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Abstract

A mathematical model has been developed for the first time to study the oxygen storage capacity (OSC) phenomenon by the CO pulse
injection technique over a 1 wt% P@eG, model catalyst in the 500-70C range. A two-step reaction path that involves the reaction
of gaseous CO with the oxygen species of PdO (pre-oxidized supported palladium particles in the SQ0rattife) and of the back-
spillover of the oxygen process from ceria to the oxygen vacant sites of surface PdO has been proven to better describe the outlet CO pulse
transient response and the experimentally measured quantity of OSC (paton) @b@ined in a CSTR microreactor. With the proposed
mathematical model, the transient rates of the CO oxidation reaction and of the back-spillover of the oxygen process can be calculated. In
the 500—700C range, the transient rate of CO oxidation was always greater than that of the back-spillover of oxygen. Theakti®
maximum CO oxidation rate to the maximum back-spillover of the oxygen rate was found to decrease with increasing reaction temperature
in the 500—700C range. In particular, at 500 and 790 the value ofo was found to be 1.6 and 1.2, respectively. The present mathematical
model allows also the calculation of the intrinsic rate constar(s~1) of the Eley—Rideal step for the reaction of gaseous CO with surface
oxygen species of PdO to form GOAn activation energy of 9.2 Kidnol was estimated for this reaction step. In addition, an apparent rate
constamkgpp(s—l) was estimated for the process of back-spillover of oxygen. The ratio of the two rate comlsiakgé] p} was found to be
greater than 100 in the 500-700 range. A Langmuir-Hinshelwood surface elementary reaction step of adsorbed CO with atomic oxygen of
PdO failed to describe the experimental transient kinetics of CO oxidation in the 500c#@@ge. The results of the present work provide
the means for a better understanding of the effects of various additives and contaminants present in a three-way commercial catalytic converte
and other related model catalysts on their OSC kinetic behavior. In addition, intrinsic effects of a given regeneration method for a commercial
three-way catalyst on the OSC phenomenon could better be studied by making use of the results of the present mathematical model.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction cording to their developed method of measurement:

The oxygen storage capacity (OSC) of ceria and more — The OSC (oxygen storage capacity, patoms gg)Qde-

recently of solid solutions of ceria—zirconia has been estab- lated to the more reactive oxygen species and the most
lished to be a key parameter for the appropriate catalytic per- readily available oxygen atoms;

formance of commercial three-way catalysts (TWC) [1-8]. - The OSCC (oxygen storage capacity complete, patoms
Yao and Yu Yao [5] first proposed the CO op lgulse in- of O/g) related to the total or maximum oxygen storage

jection method that allows the measurement of the oxygen capacity under the applied experimental conditions.
storage capacity of catalytic materials related to the TWC
technology, which has been adopted by many researchers The exact experimental protocol and possible reactions
afterward [4,8-13]. Yao and Yu Yao [5] have proposed the that may occur during the measurement of the OSC by CO
distinction of two different oxygen storage capacities ac- pulses have been discussed [5,14].
Despite the extended use of the CO pulse injection
* Corresponding author. method to quantify the OSC phenomenon, no attempts have
E-mail address: efstath@ucy.ac.cy (A.M. Efstathiou). yet been made toward the modeling of the pulse transient

0021-9517/$ — see front mattél 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00151-9


http://www.elsevier.com/locate/jcat

260 C.N. Costa et al. / Journal of Catalysis 219 (2003) 259-272

: . . . 0.D.=6
response of CO obtained during the experiment. Such a e — D :3";2[“
v% D.=3.

modeling could allow the estimation of the transient rate of
back-spillover of the oxygen process from ceria to the PM
(Pt, Rh, Pd) surface and also of the rate of oxidation of CO
to CO; on the PM surface. Knowledge of these two transient
rates must be considered as highly desirable since the var-
ious oxygen storage materials must be correctly evaluated
based not only on the amount of oxygen they can store but

100 mm

also on their intrinsic property of rate by which their stored Quartz Disk

surfacgsubsurface oxygen species can migrate from ceria

to the metalmetal oxide surface. The role of the various ad- pgg 280_

ditives and contaminants of commercial TWCs on the OSC evtises 15 mm
could be better understood if their dependence on the quan- | / e

tity of stored oxygen and the relative rates of back-spillover 2 . ! Q‘:'z;ltt

of oxygen and oxidation of CO and HC on the supported 0.D.=0.2mm I.D.=10mm

metal surface are known. In addition, any evaluation of N T
vehicle-aged TWC activity following a given regeneration thermowell

method could be facilitated by knowing beforehand the im- 180w

provement made in the rate of back-spillover of oxygen.

In the present work, it is demonstrated for the first time
that the transient response of CO obtained after applying the
pulse injection method for measuring the OSC phenomenon
on a 1 wt% PdCeQ catalyst can be modeled very well via _:j’
a two-step kinetic scheme which allows the evaluation of the Gas out
transient rates of back-spillover of oxygen from ceria to the fig. 1. Design features of the CSTR microreactor used for CO pulse injec-
pre-oxidized Pd surface and also of the rate of oxidation of tion experiments to model the OSC phenomenon.

CO to CQ on the oxidized Pd surface. The dynamic mathe-

matical modeling performed allows also the evaluation of the peen adopted. Local mixing of the gas entering the space
intrinsic rate constank (s1), associated with the elemen- gpove the very shallow catalyst bed (0.5 mg of/ @O

tary step of CO oxidation and of the apparent rate constant, catalyst plus 49.5 mg of Sign particle form.d < 0.1 mm)

k3PP (s71), associated with the process of back-spillover of was achieved by drilling several holes on a quartz disk off-
oxygen from ceria to the oxidized Pd surface. The results of center to the entrance flow (See F|g ]_) Heating was pro-
this work have shown that the rate of back-spillover of oxy- vided by a small furnace (235-mm total length) where the
gen is smaller by a factor ranging between 1.2 and 15 during reactor was horizontally placed.

the 8-s duration of the transient CO oxidation reaction in the

500-700C range. 2.2. Catalyst preparation and characterization

A deeper understanding of the effects of crystal size and
morphology of ceria and PM (Pt, Rh, Pd) metal onthe tran-  The 1 wt% PdCeQ, catalyst was prepared by the wet
sient rate of the very important process of back-spillover jmpregnation method using the Pd(&)@ (Aldrich) precur-
of oxygen over catalytic systems of technological impor- sor. The Ce@ support (Aldrich) used was of standard grade
tance can be obtained by the present proposed mathematicglo9.9% purity). After impregnation and drying (overnight at
model. 120°C), the catalyst sample was calcined in air at 240or
2 h prior to use. The specific surface area of the support ma-
terial was checked by Nadsorption at 77 K (BET method),
using a Micromeritics 2100E Accusorb Instrument, and it
was found to be 16 Ag~L. The dispersion of Pd in the
supported catalyst was determined bydthemisorption fol-
lowed by TPD in He flow. In particular, after calcination

