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Abstract

Selective oxidation of CO in hydrogen is an important reaction for producing hydrogen from hydrocarbons suitable for use in f
Pt has been shown to be very active for this reaction. This article reports on the results of an investigation into the impact of Fe pro
Pt/γ -Al2O3 using isotopic transient kinetic analysis (ITKA). In this study, Fe promotion was found to have an impact on activity, sel
and also time-on-stream behavior of surface reaction parameters. It increased activity and selectivity, as has been also noted by
ITKA revealed that the higher activity of PtFe is due mainly to an increase in intrinsic site activity when compared with nonprom
Fe promotion did not affect significantly the total concentration of active surface intermediates. In a previous study, Pt/γ -Al2O3 was found
to exhibit steady activity for selective CO oxidation after an initial rapid partial deactivation. The PtFe catalyst also showed rapid in
partial deactivation similar to Pt. The activities of both catalysts decreased with time-on-stream about the same degree in reaching a pseu
steady state. Unlike for Pt where initial partial deactivation was due primarily to a decrease in active intermediates, the initial rapid pa
deactivation for PtFe was the result of both a decrease in the concentration of surface intermediates and a decrease in the average int
site activity, but was due mainly to the decrease in the intrinsic site activity. The intrinsic site activity of PtFe approached that o
time-on-stream. It would appear that carbon deposition causes the initial partial deactivation on Pt and may partially do so on PtFe
evidence suggests that reoxidation of Fe is likely a significant cause of the loss of activity of PtFe. As partial deactivation proceeds
of Fe promotion of the Pt sites decreases.
 2004 Elsevier Inc. All rights reserved.

Keywords: CO oxidation; Selective oxidation; Pt; PtFe; Fe-promoted Pt; Isotopic tracing of reaction
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1. Introduction

Poisoning by CO impurities of the electrode in a pro
exchange membrane fuel cell is a potential problem in u
hydrogen derived from hydrocarbons by reforming or p
tial oxidation. To reduce the amount of CO in the hydrog
stream to a tolerable level (< 10 ppm) without sacrificing
too much hydrogen, a suitable catalyst must be used d
stream of hydrogen generation to convert the CO to C2.
Pt/alumina has been found to be suitable for this purp
[1,2]. Unfortunately, rapid partial deactivation during the
initial reaction period at desired low reaction temperatu
makes the catalyst much lessactive and selective than
could be. Our previous work [3] showed that the adsorp
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E-mail address: james.goodwin@ces.clemson.edu (J.G. Goodwin
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-

of CO is more favorable on the Pt surface than either o
gen or hydrogen. We suggested that the imbalance bet
the amounts of CO and O2 adsorbed on the catalyst surfa
under typical reaction conditions might be the main reaso
for carbon deposition, the apparent cause of the initial d
tivation to steady-state reaction. Carbon removal by reac
with either oxygen or hydrogen in the reactant stream is
sufficient at desirable low reaction temperature ca. 90◦C to
prevent carbon buildup on the initial catalyst surface.

There have been several investigations of the effec
promoters (Fe oxide, ceria) on the activity and selecti
of Pt/alumina [4–6]. Korotkikh and Farrauto [4] studied t
effect of Fe oxide promotion on Pt/alumina powdered c
alysts and monolith catalysts. They found that with Fe
ide promotion, CO conversionincreased significantly bu
the selectivities remained relatively constant. In a follo
ing paper, Fe-promoted Pt/alumina catalyst was studied
detail [5]. A noncompetitive dual-site mechanism for t
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selective oxidation of CO was proposed. The promoted
catalyst was suggested to be more active due to Fe o
providing adsorption sites for oxygen and Pt providing
sorption sites for carbon monoxide. The effect of ceria o
Pt/γ -Al2O3 catalyst was studied by Son and Lane [6]. T
ceria-promoted catalyst gave higher conversion and selecti
ity than Pt alone at low temperature (∼ 100◦C). A smaller
effect was obtained when the O2-to-CO ratio was increased

In this study, the effects of Fe promotion of Pt/alumina
the surface reaction parameters during the selective ox
tion of CO were investigated using isotopic transient kine
analysis (ITKA). From the reaction and ITKA results, t
effect of Fe promotion on the apparent activity, the intrin
“site” activity, and the concentration of active intermediate
was able to be determined. The evolution of the site acti
distribution with time-on-stream was also determined.

