2S r B Experiment
S represents a site capable of adsorbing molecular oxygen“-A Modelled
dissociatively and of adsorbing CO in states such thit 2 20F
greater than or equal to 2 (see later discussion of TPD re-~_
sults). The rate-limiting reaction is between the adsorbed ~ 15 |
carbon monoxide and adsorbed oxygen, provided thereisan
adjacent S site to adsorb the resulting carbon dioxide. On 8 Lok
this basis, = '
rate= k4PgoPé£ 2 E 05
D
/(1+ KcoPco+ K(co, Péo+ - 3
+ K(co), Péo+ KlPé/2 + Kco, Pcoz)z- (5) T
n 2 1 L 1 L | L 1
At constant partial pressures of oxygen and carbon dioxide 0.0 0.5 10 15 20
Eq. (5) reduces to % CO

kngo (6) Fig. 8. Reaction rate as a function of carbon monoxide partial pressure over
(1+ KePco+ K7P2o+ -+ Ky PLo)? Cep.g5La0.0501.875

rate=
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4.4. TPD of carbon monoxide adsorbate may be very approximately represented by the equation
Both the ceria and lanthana catalysts studied here exhib—Specmc activity = specific activity, x (1 —x9)", (10)
ited partially reversible adsorption of carbon monoxide in Where specific activity = specific activity at coverages,

a helium atmosphere with the desorbate additionally con- SPecific activity = specific activity over pure cerias =
taining carbon dioxide. The concomitant reduction of ce- surface coverage by passivating lanthanum atomspaad

ria affords a ready rationalisation of that source of car- nhumber of cerium atoms in the active ensemble—a general
bon dioxide, where carbon monoxide adsorbate has beerfelationship promulgated by Andersen et al. [24] to deter-
reported as containing linearly adsorbed CO, carbonates,mi”e_ the critical size of .active ensemb!es. The mean valge
and carbonites [12,22]. Carbon monoxide adsorbate on lan-Of 7 is about 6, suggesting that the active site contains this
thana has been reported as comprising carbonite and keteni@umber of cerium atoms. The fit is improveduifis evalu-
dimer [23], but in contrast to the cerium case, the adsorbate@t€d as a function ofs. Fig. 9b compares the experimental
contained a fraction, which was desorbed only after oxida- data and the Andersen model modified according to

tion with molecular oxygen. Itis likely that some scission of ,, _ g 2g_ 21.7xs+ 15.4)65' (11)
carbon—oxygen bonds occurred, possibly in a Boudouard- o . ) )
style disproportionation of adsorbed carbon monoxide. The From an initial value of about 9 in ceria, the apparent size
essential point is that the carbon monoxide adsorbates on ce®f the active ensemble decreases linearly wiflip to about

ria and lanthana behaved very differently, providing the basis *'s = 0-1-0.2 but thereafter increases as the second-order ef-

for a progressive change in the mechanism of the oxidation €t contrlkputefs morr]e. However, S#Ch an ana;lyss |mp!|_es a
process across the composition range of the mixed oxides. €0MMON Kinetic scheme across the range of compositions.
Since this is not a characteristic of the present system, this

interpretation of the poisoning requires some modification.
Zamar et al. [18] have discussed the effect of lanthana
on the activity of the ceria-catalysed oxidation of methane
It is proposed that the activity of this range of catalysts in terms of a negative response to crystallite size. Contrast-
stems from adsorbed atoms of oxygen interacting with ad- ingly, Fig. 7b shows that, over the range of the fluorite-struc-
sorbed carbon monoxide, the latter existing as a monomertyred lanthana-in-ceria solid solutions, the specific activity
on ceria and as a dimer on lanthana. At the oxygen partial increases almost linearly with crystallite size. Consequently,
pressures used in the standard tests, the rate was essentialtie Zamar argument is not applicable here. Instead, we in-
zeroeth order in oxygen. It is proposed that the changes interpret the effect of oxide composition in terms of a pro-
the specific reaction rate manifest variations in the activa- gressive shift from a cerium-style catalysis to one dominated
tion of adsorbed carbon monoxide. by lanthanum. We shall propose that the retarding effect of
Over the composition range of the lanthana-in-ceria solid lanthanum is induced by the clustering of oxygen vacancies
solutions, Fig. 1 shows the initial strong poisoning effect rather than by the concomitant diminution of crystallite par-
of lanthana progressively diminishes up to a surface atomicticle size.
fraction of 0.8. Fig. 9a illustrates a modelled specific activ-  Although the specific activity exhibits a consistent poi-
ity, which varies with the reciprocal of the exponential of the soning coefficient, four other characteristics of the reaction
surface concentration of lanthanum, indicating a consistentexhibit dependencies on lanthanum concentration: the re-
poisoning coefficient of lanthanum. Alternatively, the data action order on carbon monoxide, the apparent energy of