The pulse injection method for the measurement of OSC of the sample at 500C for 2 h in a 20% @/He gas mix-
was performed on a transient flow system described else-ture, followed by H (1 atm) reduction at 300C for 2 h,
where [15] using a CSTR microreactor (1.5-ml nominal vol- the feed was changed to He at 3@for 30 min to desorb
ume) made of quartz. The basic design features of the reactoany hydrogen chemisorbed on the Pd surface and the CeO
are given in Fig. 1. Its behavior as a single CSTR was ver- support (possible hydrogen spillover). The temperature was
ified following the procedures described in detail elsewhere then increased to 50 in He flow and the sample was kept
[16,17]. The concepts used by Stockwell et al. [16] for the at 500°C until no other hydrogen desorption was observed.
design of a CSTR microreactor made of stainless steel haveThe reactor was then cooled quickly in He flow to°Z5and

2. Experimental

2.1. Apparatusfor transient studies and the CSTR
microreactor used
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Fig. 2. Schematic representation of the effects of gas treatment during the sequence of steps 1-3 in performing the CO pulse injection exp&iment on th
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chemical structure and composition of 1 wt%/P@0O, catalyst. The transient response curves of CO ang @lffained during step 3 are also shown. The
shaded area between the Ar and CO response curves provides the amount of CO consumed or, equivalently, the oxygen storage capacity, OSC.

the feed was changed to a 1% Mie mixture for 30 min. It

CO pulse injection experiments. The 50-mg catalyst sample

is noted that hydrogen chemisorption from the indicated gasused (0.5 mg of P&CeO + 49.5 mg of SiQ) was pre-

mixture eliminates the possibility of palladium hydride for-

pared as follows. Ten milligrams of P@eQ catalyst was

mation [18]. Following this chemisorption step, the feed was weighted and thoroughly mixed with 990 mg of Si®rom
changed back to He to carry outa TPD experiment. From the the resulting solid mixture, 50 mg was weighted and placed
amount of hydrogen desorbed during TPD and the amountin the catalytic microreactor.

of Pd in the sample, the dispersion of Pd was estimated to
be 61.5% (57.7 umgg). Calcination of the PdCe( fresh
sample at 700C in a 20% Q/He gas mixture, followed by
H> (1 atm) reduction at 30TC for 2 h and the same further
treatment in He flow and $ichemisorptiof TPD as previ-
ously mentioned, resulted in a 54% metal dispersion.

TEM measurements performed on the same¢Qa,
catalyst (following calcination in air at 50 for 1 h and
H> reduction at 300C) provided an average Pd particle
size of about 2.0 nmZ#0.1 nm). Considering a spherical
particle geometry and using the formula [19), (%) =
1.1/d (nm) x 100, a value of 55% for metal dispersion was
calculated. Note the good agreementin%) provided by
the TEM and H chemisorption measurements. TEM studies
were performed after dispersing 5 mg of powder sample in
1 ml of ethanofwater mixture (1:1) kept in an ultrasonic
bath for 2 h followed by deposition on a carbon-covered
copper grid and drying at Z%. The instrument used was
a JEOL 1010 electron microscope operated at an accelera-
tion voltage of 80 kV.

2.3. CO pulseinjection experiments for OSC measurements

The catalyst sample was pretreated in 2034l for 2 h
at 500°C followed by H (1 atm) for 2 h at 300C before all

The experimental protocol followed for the measurement

of OSC is illustrated schematically in Fig. 2.

— Step 1: After its pretreatment, the catalyst sample was
broughtinto He flow at the temperatutysc) the OSC
would be measured. At this point, the Pd is in its fully
reduced state, while ceria exposes oxygen vacant sites.
Sep 2: The catalyst was then treated in a mixture of 20%
O2/He atTosc for 1 h. Tosc varied in the 450-70%C
range in which Pd crystallites were oxidized into PdO,
as indicated by in situ SEM and TPR studies [20-23]. At
the same time, oxygen is adsorbed onto ceria via direct
gas-phase chemisorption [24,25] and probably also by
oxygen spillover from the metal to the ceria surface [26].
Sep 3: After a 2-min flush of reactor in He flow, a CO
pulse (1.0 umol) was directed into the reactor. During
this pulse, surface oxygen species associated with PdO
and oxygen from ceria (surfatgubsurface) are reacted
off by CO, giving CQ as a gas product. The mechanism
by which this transient kinetics of CO oxidation occurs
is described in the following section.

The CO and C@gas-phase dynamic responses obtained

from the last experimental step 3 were followed continu-
ously by anonline mass spectrometer. These responses are
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shown in Fig. 2. The Ar response represents the dynamicsand/or lattice oxygen species is associakgds the intrinsic
of a nonadsorbing and nonreacting gas when pulsed (sameate constant of elementary step 1 of the CO oxidation re-
amount as the CO) through the reactor with the catalyst action, andc;"" is an apparent rate constant associated with
present. The area difference between the Ar and the COthe kinetics of the back-spillover of the oxygen process from
responses allows the estimation of the amount of CO con- ceria to the surface of PdO.
sumed during the pulse experiment. In addition, integration  Elementary reaction step 1 is of the Eley—Rideal (ER)
of the CQ transient response yields the amount of,Qu0o- type mechanism. The choice of this mechanism was made
duced. If no other side reactions occur, the amount of OSC based on three observations. First, the initial state of the Pd
(uatoms of @g) reflects either the amount of CO consumed surface is that of palladium oxide and not of a fully covered
or that of CQ produced. Intraparticle mass-transfer resis- Pd surface by chemisorbed oxygen, as explained in Sec-
tances during the CO pulse experiments in the 5002200 tion 2.3. Thus, chemisorption of CO cannot take place on
range have proven to be negligible according to the criteria the surface of PdO, at least in the initial period of the pulse
proposed in the literature [27]. External mass transfer resis- experiment. Second, during the course of the transient CO
tances based on the catalyst particle were also proven to bexidation reaction, oxygen from ceria is transferred onto the
negligible as described in the following Section 4.1. surface of Pd@Pd with comparable rates to those of oxygen
The dynamic gaseous responses obtained by mass speaemoval (by CO reduction) from the PdO phase, according