2. Experimental

2.1. Catalyst preparation

A catalyst consisting of 5 wt% Pt onγ -Al2O3 powder
was prepared according to the procedure described in
previous study [3]. The catalyst was calcined at 500◦C for
2 h in flowing hydrocarbon-free dry air. This catalyst is
ferred to as the “Pt” catalyst through the paper.

To prepare 0.5 wt% Fe+ 5 wt% Pt onγ -Al2O3 powder,
a portion of the 5 wt% Pt onγ -Al2O3 powder after calci-
nation was impregnated with an Fe(NO3)3 · 9H2O solution.
The catalyst was then recalcined at 300◦C for 2 h. This cat-
alyst is referred to as “PtFe.”

A 0.5 wt% Fe onγ -Al2O3 catalyst was also prepared f
comparison purposes. Calcinedγ -Al2O3 was impregnated
to incipient wetness with an Fe(NO3)3 · 9H2O solution,
dried, and then calcined at 300◦C for 2 h. This catalyst is
referred to as “Fe.”

2.2. Catalyst characterization

BET surface area measurement and static H2 and CO
chemisorption were performed according to the procedur
provided in our previous work [3]. Even though the amo
of Fe by weight seems to be small compared with the am
of Pt, it is significant in terms of atomic percent. There
fore, we report percentage dispersion calculated both
and without considering Fe.

2.3. Temperature-programmed reduction

The reducibilities of the calcined Pt, PtFe, and Fe c
lysts were measured by temperature-programmed redu
(TPR) using an Altamira AMI-1 system. TPR used a temp
ature ramp of 5◦C/min from 40 to 700◦C in a flow of 5%
H2 in Ar. H2 consumption was measured by analyzing
effluent gas with a thermal conductivity detector. The de
tor output was calibrated by reduction of Ag2O powder.
-

2.4. Temperature-programmed desorption

For the temperature-programmed desorption (TPD) s
ies, approximately 50 mg of a calcined catalyst sample
reduced in a stream of hydrogen for 1 h at 550◦C. The cat-
alyst was then cooled down to 300◦C where it was purged
with He and further cooled down to room temperature.
measure how CO and H2 competitively adsorb in the pres
ence of the other, a gas mixture of 1% CO and 45% H2 in
He was used in this study. The catalyst sample was s
rated with this gas mixture at room temperature for 40 m
and then purged with He at the same temperature for 30
before heating up to 700◦C at 10◦C/min ramp rate. The
amounts and species of effluent gases were detected us
Pfeiffer Vacuum Prisma mass spectrometer.

2.5. Reaction system

The design of ITKA reaction systems, such as used
this study, has been shown elsewhere [7,8]. Details of
particular system used for this reaction was described in
previous study [3]. The product stream was analyzed u
an on-line Varian (CP-3380) with a carbosphere column.
drogen, carbon monoxide, and oxygen were first separ
at 50◦C, and then after 5 min the gas chromatograph
ramped to 150◦C at 15◦C/min to determine the concentr
tion of CO2.

2.6. Reaction measurements

The catalytic activity of thecatalyst for the selective ox
idation of CO in the presence of hydrogen was determi
at 90◦C and 1.8 atm. Prior to CO oxidation, approximat
50 mg of Pt or 25 mg of PtFe catalyst was diluted w
α-alumina and reduced in situ in a stream of hydroge
550◦C for 1 h. After reduction, the temperature was gr
ually decreased over 4 h to the reaction temperature
which time the flow was switched to a feed stream cont
ing 45% H2, 1% O2, 1% CO, and 53% He. Total gas spa
velocities of∼ 190,000 h−1 (100 cc/min) and 760,000 h−1

(200 cc/min) were used for Pt and PtFe catalysts, resp
tively, to produce differential conversions at steady state.
CO conversion and selectivity were determined periodic
until the reaction reached steady state and were calculate
using the method described by Manasilp and Gulari [2]. C2
selectivity (%CO2) basically represents the percentage of2
consumed that reacts with CO.

