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Abstract

The oxidation of carbon monoxide under dynamic conditions was studied over a novel nanostruciyli€efe0, , catalyst. CO
temperature-programmed reduction provides a qualitative picture of the reducibility of that catalyst. Step-change experiments in CO concen-
tration in the temperature range between 50 and°258llowed us to estimate the oxygen storage capacity of the catalyst as a function of
temperature. The measured CO and,GE€sponses were used to construct a detailed transient kinetic model based on elementary reaction
steps. In the modeling, elementary reaction steps such as the adsorption of CO on oxidized and reduced catalyst active sites, diffusion of sub
surface lattice oxygen to the surface, reoxidation of reduced catalyst active sites by the subsurface lattice oxygen, and the surface reaction o
CO to CQ were considered. The calculated activation energies for various surface reaction steps were in the range from 9.7 to 39,6 kJ mol
for the catalyst reoxidation step 72.9 kJ mbJ and for the lattice oxygen diffusion in the gyCey 9O, catalyst 40.0 kJ moll. These
values are discussed in detail. The bulk oxygen diffusion coefficient is equal toB)~12 cnm? s~1 at 250°C. This value is in the range of
bulk diffusion coefficients measured over other oxide catalysts.
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1. Introduction but also because it is a catalyst poison for the fuel cell Pt
gas-diffusion anode. Of the currently available methods for
Fuel cell power generation has experienced rapid de-removing CO from a hydrogen-rich atmosphere, the selec-
velopment in recent years for both stationary and vehicle tive catalytic oxidation of CO is the most straightforward,
applications. In the transportation sector, hydrogen-fueled, simple, and cost-effective one.
proton-exchange membrane (PEM) fuel cells hold consid- ~ The novel nanostructured @uCep¢O>—, catalyst is
erable potential for replacing conventional internal combus- proven to be capable of oxidizing CO at high conversion
tion engines. Fuel cell technology not only meets the most in excess of hydrogen with 100% selectivity at°@[1-5].
stringent emission regulations but also possesses the necesrhe selectivity at temperatures higher tharf@0is a func-
sary specific power, power density, and durability. In order tion of stoichiometric ratio of @and CO [4]. Concentrations
to avoid problems associated with hydrogen distribution and of oxygen higher than that required to oxidize CO toCO
storage, H can be produced on board by autothermal re- result in oxidation of H to water. Thus, to keep the se-
forming of hydrogen-rich fuels, preferably renewable ones, |ectivity of the CO oxidation reaction over nanostructured
such as methanol. Generally, the reformate gastypicallycon—cLb_1Ca)_902_y catalysts in excess of hydrogen as high
tains b, COz, H20, traces of unconverted fuel, and, un- a5 possible, the amount of oxygen supplied to a preferen-
fortunately, 0.5-2 vol% CO. It is imperative to lower the | oxidation (PROX) reactor must be as close to a stoi-
concentration of carbon monoxide in the reformer gas be- chiometric ratio as possible. However, the high capacity of
low 100 ppm not only because it is a criterion pollutant Clo.1Cey 902, -nanostructured catalysts to store oxygen [6]
can be used to cope with rapid changes in the concentra-
~* Corresponding author. tion of CO in the PROX reactor inlet stream if it operates
E-mail addressstanko.hocevar@ki.si (S. Bevar). under dynamic conditions. If the PROX reactor operates un-
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der oxygen rich conditions, it stores oxygen, while under modeling of step experiments is shown to be in the range of
oxygen-lean conditions, the catalyst releases oxygen. If, atbulk diffusion coefficients measured over other oxide cata-
some instant, the amount of gas-phase oxygen is not highlysts.

enough to completely oxidize CO, it can be supplied by the

catalyst itself. In this way, no breakthrough of CO in the

PROX reactor outlet stream and the highest selectivity of 2. Experimental

CO oxidation reaction are assured.

If the PROX reactor is to be used on board, it is neces- 2.1. Catalyst preparation and characterization
sary to study the behavior of carbon monoxide oxidation
under transient conditions. The basic principle in studying  The Cu 1Ce 902 -nanostructured catalyst was synthe-
the dynamic behavior of catalytic reactors is as follows: the sized by a sol-gel method as described in [18]. The catalyst
composition of an open reactor inlet stream is perturbed by was then calcined at 65C for 1 h in a flow of dry air. Cata-

a step, pulse, or a square-wave function and the response olyst powder was then used in the experiments. The particle
a system is measured. A transient kinetic model can be con-size of a catalyst was measured by a particle-size analyzer
structed that adequately describes changes in CO and CO (Microtrac, FRA9200). Catalyst-specific surface area was
concentrations in the PROX reactor effluent stream oper- the same as reported in [4].

ated under dynamic conditions. However, a transient kinetic

model is not only important for accurate simulation of the 2.2. The experimental setup

reactor but also provides a detailed insight in the underly-

ing reaction mechanism [7]. It is also an important tool for The experimental setup consisted of a feed, reactor, and
designing commercial reactors. Analysis of data measuredgas analysis sections. The feed section consisted of two sep-
under steady-state conditions, usually, leads to global mod-arate feed lines converging at a four-way chromatographic
els that do not permit a description of the dynamic behavior valve (Valco), by which almost instant switching between
of heterogeneous catalytic reactors for different values of the feed sections could be achieved. This eliminated overshoot
input parameters. For this purpose, it is necessary to haveof the concentration step change (forcing function) that
models of the individual steps, which, however, are very dif- would result from the stopping of the flow through the
ficult to obtain from steady-state experiments [8]. valve [19].

A lot of studies on catalytic oxidation of carbon monox- Reactant gases (Messer Slovenia) were metered by cali-
ide under dynamic conditions refer to the reaction proceed- brated mass flow controllers. In all experiments, He was used
ing over supported noble metal catalysts [7—14]. The numberas a diluent gas. In order to assure a stable flow of carbon
of studies regarding CO oxidation over oxide catalysts is monoxide, mixtures of CO in He with appropriate concen-
substantially lower [15,16]. Even less is the number of stud- trations were prepared in a separate cylinder. In temperature-
ies that include elementary-step modeling of the diffusion programmed reduction (TPR) studies, 1 vol% CO in helium
of subsurface lattice oxygen in carbon monoxide oxidation was used. In transient concentration step experiments, mix-
over oxide catalysts. One of the very few is the study regard- tures of 0.5, 1, and 2 vol% CO in Helium were prepared.