trometry were calibrated against standard mixtures. The to the present results (Fig. 6). Thus, chemisorbed CO onto an
mass numberén/z) 28, 40, and 44 were used for CO, Ar, oxidized Pd state may not be expected to be formed in the
and CQ, respectively. The cracking coefficient, cc (24), 500-700C range. Third, in situ DRIFTS studies performed
which is the ratio of the mass spectrometer signat & = in this work have revealed no molecularly chemisorbed CO
28 to that atn/z = 44 for the CQ molecular species, was  in the 500-700C range over the catalyst after the first pulse
measured from a standard g®le gas mixture. This coef-  of CO on the Pd@CeQ surface.
ficient is needed for the quantification of the CO signal. The It is important to mention here that the direct reaction
concentration of CO in the input pulse and the amount of cat- of gas-phase CO with oxygen species on €s0pport in
alyst used for the OSC experiments (0.3—-0.5 mg ofG&D; the 500—700C range was not considered because the same
diluted in SiG) were carefully chosen to achieve CO con- experiments performed with 0.5 mg of CeQiluted in
versions lower than 20%. The total flow rate of the carrier 49.5 mg of SiQ) resulted in less than 12% of the OSC mea-
gas (He) was kept constant at 100 som. sured over the 0.5-mg P@eQ, catalyst sample. More pre-

cisely, the amounts of 12.1, 21.4, and 35.3 umol ob@P

(or patoms of @g) were measured at 500, 600, and 7G0
3. Mathematical modeling respectively. In addition, these measurements revealed that

no uptake of chemisorbed CO on Ceé&lone occurred dur-
In this section, a mathematical model is developed which ing the pulse experiment in the 500—7@range.

describes the dynamic response of the gaseous CO observed

during the pulse transient experiment. 3.1.2. Langmuir—Hinshelwood mechanism
o o o If the CO oxidation reaction on the present R@@G
500-700°C range Langmuir-Hinshelwood (LH) mechanism, the appropriate

) ) . elementary reaction steps are as follows:
Two reaction mechanisms have been considered for the

transient CO oxidation reaction, i.e., the Eley—Rideal and the ka kg

Langmuir—Hinshelwood. These reaction mechanisms will be CO@ +51 Z CO-S. ka K, (step 3)

tested against the calculated pulse transient response and ki

other features of the pulse transient experiment. CO-§ +0-5 — COx(9) + 25, (step 4)
D . kapp

3.1.1. Eley—Rideal mechanism 0-S+S1'% 0-5 + S, (step 2)

A transient kinetic model describing the chemical proces-
ses under consideration is based on the following two mech-  In the proposed mathematical model, step 3 is considered

anistic steps: to be in equilibrium. Chemisorption of CO is considered to
ky proceed on the surface oxygen vacant sitésdr the Pd]
CO(g) +0-S — COx(9) + St (stepl)  pair sites presentin the PdO phase.
kapp
0-$+51 5> 0-§+%, (step 2)

3.2. Unsteady-state mass balances

where § denotes an oxygen vacant adsorption site on the

PdO surface, as discussed in Section 2.3 and shown in Fig. 2, The mass balances for the two adsorbed a8l O-%

S, denotes a site on ceria with which an adsorbed oxygen species in the case of the Eley—Rideal mechanism for the CO
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oxidation reaction are given by Table 1
Definition of parameters used in the mathematical model
O-S: Parameter Definition Units
dNo-s, — —kiyco N(g—51 + kgpp<1 . N(g—81 ) No-s, (1) k1 Kinetic rate constant of reaction step 1 15
dr NO_Sl NO_Sl kgpp Kinetic rate constant of reaction step 2 15
ka Kinetic rate constant of CO adsorption (step 3) -1g
(t=0, No-s, = N3 s,) ineti :
=Y NO—5 = No—g kg Kinetic rate constant of CO desorption (step 3) -1s
0-S: kg Kinetic rate constant associated to reaction step4 ~1 s
Yco CO output mole fraction mol%
dNo-s, _ —kgpp<1 _ M) No-s, 2) ycomax ~ Maximum CO output mole fraction mol%
dr N8—31 o CO input mole fraction mol%
0 No-s; Amount of adsorbed oxygen on Pd surface uatpm
(t =0, No-s, = NO—SZ)- N8—31 Initial (+ = 0) amount of adsorbed oxygen patn
The mass balances in the case of the Langmuir—Hinshelwood on Pd surface , _
. . No-s, Amount of adsorbed oxygen on cerium oxide patgm
mechanism are as follows: o .
NO_S2 initial (+ = 0) amount of adsorbed oxygen patam
0-S: on cerium oxide
dN. Oco Surface coverage of adsorbed CO in the Pd surface
o= I molecular fl S
— — kaBeoN, Fr Total molecular flow Hmal
dr 47CoT0=5 Nt Total number of moles in the gas phase umol
No— Weat Catalyst mass g
app, S
+ ks <1—900— )N 3)
NO
O]
t=0, No— =nN2 , andfco =0), . .
( S oS ) atoms per gram of catalyst is assumed to remain the same for
3_32- the Pd and PdO supported phases).
N N
= —k;“’F’(l —fco - Nf,ﬂ)zvmsg (4) |
05 3.3. Input y¢, function

(l‘ =0, No-s, = Ng—Sz)
The mass balance for the gaseous CO species in the The function describing the input pulsefo(7) in the
CSTR microreactor is given by pulse dynamic experiment that appears in the mass balances

q of Egs. (5) and (6) was obtained by fitting the experimen-
yco

Nt _ FTyé?o— Fryco — k1ycoNo—s, Weat (5) tally measured pulse of Ar (1 pumol) after directed bypass
dr of the reactor (see Section 2.3 and Refs. [16,17]. As shown

(t=0, yco=0) in Fig. 3, this pulse is described very well by the following
in the case of the Eley—Rideal mechanism and by equation with a correlation factat = 0.9992,

d _
Nt —fjfo = Fryilo — Fryco Z = ae (=" | gpesl =% 4 ges(=13)° (7)

No—
- <kaYCO<1— fco — N0 Sl) - kd9C0> T
o=t ) Alp,
X Ng—Sl Weat (6) 08 Alfiea

(t=0, yco=0, 6co=0),
in the case of the Langmuir—Hinshelwood mechanism. 206

The definitions and units of all parameters that appear in 04|
Egs. (1)—(6) are given in Table 1. )