2.7. Isotopic transient kinetic analysis (ITKA)

Isotopic transients were measured after switching
tween isotopically labeled CO (12CO vs 13CO). A trace
of argon was present in the12CO stream to determine th
gas-phase holdup in the reaction system. The transien
sponses of the old isotopically labeled and the new lab
CO2 and CO exiting the reactor were monitored with
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Table 1
Characterization results for the Pt and PtFe catalysts

Catalyst BET surface area (m2/gcat) Hirr (µmol H atoms/gcat) COirr (µmol CO/gcat) Dispersion (%)

5% Pt/Al 230 116 127 45.4a

5%Pt/0.5%Fe/Al 233 83 77 32.3a (24.2b)

a Calculated from the amount of irreversibly adsorbed hydrogen assuming Hirr/Pts = 1.
b Calculated considering both Pt and Fe and assuming Hirr/Pts = 1 and Hirr/Fes = 1.
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mass spectrometer (Pfeiffer Vacuum Prisma) equipped
a high-speed data acquisition system interfaced to a per
computer using Balzers Quadstar 422 Version 6.0 softw
The surface kinetic parameters (average surface resid
time and concentration of surface intermediates) were
culated using the method described by Shannon and G
win [7]. By integrating the normalized decay response to
step change in isotopic concentration relative to the m
sured gas-phase holdup, the mean surface residence
of all carbon-containing adsorbed CO2 surface intermedi
ates (τI-CO2) was able to be determined. The concentra
of surface intermediates was determined fromτI-CO2RCO2,
whereRCO2 is the rate of CO2 formation. The distribution
of the pseudo-first-order rate constant (k = 1/τI-CO2) were
calculated from the isotopic transients for CO2 using the
method described by Hoost and Goodwin [9]. This met
is based on a constrained, standard Tikhonov regulariz
of Fredholm integral equations of the first kind. It reveals
distribution of activity,k, for the reaction sites. This distrib
ution is represented byF(k).

3. Results

3.1. Catalyst characterization

As shown in Table 1, Fe addition did not change
BET surface area of the catalysts. It was approxima
230 m2/gcat for both Pt and PtFe catalysts.

The amounts of hydrogen and carbon monoxide i
versibly chemisorbed on the Pt and PtFe catalysts and
percentage metal dispersions are summarized in Table 1
average metal particle sizes were ca. 4.5 nm for the PtFe
alyst and 2.4 nm for the Pt catalyst. These quantities w
calculated based on the irreversible hydrogen chemisorp
and the correlation between percentage dispersion and
particle size as described by Anderson [10].

It is obvious from Table 1 that the amounts of CO and2
chemisorption were lower on the PtFe catalyst than on th
catalyst. The amount of irreversible CO chemisorbed on
PtFe catalyst was only 61% that on the Pt catalyst, while
amount of irreversible H2 chemisorption was ca. 71%.

3.2. Temperature-programmed reduction

Reduction behaviors of alumina-supported Pt, PtFe,
Fe catalysts obtained by TPR experiments are show
l
.
e

-

e

e
-

l

Fig. 1. Temperature-programmed reduction profiles of Pt, PtFe, and Fe ca
alysts.

Fig. 1. The Pt catalyst showed only one reduction p
at ∼ 218◦C. Two reduction peaks were observed for
PtFe catalyst, as expected. Thefirst peak represents pla
inum oxide reduction and perhaps some catalytic reduc
of iron. The second peak at∼ 290◦C is the catalytic re
duction of iron oxide. By comparison of these results w
the results for an Fe/γ -Al2O3 catalyst that exhibited tw
reduction peaks at 377 and 464◦C, it is obvious that Pt de
creases the reduction temperature required for iron o
as a result of hydrogen spillover. While Jia et al. [11]
ported some higher-temperature peaks for Pt/γ -Al2O3, the
present results are consistent with most previous work
Pt [12–14]. Based on calibration of the TCD using silver
ide reduction, the amount of hydrogen consumed indic
100% reducibility of the Pt catalyst with negligible reduction
at temperatures lower than 40◦C.