ing oxidation of CO over silica-supported &3 [17]. The reactor consisted of a 4.6-mm-ixl.230-mm-long
In the present study we report on the dynamic oxidation glass tube inserted into a heated aluminum block. The re-
of carbon monoxide over a nanostructuret @Dey g0, actor temperature was measured by a K-type thermocouple

catalyst. First, CO temperature-programmed reduction of thelocated in the middle of the aluminum block close to the
catalyst was employed to get a qualitative picture of re- reactor tube and regulated by a PID temperature controller
ducibility of that catalyst. Next, step-change experiments (Shimaden SR25). In TPR studies, temperature was varied
in CO concentration were used. With the help of those ex- between 30 and 40, while in CO transient step experi-
periments, the oxygen-storage capacity of the catalyst wasments, it was varied between 50 and 280

guantified in the temperature range between 50 and @50 In some preliminary studies, the catalyst powder obtained
A detailed elementary-step model of the CO oxidation over after calcination was pelleted and sieved into fractions of
a Cuwp.1Cey 902 -nanostructured catalyst under dynamic various sizes between 0.1 and 0.6 mm. It was found that
conditions was developed. The model discriminates betweenat temperatures above 225, the catalyst effectiveness fac-
adsorption of carbon monoxide on catalyst inert sites, as well tor [20] drops below 1, thus signifying the presence of con-
as on oxidized and reduced catalyst active sites. Apart fromcentration gradients inside catalyst pellets. For this reason,
that, the diffusion of subsurface species in the catalyst andthe catalyst was not pelleted at all in further experiments.
the reoxidation of reduced catalyst sites by subsurface latticeThe mean patrticle size of such a catalyst powder was equal
oxygen species were considered in the model. The modelto 15 um, while the particle-size distribution was in the range
allows us to calculate activation energies of all elementary from 3 to 50 pm. It was found also that volumetric flow
steps considered as well as the bulk diffusion coefficient of rate of 200 ml/min under standard conditions eliminates
oxygen species in the nanostructured @Dey 902, cata- external mass-transport resistance at a reaction temperature
lyst. The diffusion coefficient obtained by the mathematical of 250°C.
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The temperature in the catalyst bed was measured in acatalyst temperature was lowered to°8under the same
preliminary experiment. It was done by inserting another atmosphere of flowing gases. Next, the flow of oxygen was
thermocouple axially into reactor tube. It was found that in stopped and the catalyst was purged with He (100 mi)

CO step-change experiments, the catalyst bed temperaturéor 1 h. The flow of He was then replaced with 1 vol%
was raised 10C. For that reason, the catalyst was diluted CO/He (100 ml/min) and after 1 min, the temperature ramp
with quartz beads with a dilution ratio 1:8 by mass. This of 10°C/min was started until a temperature of £@was
reduced the increases of the catalyst bed temperature beloweached.

0.9°C, which assures the isothermal conditions. The fraction ~ Before every CO transient kinetic experiment, the same
of quartz beads used in the experiments ranged from 160 tocatalyst pretreatment procedure as in the CO TPR experi-
315 um to avoid a large pressure drop along the reactor. ments was used. When the pretreatment procedure was over,

Mass of catalyst used in experiments was always 200 mg.the catalyst was cooled to 253G under the same flow of
Catalyst and quartz beads were loaded into the reactor ingases. Then, the flow of oxygen was stopped and the flow of
such a way that no catalyst segregation occurred. The dilutedHe was increased to 200 njinin. After 1 h of He purge at
catalyst bed was embedded with pure quartz beads on bott250°C the reactor temperature was set to the desired value.
sides. This arrangement was secured by glass wool on botiNext, the QM spectrometer was calibrated and a transient
sides to keep the bed in a fixed position. experiment was performed.

Responses to the step changes in the concentration of feed When transient kinetic experiments were performed, one
components were measured by a quadrupole mass spectronbatch of catalyst was used in 15 transient runs. After that,
eter (QM) (Leybold PGA 100). A signal was recorded and a new batch of catalyst was used. The activity and stability
analyzed by a PC via RS232 connection. Great care wasof a batch of catalyst when treated in such a manner remain
devoted to use as short conduits as possible between the fourvirtually unchanged [4].
way chromatographic valve and reactor entrance and also
between the reactor exit and capillary that connects reactor
and QM module. Preliminary studies with 1 vol% argon in 3. Reaction mechanism
helium showed that the reactor could be regarded as an ideal
plug-flow reactor. The concentration step change in the re-3.1. CO-TPR of the Gi4Cey g0 ,-nanostructured
actor inlet stream obtained by switching the four-way valve catalyst
could be regarded as an ideal step change (see Section 3.2).

During CO-TPR experiments, intensities in QM signal Fig. 1 shows the CO reduction profile of the nanostruc-
were small and did not allow absolute quantification of re- tured Cy.1Cey9O2—, catalyst. In the figure the CO-con-
action components. However, because the sjgise ratio sumption line is designated by a dashed curve, while the
was still at least 201, semiquantification could be achieved. CO,-formation line by a solid curve. Both lines are strictly
Because of that, the CO and €®ignals are not reported concomitant. Two reduction peaks can be observed: the low-
in partial pressure units but in arbitrary units. In transient temperature reduction peak with a maximum at@nd a
step experiments, QM signals were much more pronounced high-temperature reduction peak that starts rising at’€25
In that case, absolute quantification of CO and,G0uld and has a maximum at 25CQ.
be achieved. The QM was calibrated with gas mixtures of The CO-TPR profile of the nanostructured (GCey g
known composition. Concentrations of CO or £i@ reac- O,_, catalyst prepared by the sol-gel method is similar in
tor effluent stream were then obtained by subtraction of the
baseline from the signal. The signal correspondingto carbon | 140
monoxide atm/e = 28 was corrected further for the error i
that is caused by overlapping with CO signal that is caused — 1207
by CO, fragmentation.
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Prior to all experiments the catalyst was pretreated in situ 4
with a mixture of 20 vol% @ in He (100 mL/min) at 400°C
for 30 min. In order to obtain reproducible kinetic data, the 204
pretreatment procedure was followed by the in situ steady-
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The CO temperature-programmed reduction of the cat-
alyst was performed using the following procedure: before Fig 1. co TPR profile of nanostructured §1Ce 90z, catalyst with
every run, the catalyst pretreatment was employed to reoxi-a CO-consumption line (---) and GGormation line (—). Conditions:
dize completely the catalyst and to clean its surface. Then thermcat= 200 mg,@y = 100 mL min1,
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nature to the K+TPR profile of that catalyst prepared by a 1.0-
coprecipitation [21,22] and impregnation [23] method. The
difference between the 2 and CO-TPR profiles is in the &
position of the first and second reduction peak. The cata- & 0-81
lyst reduction peaks in CO appear at lower temperatures =
than those in . This could be explained by the fact that
CO has higher reducing capabilities thap &f the nano-
structured Cp1Cep 902, catalyst [4,24,25]. Besides that,
preparation route of the GUCey gO>_,-nanostructured ca-
talyst employed in the present study differs from the prepa- 8 0.24
ration route described in [21-23]. However, it is generally
agreed that the first peak is due to the reduction of the CuO
component that is finely dispersed on the catalyst surface. 0 50 100 150 200
Bulk CeG and CuO reduction is the reason for the second
structured and broad reduction peak.