The total number of moleéVT) in the gas phase of the 02t
CSTR microreactor that appears in the mass balances of
Egs. (5) and (6) was estimated by employing the ideal-gas 0.0
law and using the gas-phase volume of the CSTR reactor 0 2 4 6 8 10 12
with the catalyst bed in place. The latter quantity was esti- Time (sec)
mated by means of the simulated transient response of Ar He | & Ar/He pulse

gas following the switch from He to 5% AHe gas mixture

bypass and through the reactor [16117_] and was found to berig. 3. Experimental and fitted (Eq. (7)) dimensionless pulse transient
0.5 cn¥. The value Ong_81 parameter is taken as that cor- response of Ar obtained bypass the reactor according to the switch
responding to the metal dispersion (the number of surface PdHe — Ar/He pulse (1.0 pmol).
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For a more efficient determination of the optimum values

Simulated parameter values of the input pulse response curve based ompf the two rate constants; andkgpp, the above three criteria

Table 2
Eq. (7)
Parameter Value Std. dev. error (%)
a 0.1089 13
ay —0.5462 43
as 0.7979 29
as —0.2887 29
as 0.2517 13
as —0.1396 14
n 2.5637 11
ty 3.6242 17
13 5.5737 133
where
in

Yar(®)

Z=""~, 0<Z(n<L (8)

Ar
The optimum fitting parametets a1—as, andr1—t3 are tab-
ulated in Table 2.

3.4. Optimization of k1 and k5™

have been combined by means of a single paransgter

NO _ Ntf
g=w<JEL_£ﬁ>

0
No_Sl
' <1_ |N8_52 - féf RCOspiIIoved>’ (14)
N,
o5

wherer is the final time during the CO pulse transient ex-
periment at whichyco is practically zero. Optimum values
of k1 andkyP should maximize2 (close to unity).

3.5. Rates of CO oxidation and back-spillover of the
oXxygen process

In the case of the ER mechanism, the rates of CO oxi-
dation (step 1) and of back-spillover of the oxygen process
(step 2) are respectively given by

Rcooxid (ER) = k1ycoNo-s, (umol of O/(g9)), (15)

The finite-difference method (fully implicit scheme) was  Rspiliover= k5 "No-s,(1 — No-s, /No-s,) (16)

used for the solution of the coupled differential Egs. (1), (2),
and (5), in the case of the ER mechanism. The simulation of
the experimental CO pulse transient response obtained dur-

ing the OSC measurement on the 1 wt%y/€dQ, catalyst
was based on the following three criteria.

(umol of O/(g9).

In the case of the Langmuir—Hinshelwood mechanism,
the rate of CO oxidation (step 4) is given by

1st Criterion. The maximization of the correlation factor Rcooxid (LH) = k4fcoNo-s,  (umol of O/(g9). (17)
() between the simulated and experimental gas-phase CO

concentration values according to
Gt — nQXY)-QX-QY)
Vi X2 = (X2 n 2= (7

whereX andY are respectively the simulated and the ex-

perimental values of gas-phase CO concentratiga) and

4. Resultsand discussion
4.1. External mass-transfer considerations

It is very important to consider whether the pulse tran-

n is the number of experimental values of CO concentration sient kinetic experiments performed were conducted under

(yco).
2nd Criterion. The predicted values §6—s, and No—s,

conditions where the external mass transport rate, that from
the gas phase to the external surface of the catalyst particle

should be vanishing (e.g., less than 2%) by the end of the COwas large enough, so only kinetic rates were measured in the

high temperature range of 500—70D. The rate of external
mass transferf) can be estimated according to the follow-
ing relationship [27]:

must agree, within a 2% tolerance, with the corresponding rp = kgam(Cp — Cs), (18)

pulse:

No-s, -~ 0 and No-s, — 0. (10)
3rd Criterion. The predicted values 8, g andNg

experimental values:

N3 s + N3, = / Rcooxid dr, (11)

N3, = / Respilloverd?, (12)

N, + N3—s, = Ncoconsumed (13)

(determined by the experiment)

The rate expressions of CO oxidatiaR¢ooxid, and back-
spillover of the oxygen proces&spiliover, are given in the
following Section 3.5.

where, kg is the mass-transfer coefficient (8), am is

the specific external surface of the solid catalyst particle
(m?/g), Cy is the concentration of CO in the bulk gas phase
(mol/m?3), and Cs is the concentration of CO (mah) in

the gas phase very close to the external surface of the cata-
lyst particle.

In the case wher&y — Cs = 5% Cp, and when the
latter is considered as a sufficient criterion for the ab-
sence of external mass transfer resistances, then accord-
ing to Eq. (18) and the data presented in Table 3 the rate
of external mass transfer at 600 was calculated to be
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0.010
Table 3 _ Exo.. Simul
Parameter values for the estimation of external mass-transfer resistance for E 0.008 | Ry S
the CO pulse experiment at 606G ‘g
_ ()
Parameter Value f 0.006 T=500°C
Schmidt number &) 0.90 2 | @
Mass flux G) 2 x 1072 kg/(m?ss) E 0.004
Reynolds number(Re)P 0.033 3 0.002 |
Mass-transfer coefficienkg) 12x10 1 mys (e
External surface of the solid catalyst particien 0.6 rr?/g 0.000 ‘ ‘
Catalyst particle sizedp)a 0.06 mm 0 3 6 9 12
Maximum concentration of CO in 1.87 mol% Time (sec)
the input pulseXco max)
Total pressurefy) 1 atm
@ Based on an optical microscope, where it was found that the size of - 0.010 ¢
catalyst particles was in the range of 0.01-0.15 mm with an approximate g |
average size of 0.06 mm. 5 0.008
]
_ ' ' & 0.006 |
940 umoto/(gs). As will be shown in the following Sec- =
tion 4.4 (Fig. 6b), the maximum experimental value of the E 0.004
CO oxidation reaction rate at 60C was estimated to be 80002 |
about 90 umalo/(g s). This value is about 10 times smaller e
than the one calculated for the rate of external mass transfer. 0.000 . . .
Thus, it can be stated that under the present experimental 0 3 6 9 12
conditions external mass-transfer resistances are not signifi- Time (sec)
cant.

Fig. 4. Experimental and simulated pulse transient responses of gas-phase
CO at the exit of the CSTR microreactor related to the OSC measurement
4.2. Fitting of the gas-phase CO pulse transient response. at (a) 500 and (b) 600C over the 1 wt% PCeQ, catalyst.