3.3. Temperature-programmed desorption

Fig. 2 shows the TPD profiles of H2, CH4, CO, and CO2
for desorption of the adsorbed gas mixture (1% CO, 4
H2 in He), where CO2 would have been formed by th
Boudouard reaction from CO. Both Pt and PtFe had s
lar desorption behavior except for methane, where the pea
was shifted slightly. Surprisingly, no peak for the deso
tion of CO was observed for any of the catalysts, but th
was a peak for CO2 desorption at ca. 320◦C for Pt and PtFe
and at ca. 180◦C for Fe, indicating the higher activity of F
for the well-known Boudouard reaction. There was a br
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Fig. 2. Temperature-programmed desorption of gas mixture (1% CO, 45%
H2 in He) on Pt, PtFe, and Fe catalysts.

peak for H2 desorption starting at 220◦C with a peak around
600◦C that was essentially identical for Pt, PtFe, and
No low-temperature peak for H2 desorption was observed
has been reported by Miller et al. [15] for TPD of pure h
drogen adsorbed on Pt/γ -Al2O3. As the H2 peak was very
broad starting at 220◦C, it is possible that some desorptio
occurred at lower temperature and contributed to the b
ground.

3.4. Activity measurement

The PtFe catalyst was tested for its activity and se
tivity and compared with the nonpromoted Pt catalyst. T
space velocity used was four times that used for the non
moted catalyst to have differential conversion at steady s
Assuming that oxygen is consumed by either CO or H2 ox-
idation, the rate of H2 oxidation can be calculated. Rates
CO and H2 oxidation and percentage CO2 selectivities of the
PtFe and Pt catalysts with time-on-stream (TOS) are plo
together for comparison purposes in Fig. 3. The CO ox
tion rates of both catalysts dropped significantly with TO
An increase in H2 oxidation rate was detected for Pt, refle
ing the decrease in percentage CO2 selectivity. Although rate
of H2 oxidation increased with TOS, it was not as signific
as the rapid decrease in rate of CO oxidation resulting
rapid decrease in total oxidation rate. PtFe showed an o
.

-

Fig. 3. (a) CO oxidation rate. (b) H2 oxidation rate. (c) CO2 selectivity of
the Pt and PtFe catalysts (moles of O2 reacted with CO/total moles of O2
consumed).

site change in H2 oxidation rate. Decrease in H2 oxidation
rate from 5 to 30 min TOS along with CO oxidation ra
resulted in a slower decrease in percentage CO2 selectivity.
The Fe-promoted catalyst reached a pseudo-steady sta
ter 300 min TOS, whereas the nonpromoted catalyst rea
steady state after only 30 min. However, considering the
ative change in activity to steady state, both catalysts wo
appear to have had the same degree (%) of deactivation
initial CO oxidation rate on PtFe was about 5.7 times hig
than that on unpromoted Pt (48.2 vs 8.3 µmol/(gcats)). At
steady state, this ratio was slightly lower (∼ 4). The CO2
selectivity on PtFe was also higher than that on Pt du
most of the TOS. At steady state, Pt gave 27% CO2 selectiv-
ity whereas PtFe gave almost50%. An initial reproducible
slight increase in selectivity during 5–10 min TOS was
served for PtFe.

Additional experiments were performed to determine
effect of oxygen and carbon monoxide partial pressure
the reaction rate and selectivity as shown in Table 2.
partial pressures of oxygen and carbon monoxide were
ied between 0.9 and 3.6 kPa. The process parameter,λ, is
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ate
Table 2
Activity and selectivity of Pt and PtFe at different feed compositions

Catalyst PO PCO Reaction rate (µmol/(gcats)) CO2 selectivity (%)

(kPa) (kPa) Initial Steady state Initial Steady st

Pt 0.9 1.8 6.6 0.3 52 20
1.8 1.8 8.3 0.9 91 27
3.6 1.8 9.3 1.3 61 17
0.9 0.9 5.1 0.6 39 20
3.6 3.6 8.6 2.0 42 25

PtFe 0.9 1.8 25.7 4.2 88 64
1.8 1.8 48.2 4.3 73 50
3.6 1.8 50.2 4.3 25 40
0.9 0.9 14.6 4.1 50 56
3.6 3.6 53.6 5.6 59 60
gen

ate
ris-
ted
ith
for

also
ants
ce o
tate

e on

ta-
n de
e
the

of 0
ac-
n

rs.
tiva-
os-

) at
c-

itial

tion,
ain-
/He
ate.