The only difference between the CO-consumption and
CO,-formation lines from Fig. 1 is in the area of the first,
low-temperature peak (Fig. 1). The area of low-temperature &’
COp-formation peak is around two times smaller than the = (¢
area of a CO-consumption peak. The reason for this is the=
fact that when the CO-TPR is started, some amount of CO is.g
left adsorbed on the catalyst surface and it does not converts 0.4 \
to COp. It is a consequence of a complex microstructure of & ) 31 Time [s]
the Cuw.1Cey 902_,-nanostructured catalyst where several S =\ ¥
different copper and cerium oxide domains exist in differ- &' 0.21
ent proportions [4,21,22]. The sites that are not active for
CO oxidation are named as catalyst inert sites in this paper.

concentration [vi

50°C

0.4

0.8

>o o od

S

1
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3.2. CO concentration step-change experiments Time [s]

Fig. 2 represents the CO and g€sponses after a step Fig. 2. (a) CO and (b) C®concentrations in the reactor effluent stream as
change from He to 1 vol% CO/He over the fully oxidized a function of temperature. The markers represent experimental points. The
Cuo_1Ceb_902_y-nanostructured catalyst. At low tempera- solid Iines_repres_entt_he model pr_ed_icFi_ons obtained by the int'e_gratio_n oft_he
tures, CO breakthrough is delayed for a few seconds as Car_lrrate equatlons‘glvgn in Table 3 with initial an_d bot_Jndary conditions given in

) able 4. The kinetic parameter values are given in Table 5. The catalyst ca-
be seen from Fig. 2a. At a temperature of 260 however, pacities are equal thot = 0.030 mol kg and Hyot = 0.35 mol Kgis.
20 sis needed for the first traces of CO to exit the reactor. On rryr values correspond to Table 1 subtracted by 0.030 mghkgondi-
the other hand, the evolution of GGn the reactor effluent  tions: mcat= 200 mg,®y = 200 mL min~1. For the sake of clearness not
stream has no delay as represented on Fig. 2b. However, th@!l of the measured and response curves are presented.
nature of the CQ@peak as a function of temperature changes
significantly. At temperatures lower than 10D only one
peak in CQ response is visible. At 100C the CQ peak concentration in C@decreases very slowly and falls to zero
broadens and at 12 two separate peaks are clearly visi- after 13 min.
ble. The first peak is narrow, followed by a second broader ~ Fig. 3 shows the carbon mass balance in the reactor efflu-
peak. When the temperature is raised further, the first peak in€nt stream, which is represented by the sum of CO angl CO
the CG response becomes invisible, because itis overriddenconcentrations. This is not ideal, since there is always some
by the second peak. Only the origin of first peak is signified lack of carbon species at the beginning of a concentration
by a fast evolution of C@in the reactor effluent stream. It ~ Step. Atlonger times, carbon mass balance approaches ideal
is also important to note how the maximum of the second values. As a reference, the QM response to a concentration
peak shifts to the right when the temperature is raised. At step from He to 1 vol% Ar/He is shown. This concentration
250°C the catalyst surface responds almost instantly to a CO step can be regarded as ideal. The initial deviation in carbon
step change by producing GOThe concentration of CO mass balance from ideal behavior signifies that some amount
in the reactor effluent gas after 3 s is 0.65 vol% as shown of CO stays adsorbed on the catalyst inert sites. This is the
in Fig. 2b. However, the C®concentration in the reactor same phenomenon as was already observed in CO-TPR ex-
effluent gas rises further and reaches 0.80 vol% after 25 s.periments (Fig. 1). By integrating the carbon mass balance
This is followed by a sharp decrease in the fncentra- curves obtained by concentration step experiments, the exact
tion which stabilizes after 100 s at 0.2 vol%. Afterward the amount of CO adsorbed on the catalyst inert sites could be
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[s] Fig. 4. Oxygen-storage capacity of the @GiCey 902 -nanostructured

catalyst as a function of reaction temperature obtained by concentration step

Fig. 3. Carbon mass balance represented as a sum of CO anddD€en- . ith 1 vol% CO/Me. The OSC btained by i . f
trations in the reactor effluent stream. As a reference, a concentration stepexperlments with 1 vol% e The was obtained by integration o

from He to 1 vol% Ar/He is provided. the area under the Cesponse curves.

When concentration steps with 0.5 vol% CO/He were used,
the values of OSC were 30% lower than those reported in
Fig. 4. When the concentration steps with 2 vol% CO/He

Table 1
Variation of the adsorptive surface capacity of carbon monoxide over a
nanostructured GghCep.gO2_, catalyst as a function of reaction tempera-

ture were used, no difference was observed.
Reaction temperature Overall CO adsorptive From the CO and C@responses over the fully oxidized
©C) capacity (mol kg) catalyst some conclusions can be drawn. The initial delay of
50 0.100 CO in the reactor effluent stream signifies that CO adsorbs
75 0.100 instantly on the catalyst surface. It then reacts very quickly
100 0.095 to COy. Carbon monoxide was therefore adsorbed on a site
125 0.090 already covered by oxygen. If CO and, @vere compet-
132 g'ggg ing for the adsorption sites on the catalyst, the preadsorbed
200 0.065 oxygen would inhibit adsorption of carbon monoxide. As a
295 0.060 consequence, the classical Langmuir—Hinshelwood reaction
250 0.050 scheme involving competitive adsorption of CO angf@l-

lowed by a bimolecular surface reaction is ruled out as a pos-
] sible reaction mechanism. Moreover, CO oxidation without
calculated (Table 1). As can be expected, the adsorptive cahe presence of oxygen in the reactor feed does not proceed
pacity decreases when the reaction temperature is mcreaseqJy any type of simple or more complex combination of sur-
face reactions of the Langmuir—Hinshelwood type [27].
3.3. Mechanism of transient CO oxidation over a It was shown that the creation of oxygen vacancies on the
completely oxidized catalyst CeQ surface significantly promotes the oxidation of carbon
monoxide [28]. Another simulation of oxidation of carbon
Fig. 4 shows the oxygen-storage capacity (OSC) of the monoxide over pure CuO showed that the reduction process
Cuo.1Cep 902 y-nanostructured catalyst at temperatures be- of CuO proceeds in two steps. In the first step surface oxy-
tween 50 and 250C obtained by concentration step exper- gen is removed while in the second step, bulk oxygen starts
iments with 1 vol% CO/He. The oxygen-storage capacity to react [29]. It was shown that CO reduces the surface of
of the same catalyst measured at 4G0was found to be  CeQ [30] and CuO/Ce@ [31] catalysts even at room tem-
1.23 molCQ kgc_alt [4]. If we convert the amount of con-  perature.
sumed oxygen to the area that it occupies in the physisorbed It is generally accepted that CuO and Gd@ve a great
state, a little less than one monolayer of oxygen would be synergistic effect when those two substances are prepared
consumed in the CO oxidation reaction at 260[26]. At as a composite CuO/CeQatalyst. The reason for that is
400°C, it would amount to 2.3 monolayers [4]. However, as probably the formation of a solid solution of CuO and GeO
it will be explained in Section 4, only a very small amount phases [32]. The amount of solid solution between those two
of oxygen needed to oxidize CO has the origin in the phy- phases, however, is small [18,23,33—35]. Most probably, the
sisorbed layer. substitutional solid solution forms tiny intergrowths at the
The oxygen-storage capacity of the catalyst was found to interface between XRD amorphous CuO and nanocrystalline
be dependent on concentration of CO in helium. The reasonCeQ, phases [4,36]. The substitutional solid solution is most
for this is the different reduction potential of the gas phase. probably sandwiched between the dispersed CuO clusters
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Table 2 surface but it diffused from the bulk of catalyst crystal lat-
Elementary reaction steps considered in the kinetic modeling of the CO tice.” When the oxygen species reacts with CO inta,(O@
concentration step-change experiments for the oxidation of CO over a com- difference in history is tracked any more The subscripts ac-

letely oxidized Cy 1Cey.gO2_-nanostructured catalyst without the pres- . . .
gnce )éf oxygen intiﬁe zgctgr e y P companying oxygen vacancies represent the location of the