Eley—Rideal mechanismfor the CO oxidation reaction

Table 4
Fig. 4 presents the experimental CO output pulse tran- gxperimental and simulated parameter values of the CO pulse transient re-

sient response curves obtained over the 1%ded» cata- sponse obtained at 500, 600, and 7Q0over the 1 wt% PACeG; catalyst
lyst at 500 and 600C as well as the corresponding Simu- pzrameter Value
lation curves. In the case of 50Q (Fig. 4a), the agreement 500°C 600°C 700°C
between the.expenmen.tal and S|mula't|on curves is excellent. C e (Mol%) 0.0187 0.0187 0.0187
The correlation factor is 0.9913, which fulfills very ade- s, (Hatomg) 58 58 58
quately the 1st criterion. The optlmum values forthetwo rate FT (umol/s) 68.3 68.3 68.3
constants are found to lig = 3040 s ' andky™P = 3.2 5~ Nt (umol) 4.0 35 3.1
In the case of 600C (Fig. 4b), the agreement between the Weat (g) 0.0005 0.00035 0.00035
experimental and the simulation results is also quite sat- kl <S D) 304.0 359.0 401.0
isfactory (R = 0.9894), even though the simulation curve X2 () 3.2 3.9 4.1
does not predict so accurately the peak maximum and the\ 0.9913 0.9894 0.9909

0.9907 0.9882 0.9896

rising part of the pulse (first 2 s, Fig. 4a). The optimum
values for the two rate constants are= 3590 s™1 and
k3PP = 3.9 s71. The experimental parameters used in both
S|mulat|ons and the resulting parameters calculated by thewherermax is the time of appearance of the maximum in the
model are tabulated in Table 4. In this table, corresponding concentration of CO, the rate of changeNg—s, is signifi-
values at the highest temperature studied (T@Oare also cantly lower than that oNo—s,. In particular, at 600C the

@ An Eley-Rideal mechanism is assumed for the CO oxidation reaction.

reported. amount of No—s, for ¢ < fmax remains practically constant
(Fig. 5b). In addition, the rates of change of the amounts of
4.3. Transient evolution of No—s, and No-s, the two oxygen species during the pulse are different and

depend on the reaction temperature. The duration of the CO
The proposed mathematical model also predicts the tran-pulse is approximately 10 s. The valuesNi—s, at the end
sient evolutions of the amounts of the two oxygen species in of the pulse { > 10 s) at 500 and 60TC are respectively
the two reservoirs, those of ceriig-s,) and PAQ(No-s,). 0.037 and 0.071, while the corresponding valuesVets,
Fig. 5 presents the transient behaviors\ef-s, and No—s, are 15 x 10~7 and 23 x 10/, respectively. Therefore, the
during the CO oxidation reaction in the pulse transient ex- 2nd criterion for the estimation of the optimum values of the
periments described in Fig. 4. It is clear that, fot fmax two rate constants is also fulfilled.
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Fig. 5. Calculated transient response curveSets, andNo-g, quantities
based on the OSC measurements at (a) 500 and ()G@0er the 1 wit%

Pd/CeG; catalyst.

4.4, Transient rates for the CO oxidation and

back-spillover of oxygen processes

Fig. 6 presents the evolution of the rates of CO oxidation
(step 1) and oxygen back-spillover (step 2) during the CO P 14
pulse transient experiment at 500 (Fig. 6a) and 600C

Fig. 6. Calculated transient response curves of the rate of CO oxidation
and back-spillover of oxygen during OSC measurement at (a) 500 and

(b) 600°C over the 1 wt% PCeO, catalyst.

.77
167
1.5

(Fig. 6b). It should be pointed out that these transient rates 137
cannot be measured experimentally. They can only be esti- 12t
mated by performing a kinetic/mathematical analysis of the

CO pulse transient response as shown in the present work. 1.1 5(')0

In Fig. 6b (T = 600°C), it is observed that the CO ox-

idation reaction rate is similar to that of the oxygen back-

spillover for reaction times less than 2 s and then becomes
higher. In particular, at =5 s, the spillover rate is about

5 patomg(gs), while the value of the rate of CO oxida-
tion is 30 patomggs). In the case of 500 (Fig. 6a), the

rate value of back-spillover of oxygen is always significantly

lower than that of the CO oxidation reaction.

Fig. 7 shows the ratio of the maximum rate of CO oxi-
dation to the maximum rate of back-spillover of oxygen as
a function of reaction temperature in the 500-7CGCange.
As the reaction temperature increases from 500 t0°@00

550 600 650 700
Temperature (°C)

Fig. 7. Calculated temperature dependence of the ratio of the maximum
transient rate of CO oxidation to that of back-spillover of oxygen obtained
during the CO pulse injection experiment for measuring the OSC over the
1 wt% Pd/CeG, catalyst in the 500-700C range.

about 20% higher than the maximum transient rate of back-
spillover of oxygen.
are indeed very significant since they illustrate for the first
time, in this type of transient kinetics of CO oxidation, the

relative importance of the two rates in the transient regime

The results presented in Figs. 6 and 7

the transient rate of back-spillover of oxygen takes values as a function of the reaction temperature.

approaching those of the rate of CO oxidation. At 700

Vayenas and Pitselis [28] have proposed a mathemati-

the maximum transient rate of CO oxidation on PdO is only cal model describing the NEMCA effect on porous conduc-
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. ) . : Larger Omegs
tive catalyst films on solid electrolyte supports. Their model 0 ..ol 1

accounts for the back-spillover of promoting anionié—O
species from the solid electrolyte onto the catalyst surface. 3

(|
The same type of model was then applied to describing the / \
effect of metal—-supportinteractions for the case of finely dis- oy
persed metal nanoparticles on Zr@nd TiG-based porous
supports, where the same type df Chack-spillover mech- &
anism is operative. Vayenas and Pitselis [28] have concluded _
that, in the case of dispersed Pt-supported catalysts, the ad "= * ]

sorbed O atom can migrate 1 pson Pt at 400C. Unless
the oxidation reaction TOF is higher than31§, which
is practically never the case, thé Oback-spillover double
layer is present on the supported nanocrystalline metal par-
ticles. Their simulation results agree with ours, in the sense
that the rate of back-spillover of oxygen species is signifi-
cant with respect to the CO oxidation rate.