re to
rate
is in

t

e Pt
is a
if-
on
may
defined as two times the ratio of partial pressures of oxy
and carbon monoxide. Forλ = 2 (PCO = PO), partial pres-
sure of CO had a positive effect on the CO oxidation r
(both initial and steady state) for both Pt and PtFe. A surp
ing result is the effect of oxygen partial pressure. It affec
the initial reaction rate for both Pt and PtFe; however, w
TOS its effect became greater for Pt but less and less
PtFe, being negligible at steady state. Selectivity was
affected by changing the partial pressures of the react
For Pt, even though there was no clear direct dependen
the initial selectivity on CO partial pressure, the steady-s
selectivity may have increased slightly withPCO. For PtFe,
both initial and steady-state selectivity increased withPCO.
There was no clear evidence of selectivity dependenc
oxygen partial pressure for either Pt or PtFe.

The power law expression for CO oxidation on both ca
lysts was determined. The approach we used has bee
scribed by Kahlich et al. [16]. Atλ = 2 and steady-stat
operation, the reaction orders for the power law form of
rate expression for Pt were found to be+1 and 0 for O2 and
CO, respectively. The PtFe catalyst had reaction orders
and 0.2 for O2 and CO, respectively. This change in re
tion order for O2 indicates the impact of Fe promotion o
the mechanism or at least the surface adsorption paramete

To better understand the cause of catalyst deac
tion, additional experiments were performed by preexp
ing the reduced catalyst to a stream of O2/He (Pt_PreO2
and PtFe_PreO2) or CO/He (Pt_PreCO and PtFe_PreCO
reaction temperature (90◦C) for 1 h before starting the rea
tion. Pt_PreH2 and PtFe_PreH2 indicate pretreatment in H2,
the standard reaction. The results are shown in Fig. 4. In
reaction rate for PtFe after switching from O2/He to the re-
actant stream was 44% lower than that for normal reac
and the reaction rate continued to be lower for the rem
ing TOS. On the other hand, contacting PtFe with CO
before reaction had only a slight effect on the reaction r
In contrast to PtFe, exposure of Pt to O2/He before reaction
did not have any effect on the reaction rate, but exposu
CO/He, on the other hand, decreased the initial reaction
to the same value as at steady state. The results from th
.
f

-

-

Fig. 4. Effect of preexposure to a stream of O2/He or CO/He on (a) P
and (b) PtFe catalysts.

vestigation suggest that contacting PtFe with O2 effectively
deactivated it. Preoxidation of Pt has little impact becaus
is quickly reduced under reaction conditions where there
large excess of H2. Fe in PtFe, on the other hand, is more d
ficult to reduce. The low activity of PtFe after preoxidati
of the surface suggests that deactivation during reaction
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Fig. 5. Typical normalized transient response.

be due, at least in part, to oxidation of the Fe. The res
also indicate the combination effect of oxidation and car
deposition on the deactivation of PtFe. H2-assisted dissocia
tion of CO on a metal surface has been suggested by W
et al. [17] and has been shown theoretically by Blyhol
and Lawless [18]. The amount of carbon deposition after
posure of the PtFe catalyst to a flow of CO/He for 1 h w
23 µmol/gcat, compared with 85 µmol/gcat after 1 h of reac-
tion in the mixture (H2, O2, CO, He) following pretreatmen
in H2.

3.5. Isotopic transient kinetic analysis

A typical normalized transient response detected a
switching from12CO to 13CO is given in Fig. 5. Result
from the ITKA study (Fig. 6) show decreases for both
and PtFe in the pseudo-first-order intrinsic rate constantk =
1/τI-CO2) and concentration of surface CO2 intermediates
(NI-CO2) with TOS. As rate= (1/τI-CO2)NI-CO2 = kNI-CO2