. vacancy.
Step No. _Elementary rea:t'on step The reaction mechanism is composed of seven different
1 CO+ Cl?T0gs-3 CO---ClPOs s elementary steps which proceed both consecutively and in

, y . .
2 Co--Cu2+os,352> CO, + Cut s _paraIIeI: In th(_a first step, CO adsorbs on the copper/cerla
3 cot CU+DS§ CO...CutCls interfacial region pf the cqtalyst, the most reactive phase

D for the CO oxidation reaction [4]. Most probably, copper

4 Ce4+0bb—> C(?3+Db+03b . . . .

" ka . cations serve as adsorption sites for carbon monoxide [31,
> CO-CUHs+Osp= CO-+-CLP*Osp 41-43). Before the reaction of oxidation of carbon monox-
6 CO--ClP*0Ogp -3 CO, + Cut s ide is started, copper is found in a fully oxidized state [31,41]
7 co+ %8 cox as represented by étos,s After the CO molecule adsorbs

2CO+ ClP+Og s + CeH Op p — 2CO, + Cut s + Ce+ [ on the catalyst active sites (copper cation), it extracts oxygen

from the surface and leaves an oxygen vacancy behind. Si-
multaneously, C&I" reduces to Ch as represented in step 2.
This process is the reason for the very fast response of a
preoxidized catalyst surface to the He CO/He step as
shown in Fig. 2b. In step 3, an additional quantity of carbon
monoxide from the gas phase adsorbs on a partially reduced
copper CU species as represented by C@u*s. Cut
sites are believed to be even better CO adsorption sites if
compared to C# sites [43]. Because of the reduction of
copper species from Gt to Cut the number of surface
Cé™t 1 Cult = Ce3t 4 C2+. 1 0Xygen vacancies increases. A§ a result, the potential dif-
ference between the concentration of oxygen on the surface
This equilibrium has a buffer-like effect, stabilizing the of the catalyst and in the catalyst bulk is also increasing.
presence of cationic copper species in the structure even inDue to this concentration gradient, subsurface lattice oxygen
a highly reductive atmosphere. The above scheme of cop-starts to diffuse to the catalyst surface. When bulk oxygen
per oxide—ceriainteractions indicates clearly that CuOA&CeO reaches the surface, it swaps the position between cerium
catalyst is bifunctionally promoted. That means both copper and copper cations located at the interfacial position. The
and ceria cooperate in the redox mechanism. net consequence of this transposition is the formation of a
When oxygen vacancy is created upon lattice oxygen ex- bulk oxygen vacancy in cerium oxide and, simultaneously,
traction, the CuO/Ceg@catalyst becomes an electrical con- the reoxidation of surface copper oxide by subsurface lat-
ductor [39]. In another study it was shown that the activa- tice oxygen. This is represented by reaction steps 4 and 5.
tion energy for oxygen ion diffusivity in a G&d¢Gdy.3102— Cerium oxide acts as an oxygen supplier when it is needed
catalyst measured by isotope tracer studies on a singleat the place of the reaction. Reaction step 6 is in fact anal-
crystal has a similar value as the one obtained from mea-ogous to reaction step 2. In both steps, a preadsorbed CO
surements of electrical conductivity when converted to an molecule extracts oxygen from oxidized copper(ll) oxide.
oxygen self-diffusion coefficient using the Nernst-Einstein The only difference between those two steps is the origin
equation [40]. This suggests that the two processes of lat-of oxygen species that participate in the reaction. In step 2,
tice oxygen self-diffusion and electron conduction are in oxygen that is originally present on the catalyst surface is
fact very similar in nature, so the charge transfer does notinvolved in the reaction. In step 6, surface oxygen that dif-
produce any inhibiting effects on the kinetics of the redox fused from the subsurface regions is involved in the reaction.
reaction. In both steps the same copper cation is involved. Because
The individual elementary steps considered in the kinetic the only difference between the &0s s and the Cé+Og
modeling of the CO concentration step-change experimentsspecies is the history of oxygen atom, but not the present
for the oxidation of CO over completely oxidized nanostruc- state, the adsorbed CO molecule does not feel the difference
tured Cu.1Cep 902, catalysts without the presence of oxy- between those two species. This is why both reaction step 2
gen in the reactor feed are shown in Table 2. The subscriptsand reaction step 6 share the same kinetic rate congtgnt (
accompanying oxygen species have the following meaning: Those two reactions proceed in parallel as long as there is
the first subscript designates the present location of oxygensome oxygen speciess@left on the surface. When allQ
species, while the second subscript designates the historyspecies is consumed, only bulk oxygen participates in the
of oxygen species. The designation likg g3hould be read  CO oxidation reaction. Reaction step 6 is responsible for the
as: “oxygen species that is presently located on the catalystsecond, broader peak in G®ignal (Fig. 2b) as already de-

Oxygen vacancy is represented [By The meaning of subscripts accompa-
nying oxygen species and oxygen vacancies is explained in the text.

and the Ce@crystallites [18], which is called the interfacial
region in this article. This interface might have a thickness
of only a few atomic layers. When the €uspecies reduces
to Cult state, it is subsequently reoxidized by reduction of
the Cé+ ions in their vicinity into Cé&" and the following
redox equilibrium is established [4,36-38]:
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Gaseous Solid catalyst Table 3
phase Mass balance equations for gas phase, surface and subsurface species cor-
responding to elementary reaction steps given in Table 2
CO | dyco , 1dyco _rB
“or to 0 - g(_leTOT,VCOQCuHoss — kaLToTycofcu+Os
Cu*/Ce** — ksF 5
¢ 5 |:| 5FTOTYCO%%)
dyco, , 19yco,  pB
CatlCe™ «—— OF o 7 o - kZ(LTOT/CTOT)(9CO C+0ss
u (&
+9co..citogp
a6,
| Cu?t0Oss
CO, = faCrorycofeptogs

Fig. 5. Scheme of the redox mechanism for CO oxidation over an ini- a9(:0~(:u2+oss K C o o

! - ot Mss ) _

tially completely oxidized nanostructured g4Cep 9O2_, catalyst. The 31 15TOTYCO 2t 055 ~ #2YCo - .clPtOgs

enhanced reactivity at the interface of CuO and geBases is presented. 90,

Si . . o CPeutDs _ —k f)

ince there is no oxygen in the reactor feed, the reoxidation of catalyst ac o =k2(0c0.. C2+0ss +0c0.. ‘CU2+Osb) 3CTOTYCOfC O
tive sites can proceed only by the diffusion of oxygen through the bulk of i
catalyst crystal lattice ¥co...cutOs
‘ — - k3CroTycobe s — k4HTOTOCO. . .cut Ts50s b
- . e | ion of th | ¥co...cetogp
scribed in Section 3.2. After longer reduction of the catalyst —————= =ksHtotfco . cut 05505 ~ *2%c0...ci?+ oy,

by a CO/He flow, the catalyst surface is populated only by 95,
two species: CO -Cu' s species representing a CO mole- = —ksCTotycod«
cule adsorbed on a reduced catalyst active site as well as a 2
) . . Sobb 1/9 Sobb 1 3§Obb
CO- - -Cu*tOgp species representing adsorbed CO molecule P 7( 5z T >
on catalyst active site which is freshly reoxidized by the sub- d
surface lattice oxygen. The reaction of oxidation of carbon
monoxide proceeds as long as there is enough subsurface latFable 4
tice oxygen available. When also bulk oxygen is consumed, Initial and boundary conditions corresponding to mass balance equations
the CO oxidation reaction stops. Reaction step 7 representg/Ven in Table 3

adsorption of a CO molecule on the catalyst inert sife ( ¥co(z, 0 =0, yco(0,1) =001
The overall reaction mechanism is schematically presented,cq, (z,00=0, yco,(©.1)=0
in Fig. 5.