Let us discuss the transient behavior of the two rates pre- 4 sl 5 o S 36 &
sented in Fig. 6. As soon as the gaseous CO species reac ki (s)
the entrance of the shallow catalyst bed, diffusion of CO into
the pore system of CeQparticles is very rapid and the CO  Fig. 8. Contour diagram of; vs kgpp. Simulation results correspond to
oxidation reaction on the pre-oxidized Pd (PdO phase) Sup_experimental results of the CO pulse injection experiment performed at

L .. . L 500°C over the 1 wt% PdCeO, catalyst.

ported within the pore system of ceria is rapidly initiated. At
the same time, due to the fact that oxygen vacant sites are
created by the CO oxidation reaction on the PdO phase, cethe 3rd criterion is satisfied very well since the predicted val-
ria begins to supply oxygen species to the surface of PdOU€S ofNg_s, andNg_, are in excellent agreement with the
via a back-spillover mechanism. At this point it should be €Xperimental ones at all reaction temperatures studied.
clarified that subsurface oxygen of PdO could also be trans-
ferred to the surface of PdO. However, its amount is very 4.5. Optimization of k1 and k3""
small compared to that of oxygen stored on Ge&s the re-
action proceeds, the oxygen pool in ceria begins to evacuate To find the optimum values of the rate constants of the
and thus the spillover rate is reduced. A maximum in the rate CO oxidation and oxygen back-spillover reaction processes,
of consumption of CO (or C®production) occurs when the — a series of simulations with the valuesl@fandkgpp inthe 1
productyco x No—s, is maximized (see Eq. (15)). Finally, ~to 1000 s range were carried out. The goal was to search
the spillover rate is reduced significantly when the oxygen for thosek values maximizing the paramet& given by
pool in ceriais largely reduced (e.g.zat 55,7 = 600°C). Eq. (14). Fig. 8 presents a contour diagranmkpf/s k;‘pp in
In contrast, the CO oxidation reaction continues since oxy- the case of the CO pulse injection experiment at8D(see
gen is still available on the PdO surface and CO is available Figs. 4a—6a). In Fig. 8, the darker gray color indicates larger
in the gas phase (CO pulse duration is 10 s). values of the2 parameter. The solid lines signify the borders

Integration of the curves of the transient rates (Fig. 6) between areas of changing color shading, thus a change in
leads to the calculation of the initial amount of adsorbed the range of2 values. As shown in Fig. 8, the paramesr
oxygen in each pool, i.e., that of Pd®3 ¢ ) and of ceria s maximized wherk; = 304 st andk;™"=3.2 s°1. The

(Ng—Sg) The estimated and experimenta| Va|ue§\@‘_sl value of 2 for this set of optimuer'S is 0.9907.

and N_g, are reported in Table 5 for the CO pulse exper- The optimum values of, for the CO pulse transient ex-
iments performed in the 500-70C range. It is noted that perlmepts pe.rfor.me?d In 'the' 500-70D range were us'ed
to obtain the intrinsic activation energy of the Eley—Rideal

Table 5 mechanism of CO oxidation to GQ(step 1). The corre-
Experimental and simulated values Mg_sl and N8_32 based on the  sponding Arrhenius plot shown in Fig. 9 yields an activation
mathematical modeling of the CO transient pulse response in the 500—energy of 924 0.1 kJ/mol and a pre-exponential factor of

a
g
ol
-2 4

700°C range according to the Eley—Rideal mechanism 1200+ 5 s~1 with R = 0.99

Temperature Experimental (uatpg) Simulated (patortg)
(°C) N, N, N, N, 4.6. Fitting of the gas-phase CO pulse transient response
500 580 673 580 67.3
550 580 922 580 923 Langmuir—Hinshelwood mechanism for the CO oxidation
600 580 1580 580 1574 reaction
650 580 1869 580 1867

The modeling of the experimental CO pulse transient re-

700 580 2064 580 2065 U . o
sponses shown in Fig. 4 using the Langmuir—Hinshelwood
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61 E = 9.2 £ 0.1 kJ/mol Table 6
Simulation results based on the Langmuir—Hinshelwood mechanism for the
6.0 CO oxidation reaction (steps 3 and 4)
2— 59} ka kgpp Q i Ng_s2 Ng—sz exp Comments
= (Hatonyg) (patonyg)
~ 58T e T =500°C
100,000 500 0.89770.9948 61.5 67.3  Highest valug pf
57T 6o andfco drop to
zero fort > 0.2 s
561 ) ) ) . 10 0.030.13210.9153 12.3 67.3 Reasonable variation of
0o andfco with time;
L0 L1 1.2 1 l'g 14 not satisfactory value
/T (K )x10 of 2

T =600°C
70,000 320 0.82340.9914 58.2 158.0 Highest valug pf
6o andfco drop to
zero forr >0.2's

5 0.010.09250.8756 11.1 158.0 Reasonable variation of

. . . . 0o andfco with time;
mechanism has been performed by varying the four kinetic not satisfactory value

rate constantsig, ka, k4, andks"" (that appear in the cor- of &
responding reaction scheme described by steps 2—4 of Sec-

tion 3.1.2) and using the appropriate material balance equa- : :
tions (Egs. (3), (4), and (6) of Section 3.2). To avoid the 500-700C range, the entropy of CO chemisorption on Pd

simultaneous evaluation of all the above-mentioned kinetic CHar\]/vbS Crophs'de;fﬁ lpract:cc(a:lg Cﬁ nﬁ:?ﬂt}% Cr?li/ (Td KB dt
rate constants by just fitting the single experimental CO re- owever, he enthapy o chemisorption Is reported 1o
sponse curve, the rate constants for CO adsorptigrad vary significantly with CO coverage [30] and can be approx-

desorptionkq) were calculated separately, using experimen- imated by
tal data provided in the literature. The rate constant for CO _ A0 _ 1727 1304co  (kJ/mol). (23)

adsorption was calculated using the following expression _ . . .
suggested in Ref. [29]: The main features of the simulation results after using the

05 05 LH Kkinetics for CO oxidation are reported in Table 6. To ob-
R ~( Pr 1\~ i i
ka= Soa< ) ( >NA<—) (19) tain high values of paramete?, larger values for botlty
2n M ’

Fig. 9. Arrhenius plot of Likq) vs 1/T for the determination of the in-
trinsic activation energy of the Eley—Rideal mechanism of CO oxidation
on PdQ'CeO, catalyst in the 500-700C range during the OSC measure-
ments.