andk = rate/NI-CO2, k (or 1/τI-CO2), the pseudo-first-orde
rate constant with units of reciprocal seconds, repres
a measure of site TOF. At the beginning of reaction
Pt, k was 0.15 s−1, decreasing slightly to∼ 0.1 s−1 af-
ter 10 min TOS and then remaining essentially const
Fe promotion of Pt resulted in very high initial (5 m
TOS) activity (k ∼ 0.7 s−1) but decreased by ca. 30% b
10 min TOS and continued to gradually decrease after
The pseudo-steady-statek was 0.2 s−1 for PtFe, double
that for Pt. The concentrations of surface intermediates
monotonically decreased with TOS for both catalysts.
the Pt catalyst,NI-CO2 decreased from 57 µmol/gcatdown to
ca. 10 µmol/gcat; whereasNI-CO2 for PtFe decreased from
70 µmol/gcatat 5 min TOS to∼ 20 µmol/gcatat steady state
The maximum values ofNI-CO2 for both catalysts were es
sentially the same (57–70 µmol/gcat).
Fig. 6. Time-on-stream behavior of (a) the pseudo-first-order intrinsic
constant and (b) concentration of surface CO2 intermediates of Pt and PtF
for PO2 = 1.8 kPa.

3.6. Carbon deposited on the catalyst surface during
reaction

A stream of 50% hydrogen in helium was fed throu
the bed of the partially deactivated catalyst after it reache
steady-state reaction while the temperature in the react
was raised from the reaction temperature to 550◦C. A mass
spectrometer was used to detect the composition of th
fluent from the reactor. The amounts of carbon calcula
from the amount of methane formed were found to be
and 103 µmol/gcat for Pt and PtFe, respectively. It is wor
noting that this amount is very small compared with the
tal flow of CO during 5 min of reaction (4200–17,400 µm
C/gcat); therefore, not accounting for this carbon deposit
had little effect on the reported CO oxidation rate. This m
surement of deposited carbon has been found to repl
that obtained by elemental analysis for carbon [3]. Fig
shows how the carbon or coke deposition on the Pt and
catalysts changed with TOS. It was found to increase sig
icantly during the first 5 min of reaction, with only a sma
increase over the following period.
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Fig. 7. Amount of carbon deposited on PtFe with time-on-stream.

4. Discussion

4.1. Chemisorption and TPD results

The chemisorption results are in agreement with
DRIFTS results for H2 and CO adsorption obtained by L
et al. [5]. The H2 and CO uptakes decreased on Fe pro
tion in both cases. Liu et al. concluded that partial block
of Pt as a result of Fe decoration caused this decrease.

Considering the TPD profiles of Pt, PtFe, and Fe (Fig
all desorption peaks for Pt and PtFe were essentially i
tical. However, although PtFe showed a desorption pa
similar to that of Fe for H2, the desorption of CO2 occurred
at a much higher temperature. It is clear from the TPD res
that PtFe behaved essentially like the Pt catalyst and se
to exhibit few characteristics of an Fe surface. Fe may
sociate strongly with Pt or form an intermetallic compound
Considering the composition of this PtFe catalyst and
phase diagram of PtFe [19], it is likely that the intermeta
compound FePt3 formed at this composition (74 at.% Pt),
least to some degree. Because in the calcined catalyst, P
Fe would exist as their separate oxides, Pt can be expec
reduce first, followed by hydrogen-spillover assisted red
tion of the Fe. The intermetallic compound should form o
on reduction of the two metals. Even though the forma
of the intermetallic compound islikely, during deactivation
FePt3 may have been destroyed as a result of oxidatio
the Fe.

4.2. Effect of Fe promotion on overall activity

It is obvious that the PtFe catalyst had superior acti
and selectivity for selective CO oxidation compared w
Pt. As has previously been shown [4], PtFe is five to se
times more active than Pt at 90◦C depending on the O2/CO
ratio. However, although Korotkikh and Farrauto [4] fou
no change in selectivity on Fe promotion of Pt, we fou
significant improvement. Farrauto and co-workers [4,5]
pothesized that the promoted catalyst is more active for
d

d
o

oxidation, because iron oxide provides more favorable site
for oxygen adsorption than Pt itself and is located in cl
contact with surface Pt. Thus, oxygen would have a gre
probability for adsorption on PtFe than on Pt. Initial hi
oxidation rates for CO and H2 on PtFe compared with tha
on Pt (Fig. 3), thus, are consistent with such an increas
oxygen activation on Fe addition. This idea also fits the
sults from ITKA as shown in Fig. 6a. An increase in site tu
over frequency (TOF) (k = 1/τ ) for PtFe means that rea
tants spend less time on the PtFe surface to produce CO2. If
molecular adsorption of oxygen is the rate-determining
in CO oxidation as previously suggested [19,20], incre
ing the number of oxygen adsorption sites and possibl
rate would increase the overall rate of reaction and, perh
change the rate-determining step.