9 Ot 0gs@ 0 =1
3.4. Model equations and parameters estimation fco...ciptogs @0 =0

fcut s (20 =0

Table 3 shows the mass balance equations that correspong
to the elementary reaction steps that are given in Table 2.
Those equations involve mass balances of gas-phase CO anfpo - .ctog, @0 =
COy, catalyst surface species €Dss, CO --Cu?tOgs, 84(2.0)=1
Cut,, CO---Cutl,, CO---Cu?*Osp, and CT, as well b0y (o x.0) =1
as the diffusion of lattice oxygen. Variables and parameters bo
that are used in those equations are defined in Section 6. The_(z 0,1) =
space timer is defined as = egmca/ (PvoB). 1 %0

A recent TEM analysis of the nanostructurech@@ep.o a—— Db (2 10 = —k3LTOT0Co . .oyt OcE0p b (@ 1. 1)
O,_, catalyst showed that it is composed of a number of tiny d
needles and platelets [44]. The elemental analysis of nee-
dles reveals that they are composed of copper, cerium, anchumber of oxygen species that is extracted from the volume
oxygen, while the platelets contain only copper and oxygen. of crystallite needle divided b¥itoT.
Because of that it is believed that active sites for CO oxida-  Table 4 shows the initial and boundary conditions that
tion lie on those needles. The diffusion equation of oxygen apply to the mass balance equations given in Table 3. The
was therefore written in cylindrical coordinates. The char- catalyst is assumed to be completely oxidized before the
acteristic diffusion timeygq, is defined ask?/D. Hror and concentration step from He to 1 vol% CO/He is applied. The
&obp are defined as volumetric capacity of catalyst phase second boundary condition that applies to diffusion equa-
and fractional volumetric “coverage” of oxygen species. In tion states that only the amount of oxygen that is transported
other words, the total number of oxygen species that can befrom the bulk of the catalyst to the catalyst surface can sub-
extracted from the volume of completely oxidized crystal- sequently be used in the reaction on the catalyst surface [45].
lite needle is defined bf#tor, while (1— &op,p) defines the This condition connects elementary reaction steps 4 and 5

O-..CcutOs (z,00=0
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(Table 2). In this boundary condition, the oxygen species  From the parameter optimization procedure, the values of

Op,p at positionx = 1 could equally be written as{p. capacity of catalyst active phaseyor, varied in the range
The reaction rate coefficients; | and the reverse charac- from 0.020 to 0.040 mol @ in the entire temperature in-

teristic diffusion time (¥zq4) are all assumed to be tempera- terval. The increase was not linear, but still, the trend was

ture activated. Those coefficients are described by equationgo obtain lower values at lower temperatures. The values of

of the Arrhenius form as follows: volumetric o>l<ygen capacitytor, varied between 0.25 and

0.45 mol kg,;. Finally, it was found that the values of sur-

ki = Ai -exp(—Ei/RT), face capac%%t/ of the catalyst inert phasgor, follow the

1/td = Ayy - €XP(—Eyy/RT). 2 same trend as the values of the overall CO-adsorptive capac-

The system of partial differential equations with the cor- 1ty given in Table 1. The differences between the values of
responding initial and boundary conditions was solved us- £7ot and the values given in Table 1 are constant and equal
ing the method of lines. This is a quasi finite-difference © 0-030 molkgg. This value is equal to the middle value of

method. It discretizes space derivatives by finite differ- Lror. )
ences. Thus, it reduces a partial differential equation into  1he values of all three catalyst phases, obtained by math-

the system of ordinary differential equations [46]. The first- €matical modeling, were estimated in the view of their phys-
order space derivatives irrdirection were discretized by ~ ic@l soundness. This was done by comparing these capacity
the backward-difference formula. The first- and second- values to the values that can be calculated from the data of
order space derivatives in-direction were discretized by ~ CU0.1C€.902— catalyst properties. _
the central-difference formula. Since the dynamics of CO- _ At first, the capacity of a catalyst active phase was es-
oxidation reaction to step changes in concentration of CO is fimated. One can calculate that 0.2 g of nanostructured
slow in comparison with the residence time of gases in the C10.1C& 902, catalyst contains 2 x 10~% mol of Cu**
reactor, concentration gradients alongthexes are notvery ~ cations. When we take into account the stoichiometry of
high. Besides that, the diffusion in the solid state is also quite CO 0xidation reaction and divide this by catalyst mass, then
a slow process, so there are also no high concentration gradifhe maximum capacity of the catalyst active phase would be
ents in thex-direction. As a result, 9 nodes in thedirection -3 Mol kg if all Cu?* O species were reduced into £10
and 16 nodes in the-direction were enough for the solution ~ On€s. If we compare this value to the middle valud.gbr,
of a system of differential equations to become indepen- 0-030 molkg,;, obtained by the optimization procedure, we
dent of the number of nodes. Those equations were thanS€e that 10% of all copper cations in the catalyst are acces-
integrated in time by a general-purpose differential equation sible for CO adsorption, while the other 90% either lie in
solver with variable step size (Berkeley Madonna 7.0 [47]). the subsurface regions of a catalyst or are otherwise inacces-
Estimation of kinetic parameters was performed by fit- Sible as active sites for CO adsorption. We can see that the
ting of the calculated molar fractions of CO and £& mathematical modeling gives physically plausible results.
the reactor outlet to their experimentally measured values. ~ Total volumetric oxygen capacity of the catalyst was
A downhill simplex optimization algorithm minimized the calculated from data on catalyst crystal structure. The lat-
root-mean-square value between model predictions and exlice of Clp.1Ce.902, catalyst was approximated by crys-
perimental data [47] (the objective function). tal structure of pure ceria. It has a face-centered cubic
The kinetic parameters of the CO concentration step- fluorite structure with a lattice constant equal tetBx
change reaction over completely oxidized nanostructured 10~ *° m. Since one unit cell contains 8 oxygen atoms, it
Cup 1Cep 90>, catalysts were estimated at nine different can be calculated that the total capacity of oxygen atoms
temperatures (from 50 to 25C with a 25°C temperature IS 11.6 molkgy;. If we compare this value to the middle
interval) and a concentration of 1 vol% CO in He. Kinetic Value of Hror, 0.35 molkgy, obtained from mathemati-
parameters as obtained from model calculations with 1 vol% cal modeling, we see that 3.0% of all bulk lattice oxygen
CO in He could then adequately predict experimental re- atoms of Cy.1Cey 902 catalysts can be extracted by car-

sponses with 0.5 and 2 vol% CO in He carried out at different bon monoxide. The mathematical modeling gives us again a
temperatures. physically credible assumption. Besides, the valuéleht