R T andk5"P were used than those #f andk5™ used with the

where S is the sticking coefficienty is the surface metal ~ ER kinetics. However, these valueskafandks™ resulted in
atom cross-sectional area (n Pr is the total pres-  practically zero surface coverages for both CO and oxygen
sure (atm),Na is Avogadro’s number)M is the molecular  at reaction times higher than 0.2 s. The result of zero oxy-
weight of the adsorbate (gol), and R is the universal  gen coverage is inconsistent with the experimental results,
gas constant ((atm cfjy(molK)). The sticking coefficient  which show that C@production stops only at reaction times
So was calculated based on the data for CO adsorption onhigher than about 10 s. To obtain more reasonable evolutions
Pd(100) surface reported by Yeo et al. [30], who have shown of 6o andfo, one must use significantly smaller values of
that So changes almost linearly with CO surface coverage both ks andk5"™". However, in this case the value of be-
(bco), i.e., comes significantly smallesZ < 0.15), which is undesired.
So= 0.84— 0.537Fco. (20) Thg estimated yalue cﬁg_s2 at 500°C was 12.3 patorty,
while the experimental value was 67.3 paj@mAs shown

Because step 3 of the Langmuir-Hinshelwood reaction j, 1ape 6, similar results and conclusions were obtained for
scheme is considered to be in equilibrium, the rate constantipa reaction temperature of 600. It is noted that changes
kq can be calculated based on the thermodynamic constant i, the estimated values df, andkg via Egs. (20)~(23) by

for CO chemisorption given by an order of magnitude did not affect the conclusions reached

K= kg N kd 21) for the LH kinetics presented in Table 6.

" ka a= g In conclusion, the simulation results obtained after as-
The thermodynamic constait for CO chemisorption can ~ suming LH kinetics for the present transient CO oxidation
be calculated using the following formula: reaction fail to reproduce the experimental pulse transient

o 0 results of Fig. 4. The results shown in Figs. 4 and 9 and Ta-
K =exp(AS™/R) exp(—AH"/RT), (22) ble 6 strongly support the ER kinetic scheme presented by

where AS? is the entropy of CO chemisorption on Pd steps 1 and 2. Reaction step 1 is considered as a pure el-
(J/(molK)), and AH? is the enthalpy of CO chemisorp- ementary reaction step, in the sense that it can occur on a
tion on Pd (J/mol). According to Shustorovich [31], in the molecular level [32].
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Many theoretical studies have shown that the most ener- Bondzie et al. [43] have studied the kinetics of reduc-
getically favorable (lowest reaction energy barrier) reaction tion of PdO (formed on a Pd(110) crystal face) by CO at
path for the CQO, reaction (co-fed CO and £from the low pressures (5 10-8 mbar) in the 340-420 K range. The
gas phase) over unsupported Pt, Pd, and Rh metal surfacekley—Rideal step was considered in their kinetic analysis.
is that associated with the LH mechanism [33—-39]. The re- A rate constantk) was estimated for this step and the value
action barrier was found to be in the range 50-140vdl, of 14.1 ML/s was reported at 400 K. The unit of ML used
while the highest energy sub-barrier was identified as that in their analysis corresponded tai9« 10'* atomgcn?. Itis
of the weakening of the metal-oxygen bond [33—-39]. In the very instructive to compare this reported value @it 400 K
case of supported Pt, Pd, and Rh catalysts, a LH kinetic with that predicted from the results of the present work. Con-
model is usually found to best fit the experimental rate re- sidering the present case of CO oxidation (or PdO reduction
sults for the CQO; reaction atT < 300°C and for ratios by CO) at 773 K, for the maximum value of the rate of CO
of Pco/Po, that correspond to not strongly oxidizing feed oxidation (55.7 patorf(gs), Fig. 6a), and the corresponding
conditions [40-42]. No-s, (36.8 patoryig) andy (0.006) values, a rate constant

The main differences in the conditions of the present k1 = 5.42 x 10~/ (gatomY(cn?s) is calculated. In these
transient CO oxidation reaction, which lead to ER kinetics, calculations, a value of 2.3 1Pd/g (based on dispersion
compared to those encountered under steady-state reactioand the site density for the Pd(111) crystal face), and the rate
conditions (CQO; feed streams), which lead to LH kinet- Eg. (15) were used. In the latter equation, the surface cover-
ics for group VIlI-supported metal catalysts [40-42], are the age® is used instead oNo-s, to express the unit of rate
following: constant in (gatomy(cm?s) as that reported [43]. Based

on the activation energy value of 9.2/kdol calculated from

1. In the present pulse transient experiments, there is nothe present work (Fig. 9), and assuming a pre-exponential
co-fed oxygen in the CO pulse. factor for thek; rate constant independent of temperature,

2. Before CO is admitted to the reactor, the supported cata-a value ofk; = 14.2 x 108 (g atomy (cn? s) is obtained at
lytic surface does not correspond to the state of metallic 400 K. This value is about 6.5 times larger than the value re-
palladium but to that of PdO. This is based on results ported by Bondzie et al. [43]. This difference in thealue
from the literature [20-23], where it has been demon- corresponds to a 6.2 kol difference in the activation en-
strated that at temperatures in the 350-8D@ange, ex- ergy for the Eley—Rideal step of the CO oxidation on PdO in
posure of Pd to an oxygen atmosphere (even at 0.2 Torr)the two studies.
leads to its conversion to PdO (surface and subsurface Based on what is mentioned in the previous paragraph,
in many layers). Decomposition of PdO occurs only at the relatively low value of 9.2 kKinol for the activation en-

T > 800°C [21,23]. ergy of the elementary step, CO{O-S (PdO)— CO»x(g),

3. CO chemisorption is not expected to take place on Pd estimated in the high-temperature range of 773-973 K over
sites of the PdO surface in the 500—7@range. It is the present Pd@Ce( system, is consistent with the value
noted that, even on a Pd surface, the coverage of COof 15.4 kJymol estimated over the unsupported PdO in the
chemisorption in the 500-70C range was found to be  low-temperature range of 340-420 K. An interesting and
nonmeasurable based on in situ FTIR studies performedimportant view for explaining the relatively low activation
on the present P€eO catalyst. This result implies a  barrier of 9.2 kJmol obtained in the present work comes
very small or zero residence time for the adsorbed CO from the recent work of Hirsimaki et al. [44]. The authors
molecule. have studied the energy-dependent transient reaction kinet-

4. Upon reaction of CO with a surface oxygen atom of ics of CO oxidation over a preoxidized Pd(110) surface,
PdO during the pulse experiment, a surface oxygen va- where they propose that at high translational energies for
cant site in the PdO is to be formed. It might be argued the CO impinging molecules the energy and momentum
that this vacant site could be used for CO chemisorp- transfer results in the weakening of the Pd—O bond, thereby
tion. Thus, a LH mechanism could also be operable leading into the lowering of the activation energy barrier
along with the ER mechanism for the reaction system. and increased reaction rate. This view could partly explain
However, the facts that the PdO phase is supported onthe 6.2 kJmol difference in activation energy estimated for
ceria, a material largely promoting the back-spillover of the elementary reaction step under consideration at 400 and
oxygen process, and that the chemisorption energy of 773 K.