4.5. Effect of composition on catalyst specific activity
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activation, the pre-exponential factor, and the retardation mum surface conductivity would be found at a surface ionic
coefficient of carbon dioxide. On the reaction orders, at fraction of lanthanum close to that exhibiting peaks in the en-
the partial pressures of carbon monoxide adopted for theergy of activation and pre-exponential factor of the present
standard tests, the order over ceria is about one whereagatalytic reaction. Thus the peaks may be associated with a
over the lanthana-containing catalysts it is negative. The maximum in the concentration of isolated anionic vacancies.
kinetic schemes suppose a kinetically limiting transfer of Theoretical treatments have already proposed that intrinsic
an adsorbed oxygen species to adsorbed carbon monoxideyxygen vacancies play a pivotal role in the catalytic oxida-
monomeric on ceria and dimeric on lanthanum-containing tion of carbon monoxide [9-11].

catalysts. The auto-retarding effect of carbon monoxide over  Below the peak, the vacancy population and the energy of
lanthanum-containing catalysts is taken as a requirement foractivation of electron transfer from adsorbed carbon monox-
a site adjacent to the active ensemble free to adsorb theide increases with lanthanum, whereas above the peak, va-
product carbon dioxide. On the energy term and the pre- cancy clustering ameliorates this trend. Additionally, it may
exponential factor, these exhibit volcano-style responses tobe noted that the modified exponent of the Andersen model
the concentration of surface lanthanum ionic fraction with (Eq. (11)) included first- and second-order termsa dnsur-
peaks within the range of ionic fractions 0.1-0.2, most prob- face populations of lanthanum and/or oxygen vacancies;
ably at about 0.13. On the retardation by carbon dioxide, it these terms may correspond to isolated and clustered defects,
is strong over ceria but weak over lanthana. respectively.

Regrettably, the kinetic studies were not sufficiently in- At temperatures close to the threshold for activity, ceria
tensive to enable the form of the change to be monitored with catalysts doped with the lower valent ions gadolinia and pre-
respect to oxide composition. However, the kinetic model seodymia are also poisoned relative to that over pure ceria,
over the mixed oxide catalyst examined suitably combines whereas that doped with the higher valent niobia suffered no
those over the pure oxides. We shall assume there to be arsuch poisoning. Since niobia introduces no extrinsic oxygen
oxide composition-dependent shift from one to the other. ion vacancies, the absence of retardation is consistent with
We shall further assume that the shapes of the energy ofthe concepts developed here.
activation and pre-exponential factor as functions of sur-  Of ceria-catalysed oxidations, the present retarding effect
face lanthanumys, that the range of ionic fractions 0.1-0.2 of lanthanum on the oxidation of carbon monoxide contrasts
exhibit a watershed for the change of mechanism; i.e., the strongly with its promotional influence on the conversion of
ceria-style mechanism operates up to this range but is grad-methane [25]. The former is attributed to the impedance of
ually replaced by the lanthana-style mechanism beyond. Weelectron transfer from an ensemble of cerium atoms; the lat-
have already noted that the kinetics ovep @#ag 0501.875 ter is related to synergism between ceria as an oxidant and
where xs is 0.18 corresponds to about 85% of the ceria- lanthana as a base.
style process. Additionally, Fig. 9b suggests that upc$o
of about 0.1-0.2, the apparent size of active cerium ensem-References
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