agrees favorably with experimentally determined values for
catalyst oxygen-storage capacity given in Fig. 4.
4. Results of modeling and discussion It is reported that the irreversible gas uptakes for CO ad-
sorption over various copper-containing oxides have values
In the modeling equations of CO concentration step- between 0.004 and 0.060 molkhmeasured at 200C [48].
change experiments given in Table 3, nine parameters exist.The estimates of the catalyst surface capacitiepf and
three capacities of three different catalyst phases and sixFror) obtained by the mathematical modeling are in agree-
kinetic terms (five kinetic constants and a characteristic dif- ment with those results.
fusion time). In the first step of parameter optimization, the  In order to increase the robustness of the model, the num-
model was run with all nine parameters left open, so all three ber of open fitting parameters must be reduced to a mini-
catalyst capacities were estimated. mum. Because of that, all subsequent calculations were per-
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formed with fixed values of catalyst capacities. The capacity
of catalyst active phasd,toT, and volumetric oxygen ca-
pacity, Hrot, were taken to be temperature insensitive and 34
fixed to values of 0.030 and 0.35 molggg respectively. The
value of capacity of catalyst inert phaséyor, was taken
to be a function of temperature. The values 4T were
taken from Table 1 and reduced by 0.030 mqtkgin all !
subsequent calculations, only reaction kinetic constants ands>
characteristic diffusion time were left as open parameters in 5§
the fitting procedure. This reduces the number of open fitting -6+
parameters from 9 to 6. .
The kinetic model that is described by equations given in 94
Table 3 predicts very accurately the concentrations of CO - = ©
and CQ in the reactor effluent stream (Fig. 2). Only at low 1.8 20 22 24 26 2.8 3.0 3.2
temperatures there exist some slight deviations between the 1000 /T [1/K]
predicted and the measured concentrations of @Da tem-
perature of 128C, it is clear that the model recognizes two Fig. 6. Arrhenius plots of the kinetic parameters for the CO concentration
separate peaks. The G@sponse reaches its first maximum step-change experiments. The results obtained at six different temperatures
in the first few seconds. The second peak is not perfectly (from 125 to 250C v_vith 25°C increments) were included in the calcula-
visible, but still, it is recognizable in a wide shoulder that is tion of parameters given in Table S.
formed after the first peak as shown in the inset of Fig. 2b.
If the temperature is increased to 130} the second peak -Igzl;ilri:)tes of the kinetic parameters obtained by regression e#Hevol%
can be clearly Identlfled',ThIS IS evén more pr_or)ounced at & Co/He concentration stgp experiments for the{:Ogoxidation over fully oxi-
temperature of 208C, while at 250C, a very distinct tran- dized catalyst without the presence of oxygen in the reactor feed gas
sition from the first to second peak is evident. Even more, the
model accurately predicts the shift of the maximum of sec-
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InAq (m3mol~1s-1) 146+1.2

. Eq (kJmol1) 396+ 4.6

ond peak in the temperature range between 125 anf@50 |4, (s-1 185+ 21
From the inset of Fig. 2b it is clear that the model predic- g, (kmor?1) 97+81

tions at 125 and 150C have a very different shape compared Inaz (m3mol~1s1) 100+16
to the predictions at 75 and 160G, where only one maxi-  £3 (kJmor?) L 258+59
mum exists. At these temperatures, the maxima of first and " 44 (kgcatT0|* s) 199+52
second peak run one into another so that the model is not ablqE4 (dmol 729:£198
to differentiate between the two. Indeed, if we examine care- 15 (mmol™*s™) 40740063

. ; ) " ' X =7 Es (kImol 1) 139423
fully the circles in the inset of Fig. 2b representing experi- |, Ag (571 2294274
mental measurements at a reaction temperature of@00 g (kI mol?) 400103

the CI.I'Cle attime equal to 3 s could repres?m_the maximum tpge parameters are obtained in the temperature span between 125 and
of a first peak. However, only one data point is not enough 250°c. The mass balance equations are given in Table 3, while the corre-
for the model to distinguish between the two maxima. At sponding initial and boundary conditions are given in Table 4. The catalyst

. L . i —1 —1
a temperature of 75C, the discrimination between the two ~ capacities are equal toror = 0.030 molkg;, Hrot = 0.35 molkgz;,
maxima could not be made anymore. Instead of two peaks, Frot values correspond to Table 1 subtracted by 0.030 rigfkg
the model predicts only one peak at temperatures between
50 and 100C. This leads to a wrong estimation of kinetic of the consumption of subsurface lattice oxygen begins. The

constants at lower temperatures. results found by He—~ CO/He step experiments and CO-
As discussed previously, the reaction steps 1 and 2 from TPR experiments are in a complete agreement.
Table 2 govern very fast responses of the,G@ak in CO Fig. 6 represents Arrhenius plots of the rate constants

oxidation over nanostructured guCey. 90>, catalysts. On k1 to ks and reverse characteristic diffusion timg¢sd =

the other hand, the height of a second peak is governed byD/R? for the He— 1 vol% CO/He concentration step over
reaction steps 3 to 6 that represent reoxidation of a reducedthe nanostructured GUCey gO>_,, catalyst with no oxygen
surface by subsurface lattice oxygen. If those two separatepresent in the reactor feed. Six experimental points (at tem-
processes are slow, the two peaks in theoG@nal can- peratures from 125 to 25€ with 25°C increments) were
not be distinguished. This happens at lower temperatures.included in the calculation of activation energies and preex-
At higher temperatures, two distinct peaks are visible. This ponential factors of particular rate constant. The correspond-
transition happens at 128 which is clearly represented in  ing values of activation energies and preexponential factors
the inset of Fig. 2b. If we recall the CO-TPR experiments are listed in Table 5. Because the confidence intervals were
of nanostructured Gu4Cep gO>_, catalyst (Fig. 1) itcanbe  added to values of each parameter, preexponential factors
seen that 125C is exactly the temperature where the onset are written in logarithmic form. Since the model is not able
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When concentration steps with 0.5 vol% CO/He were used,
the OSC of a catalyst is 30% lower if compared to concen-
tration steps with 1 vol% CO/He as explained in Section 3.3.
Because of that, the volumetric capacity of catalystor,

was set to 0.25 mol Igjt for the simulation of step experi-
ments with 0.5 vol% CO in He.