CO on the oxygen vacancy is expected to be signifi-  In a recent detailed work on Pd(111) using XPS, STM,
cantly lower than that of oxygen on Pd [38], indicate and TPD techniques, Zheng and Altman [45] have indicated
that the possibility of having a chemisorbed CO state multiple Pd—O surface and subsurface species with differ-
on the present Pd@eQ, system must be rather small. ent activities toward CO oxidation. The existence of multiple
This conclusion is consistent with the present simulation Pd—O species has been postulated as an explanation for the
results with the LH kinetics that fail to reproduce the ex- complex behavior observed in Pd-catalyzed oscillatory be-
perimental CO pulse transient response (see Section 4.6haviour of the CO oxidation reaction [46,47]. In the present
Table 6). kinetic model, only a single oxygen species (QH$as been
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considered in the Eley—Rideal step of the CO oxidation reac- mechanism was found to support the experimental obser-
tion to form CQ. If under the high temperatures used in the vations, where the oxygen partial pressure was larger than
present work for the oxidation of Pd to PdO more than one that of CO or the initial metal surface state was that corre-
kind of Pd—O species was present at the start of the CO pulsesponding to a high initial oxygen coverage. Dwyer and Ben-
experiment, then the activation energy value of 9.2%dl nett [50] in their transient CO oxidation studies with FTIR
estimated may reflect an apparent value accounting for thehave found that an ER process initially proceeded when
reactivity of all Pd-O species. However, such a hypothesis CO(g) reacted with pre-adsorbed oxygen in the 1002050
cannot be proven since no data are available on the details ofange over 9 wt% R8I0, catalyst, while as CO accumu-
the surfacgsubsurface structure of PdO at temperatures in lated on the surface the controlling mechanism shifted to
the 500-700C range. the LH one. Bonzel and Ku [51] have studied the CO ox-
In a recent work [48] concerning the development of idation reaction on the Pt(110) surface and found that the
a transient kinetic model for the CO oxidation reaction temperature dependence of the £@action rate exhibits
over a PtRh/CeQy/y-Al,03 three-way catalyst in the @ maximum, the position of which depends on the compo-
120-160°C range, the following elementary reaction steps, sition of the gas phase. At 21E, two different rate laws
among others, were considered for fitting the transient CO have been established depending on the ratif®f Pco.
and CQ experimental responses obtained following the These authors claim that their results support the idea that

switch 0.5 mol% Q/He — 0.5 mol% CQ/He: the reaction obeys an Eley—Rideal mechanism for the exper-
imental conditions investigated [44]. Finally, Srivastava et

CO(g) + O-S<« OCO-S (step 5) al. [52] have studied the oxidation of CO on Ni clusters by

OCO-S— COx(g) +S. (step 6) means of CNDO MO calculations. The cluster surface was

pre-adsorbed with O and the variation of various bond en-
Nibbelke et al. [48] reported the 12.1 Adol and 20.5 5t ergies with the approach of a CO molecule was investigated
values for the activation energy barrier and pre-exponential for different models. Srivastava et al. [52] found that, at high
factor of the rate constaitassociated with step 6, respec- oxygen coverage, an Eley—Rideal reaction pathway is more
tively. In addition, the activation energy and pre-exponential probable.
factor of the backward rate constant of reaction step 5 were
reported to be 20.3 Kinol and 248 31, respectively. The  4.7. Parametric sensitivity analysis
reaction steps 5 and 6 are closely related to the Eley—Rideal
step 1, and the reported kinetic values are of the same order The effects of the total molecular flowr) and of the

as those calculated in the present work over thg(R®, initial amounts of surface adsorbed oxygen on Pd@_(gl)
catalyst. and on cerium oxideMg_SQ) on the fitting of the pulse tran-

The suggestions of Bottcher et al. [37] for explaining the sient response of gaseous C&@:¢) and the derived rate
high CO oxidation reaction rate on a pre-oxidized Ru(0001) constantsc; andk,™ in the case of the ER kinetics were
surface with 5 ML of oxygen species could also be adopted investigated. Thér, N8—51’ a”ng—sg parameters are con-
in the present case of the FBeQ, catalyst. The authors sug-  sidered to present some experimental error in their determi-
gested that the interaction between subsurface oxygen atomsgation. Table 7 presents the results obtained after allowing
and overlayer oxygen atoms is repulsive, and as a result ofg 109 variation in the value of the above-mentioned three
this, the on-surface O atoms are markedly destabilized. Con-parameters. It is clearly seen that the percentage of error in
sequently, the activation energy of the CO oxidation (Eley— determining thek; and k3"" parameters is less than 0.6%

Rideal step) drops with respect to that with one monolayer and 12%, respectively. These results are indeed very im-
((1 x 1)-O overlayer) of oxygen atoms, giving rise to a sig-

nificantly enhanced C&production rate [37]. Table 7

Relatively low activation energy barriers for true reaction Efrects of the parametersr, Ng. 5 and NG , On the kinetic rate con-
elementary steps have recently been reported by Dumesic e, and k3PP of the Eley-Rideal mechanism
al. [49] for the SCR of NO by Nglon vanadium oxide cata- P

. Parameter value 2 k1 ko

lysts. A value of 19 kdmol was reported (based on density 5 5 o ‘)
functional theory (DFT) calculations) for the conversion of T No- No-s, SR Cy
the NHsNHO adsorbed intermediate species to the;NB (umols)  (natorjig)  (patorig)

one. To our knowledge, there are no theoretical estimates giiﬁ g;; 222 g-gg‘s‘g §8£ 2(2)
in the literature for the energetics of an ER mechanism for b ' ' '
L ) 75.0 57.7 683 09942 3040 33
the CO oxidation over a PdO surface, to which we could  gg, 5102 740 09949 3040 34
compare the value of 9.2 khol calculated in the present  gg2 635b 625 09946 3020 29
work. This could be a challenge for future DFT studies on 682 577 6142 0.9944 3040 31
the present catalytic system. 682 577 751P 09945 3040 33

It is useful to cite here certain works on the CO oxida- 2 10% decrease in the actual experimental value.
tion reaction over transition metal surfaces where the ER P 10% increase on the actual experimental value.
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portant in establishing the reliability of the present kinetic the University of Cyprus is gratefully acknowledged. The
model. The estimated transient rates of CO oxidation andresearch group of Prof. C.R. Theocharis (University of
back-spillover of the oxygen process and the correspondingCyprus) for carrying out the BET measurements and the
calculated intrinsic rate constaris andk;1|0p are proven to useful discussions with Prof. M. Mavrikakis (University of
be rather insensitive to the extent of possible experimental Wisconsin-Madison, USA) are also acknowledged.
errors related to the performance of the CO pulse transient
experiments in measuring the OSC phenomenon.
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