In order to check the reliability of the model, the sensitiv-
ity of the proposed model on each parameter was evaluated.
It was found that the model is most sensitive to changes in
three catalyst capacities in the following order: it is most
sensitive to changes ibror, then to changes i#Tor, and
at last to changes ifitor. The sensitivity of the model to
the change of diffusion coefficientis in the range of sensitiv-

CO concentration [vol. %]

100 150 200 . . .

ity to the change inFror. The model is roughly an order of

magnitude less sensitive to changes in five kinetic parame-
1.2{ b) ters.
. The capacities of catalyst phases are usually hard to pre-
o o He 0.5 vol. % COHe; H,,, =025 d|ct.acc_urately. Therefore, we est|n_1ated the optimum values
0.94 o H . o ror of kinetic parameters when changing the values of catalyst
e— 1 vol. % CO/Me; H,,, =0.35 " i )
& He—> 2 vol.% COMe; Hypy =035 capacities for=50% from the values that are given in Ta-

ble 5. By varying the values dftot, FroTt, andHrtoT it was
found that the activation energies of each parameter do not
change at all. However, the variations in catalyst capacities
had an effect on the preexponential factor of each parameter.
This resulted only in the vertical shifts and not in the shifts
in slope of Arrhenius plots in Fig. 6. It should be noted that
the most drastic shifts were found if the capacity of catalyst
active sites,Ltot, was lowered to-50%. In this case, the
optimum values of the preexponential factors of kinetic rate
constantsy, k3, andks were an order of magnitude higher
Fig. 7. (a) CO and (b) C®concentrations in the reactor effluent stream :Eggeﬂ:zz(zt:g2%%?2,{'2;22;2II:&?I;SC%(:r?eil:ézrﬁih tt)ﬁga;:ff
as a function of CO concentration in reactor inlet steam at a temperature
of 200°C. The markers represent experiments and solid lines represent face reaction of CO on catalyst active sites. If we decrease
the model predictions. The rate equations are given in Table 3 with cor- the number of catalyst active sites, we must increase the val-
responding initial and boundary conditions given in Table 4 The kinetic yes of kinetic rate constants in order to cope with the same
parameter values are given in Table 5ot = 0.030 mol kg:at FroT experimentally measured rates.
f"“e_s ;ggf:p;”d_“;;‘zi i\ izi‘f”aded by 0.030 migfkgonditions: The Arrhenius parameters corresponding to surface re-
cat= 0 MA. S = ' action steps 1, 2, 3, 6, and 7 of Table 2 are small if
they are compared to the values expected for Langmuir—
to differentiate between first and second peaks at temperaHinshelwood type of surface reactions [49]. However, as
tures 50 to 100C, it does not predict accurately the kinetic already discussed, the CO oxidation over nanostructured
constants. This is clearly visible from the shift in slopes of Cuy 1CeygO,_, catalyst does not proceed by this type
Arrhenius plots corresponding to all kinetic parameters at a of surface reaction. As shown by other authors, appar-
temperature of 125C. Thus, the three experimental points ent activation energies between 14.2 and 50.1mial

CO, concentration [vol. %]

200

100

50 150

Time [s]

corresponding to temperatures between 50 and®COére
excluded from the calculation of activation energies and pre-
exponential factors.

Fig. 7 represents simulated responses of CO anglaZ@
reaction temperature of 20€ and at three different con-

are typical of various surface reactions over a nanostruc-
tured Cuy.1Cep 902, catalyst [43,50,51]. This is in agree-

ment with apparent activation energies between 9.7 and
39.6 k¥mol measured for surface reactions that were con-
sidered in this study. The weak temperature dependency of

centrations of CO in the reactor inlet stream. The model reaction rates is evident from the OSC measurements of
adequately predicts responses at all three concentrations ofhat catalyst. Only around 5 times more £ formed at
carbon monoxide. Kinetic parameters as obtained from the 250°C compared with a quantity formed at 90. These
regression of model equations to the experimental responsesesults are also in agreement with the results obtained for
with 1 vol% CO/He were used to calculate the responsestransient CO oxidation over a Pt/Rh/Cg@-Al,0O3 cata-
with 0.5 and 2 vol% CO/He in the reactor inlet stream. How- lyst [7]. The adsorption of molecular CO was assumed to
ever, one slight adaptation had to be performed before that.be a non-activated process in that study. The reaction rate
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coefficient for CO adsorption on a site already covered by found that the diffusion of oxygen in the fluorite lattice of

oxygen species was reported to b&#x 10° m®mol~1s-1,
In this work, the reaction rate coefficients and ks corre-
sponding to reaction steps 1 and 3 have values3g 2 107
and 064 x 10> m®*mol~1s1, respectively, at 250C and

pure ceria is a function of the degree of reduction. In the
very early stage of reduction, the number of vacancies is
small and the activation energy is high. With further re-

duction, the number of vacancies in the fluorite structure

are weakly dependent on the reaction temperature. The regrows i.e. more space for the diffusion of oxygen ions is
sults for the surface reaction of CO toward £6n sites available. As a consequence, the activation energy of oxy-
already covered by oxygen species, corresponding to reac-gen diffusion is lowered [54,55]. For instance, the activation
tion steps 2 and 6 in the model, are even more close. In [7], energies of oxygen diffusion in CeQCeQ g, and CeQ go
the preexponential factor and activation energy for that re- measured at 800-120C are reported to be 103, 50 and
action were estimated to have values 0®0®x 10! s 15 kJmot-1 [54], respectively. If we extrapolate the Arrhe-
and 12.1 kJmoll, respectively, while in the present work, nius plots from that study down to 25C, we get that the
preexponential factor and activation energy were estimateddiffusion coefficients of the three CeO, species are equal
to have values of 84 x 10! s™! and 9.7 kmot!. The  t01x10713,2x 10719 and 3x 10~7 cn?s~2, respectively.
molecular adsorption of CO on the catalyst inert sites, cor- In the present study, the activation energies were measured
responding to reaction step 7, is also a weak function of by reduction of the nanostructured £iCey 9Oz catalyst
temperature (see Fig. 6 and Table 5). This is in agreementby carbon monoxide. Much greater reduction potential ex-
with [52], where weak chemisorption of CO on metallic cop- ists in the case of catalyst reduction by CO as compared
per is reported. to measurements of oxygen self-diffusion by isotopic ex-
The highest temperature dependency of CO oxidation change. A lower activation energy measured in the present
over a nanostructured GuCep 9O2—, catalyst without the  study agrees with that facts.
oxygen present in the reactor feed gas is found for the reac- It must be noted that extrapolations of Arrhenius plots as
tion step 5, representing reoxidation of reduced COQg performed above can also be deceiving. It was shown that in
sites by subsurface lattice oxygen. Since the open literaturethe temperature range from 200 to 10@xhe activation en-
on such reactions is very scarce, it is not possible to compare€rgy for the bulk conductivity of varioud — x) ZrOx/xCeQ
the data obtained in the present study to similar results. How-Systems £ ranging from 0.5 to 1) is around 40% higher
ever, the activation energy for the catalyst reoxidation step if measured at high temperatures as compared to measure-
(E4from Table 5) is close to 62 x 10° kJ mol1 obtained in ments at low temperatures [56]. In the latter study, bulk con-

steady-state measurements for the selective CO oxidation inductivity is reported to have an electronic and ionic contribu-
excess of I over the nanostructured guCey ¢Oz_, cata- tion. Since the ionic transference number was not measured

lyst [4]. under 500C and also ionic conductivity was not measured

As a|ready mentioned in Section 34, the copper active dil’ect|y it cannot be said with great Certainty what is the rea-
sites of a Cy.1Cey 902 ,-nanostructured catalyst are lo- SON for the drop of activqtion energyin th'e Iqw-temperature
cated on tiny needles. It was measured [44] that those neetegion. Nevertheless, this change in activation energy with
dles have a radius equal to 500 nm. Now, from the defi- temperature could also be a reason for different measure-
nition of the characteristic diffusion time, it is possible to Ments of activation energy in the above studies and in the
calculate the diffusion coefficient of oxygen species in the Presentstudy. - o
bulk Cup.1Cen gO2— crystallite lattice. At 250C, the dif- By using the diffusion coefficient as obtained in the
fusion coefficient equals t0.3 x 10-12 cn?s~L. The ac- present study, it is possible to estimate the average displace-
tivation energy for the oxygen diffusion in nanostructured Ment of G~ ion in the nanostructured G4Cep g0z cat-
Cup.1Cey 90y catalyst equals to 40.0 kJ mdl (Table 5). alyst by using the Einstein relation [57]:
Those two values can be compared to the values obtained ) — (ps)%/2,
with similar catalysts.

The activation energy of oxygen diffusion in a
Cey 690G o 3102, catalyst measured at 600-10@D is re-
ported to be 112 kJmok. The diffusion coefficient at a
temperature of 250C as extrapolated by authors is equal
to 1 x 1022 cm?s~1 [40]. In a similar study, the activa-
tion energy of oxygen diffusion in 3rg1Y.1902_, and in
Ce.9Gdy.10,_, catalysts measured at 500-12@is re-
ported to be 96 and 87 kJ mdi [53], respectively, and the

3)

For a diffusion time equal to 30 s, theé?Oion in the cata-
lyst lattice travels a distance equal to 98 nm at a temperature
of 250°C.

Now, let us estimate the molar flow of oxygen ion species
from the bulk of the catalyst to the catalyst surface of a
nanostructured GnCep 9O, catalyst at the beginning of
the CO concentration step. By using Fick’s first law of diffu-
sion, molar flux can be calculated [58] with the assumption

diffusion coefficient obtained by extrapolation of Arrhenius
plot down to 250 C is found to be equal to.9 x 10~14 and

2 x 10712 cn?s71, respectively. Those two studies were
performed by measuring oxygen self-diffusion by isotopic

of linear concentration gradient in the crystallite particle:
Cp—C
(Cp s) ) (4)

0~ =
R
In this approximation, the crystal structure of nanostruc-

180, exchange over the surface. On the other hand, it wastured Cu.1Ce.90_, catalyst was taken to be the fluorite
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lattice. The concentration of oxygen ions in fully oxidized
catalyst then equals to8x 10* mol m~3. If complete reduc-

ics of catalyst reoxidation step by gas-phase oxygen. Apart
from that, the C3£O, concentration cycling responses will

tion of catalyst surface is assumed, the concentration of oxy-be confronted by the transient kinetic model predictions of

gen ions on the catalyst surface equals.6&<10* mol m~3.

species that are located on the catalyst surface and are de-

By using the particle radius equal to 500 nm [44], molar noted by ca+os’s, CcoO - -CU2+Os,s, CutOs, CO---Cutlls,
flux of the &>~ ions from the bulk to the catalyst surface and CO. .Cl?*O0sp in the present study. It will be shown

equals to 5l x 107 molm=2s~. Multiplying this result

that the transient kinetic model as developed in the present

with the BET surface area and the mass of the catalyst, thestydy predicts accurately also kinetics occurring on the cat-
molar flow of oxygen ion species from the catalyst bulk to g1yst surface.

the catalyst surface is estimated to b8 2 10~° mols™L.

Let us compare this value with the molar flow of CO over the
catalyst surface. By using the ideal gas law, the molar flow
of carbon monoxide at 25 is estimated to be equal to
4.6 x 10~°> mols1. The two values are completely compa-
rable. This means that enough oxygen is transported through
the catalyst lattice to oxidize almost all carbon monoxide ¢
passing over the catalyst surface. The above estimation and
the estimation of the average displacement of the oxygen ionAi
species in the catalyst lattice prove that the significant tail-

ing of CO, response as “seen” by the mass spectrometer is Atd
caused by bulk oxygen ion diffusion in the catalyst crystal-

lite lattice. Even more, the diffusion coefficient calculated by Co

the model given in Table 3 has a correct value. Cs
Crot
5. Conclusionsand outlook D
In the present study we have presented: E;
Eg

e How the reducibility of the nanostructured §1Cep.o
O,_, catalyst measured by CO temperature-pro- Fror
grammed reduction experiments changes. HtoT

e How the oxygen-storage capacity of the nanostructured j,_
Cup.1Ce g0, catalyst varies with reaction tempera-
tures between 50 and 25@, as determined by CO con-
centration step experiments.

e A detailed kinetic model based on elementary reac- ;,
tion steps for CO oxidation over a nanostructured
Cuo.1Cep. 902 catalyst. The model is capable of accu- .
rately predicting the concentrations of CO and Q0@
the reactor effluent stream if it operates under dynamic ks
conditions.

e The bulk oxygen diffusion coefficient equal t023x
1012 cm? s~1 at 250°C as calculated by the model.

e That the nanostructured guCep 0>, catalyst has a
great potential as a future PROX reactor catalyst, be-
cause of the large oxygen-storage capacity and high se-"teat
lectivity toward CO oxidation. R

ks

Ltor

t

It should be noted that the redox mechanism that was ‘d
used to model dynamic behavior of CO oxidation is con- *
sistent with our previous study, where we modeled selective
CO oxidation under a steady-state mode of operation [4].  (¥)

Further studies employing concentration cycling of CO/
160, [59] as well as C3PO; in the reactor inlet stream Vi
are in progress. These studies will reveal also the kinet- 2

6. Nomenclature

Specific surface area of a catalyst particle,
m2 -3

external surfacgnpartlcle
Preexponential factor of the rate constgntarious
units
Preexponential factor of the reverse oxygen diffu-
sion coefficient, crais™t
Concentration of & ions in bulk catalyst, mol m3
Concentration of & ions on the surface of the ca-
talyst, mol nm3
Total molar concentration of gas phase, mgfgn
Diffusion coefficient of oxygen species in the solid
catalyst lattice, ras™1
Activation energy of the rate constaintkJ mol*
Activation energy of the reverse oxygen diffusion
coefficient, k mot®
Surface capacity of catalyst inert phase, mqg]q(g
Volumetric capacity of catalyst, mol Ké
Molar flux of 0%~ ions from the bulk to the catalyst
surface, molm?2s1
Rate constant of elementary reaction step 1,
mimol~ts?t
Rate constant of elementary reaction steps 2 and 6,
g1
Rate constant of elementary reaction step 3,
mimol-1s1
Rate constant of elementary reaction step 5,
kgcatmol~1s~1
Rate constant of elementary reaction step 7,
mimol~1s1
Surface capacity of catalyst active phase, mgﬁkg
Mass of catalyst, kg
Crystallite radius, m
Time, s
Characteristic diffusion time, s
Dimensionless radial position in catalyst crystallite
particle
Average displacement of% species in the bulk
catalyst lattice, m
Molar fraction of gas component
Dimensionless distance of catalyst bed
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6.1. Greek letters

8 Fractional surface coverage of specieadsorbed
on catalyst inert phase

£B Void fraction of catalyst bee- 0.35

Dy Total volumetric flow rate at reaction conditions,
ms, st

gas
0B Catalyst bulk density, kgim; 3
0; Fractional surface coverage of specjeadsorbed

on catalyst active phase
T Space time, s
Fractional volumetric “coverage” of speciesthat
diffuses through the catalyst particle

6.2. Subscripts

b Oxygen vacancy located in the catalyst bulk lattice
s Oxygen vacancy located on the catalyst surface
b, b Oxygen species located in the catalyst bulk lattice,
that originated in the bulk
s b
originated from the bulk catalyst lattice
SS

originated on the catalyst surface
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