With Fe promotion, there is a significant change in re
tion order in the power law rate expressions (Pt: 1 an
PtFe: 0 and 0.2 for O2 and CO, respectively). On the Pt ca
lyst surface, it would appear that oxygen adsorption ma
rate controlling as previously suggested. Reaction rate
pends on oxygen adsorption because it has to compete
CO for the adsorption sites. For the case of PtFe, on
other hand, oxygen has more preferable adsorption site
Fe. Consequently, rate haslittle or no dependence on oxy
gen partial pressures. We speculate that even at low p
pressures of oxygen and CO (i.e., ca. 0.9 kPa) surface
saturated with oxygen while surface Pt is almost satur
with CO. The power rate law for PtFe depends somew
(0.2 power) on the partial pressure of CO, suggesting a
in the rate-determining step.

Even though, as seen in Fig. 6b, PtFe had a higher
centration of surface intermediates during most TOS,
maximum concentration, which shows the largest poss
number of active sites, was about the same as that fo
Despite the fact thatNI-CO2 of PtFe decreased with TOS a
remarkably slower rate, we can conclude that Fe promo
does not increase the maximum concentration of active
adsorbing CO for CO2 formation. It is important to note tha
NI-CO2 includes only intermediates containing carbon, as
isotopic tracing is done with12C/13C. Thus, these resul
suggest that Fe does not promote the catalyst by provi
more sites for adsorption and reaction of CO.

From a typical normalized transient response as sh
in Fig. 5, the distribution of the pseudo-first-order rate c
stant (k = 1/τI-CO2) can be calculated [9]. The evolution
the distribution of the pseudo-first-order rate constant, re
senting the site activity of PtFe, with TOS is shown in Fig
F(k) is the activity distribution for the active CO2 interme-
diates on the catalyst surface.The area under the curve ar
integrated from 0 to∞ (

∫ ∞
0 F(k)dk) is equal to 1 in all

cases. Fig. 8a shows that the amounts of less active
relative to more active sites increased as the reaction
gressed, causing the mean value for the distribution to
to a lower value ofk. This suggests that deactivation o
curred preferentially for the more active sites of PtFe. N
that “active site” does not necessarily mean a single m



A. Sirijaruphan et al. / Journal of Catalysis 224 (2004) 304–313 311

were
ur-
he
n
ing
-
that

tive
ows
for
at

re
ore
in-

f the
ear
st

in

l-

ed,
mall
CO

tage
orp-

her

oth

on-
n
d,
Fig. 8. (a) Rate constant distribution. (b) Shift of total CO2 intermediates of
the PtFe catalyst at different times-on-stream.

atom but may be a Pt–Fe pair. In Fig. 8b the same data
replotted after rescaling to reflect the total number of s
face CO2 intermediates and the activity of each site. T
area under a curve fromk1 to k2 corresponds to the fractio
of the rate of reaction catalyzed by the active sites hav
activities betweenk1 and k2. Total area for a curve corre
sponds to the reaction rate at that TOS. It is obvious
at 30 min TOS, active sites with activities up to 0.35 s−1

contributed to the reaction. As time increased, highly ac
sites participated less and less in the reaction. Fig. 9 sh
the distributions of the pseudo-first-order rate constant
PtFe and for Pt compared at 5 min TOS (Fig. 9a) and
steady state (Fig. 9b). As shown in Fig. 9a, initially the
were a significant number of PtFe active sites that were m
active than those of Pt. This portion decreased as TOS
creased, as seen in Fig. 9b. The average site activity o
PtFe catalyst and the site activity distribution would app
to have asymptotically approached that of the Pt cataly
with TOS.
Fig. 9. Rate constant distribution of the Pt and PtFe catalysts at (a) 5 m
TOS and (b) steady state.

4.3. Selectivity

The CO2 selectivity with TOS on both Pt and PtFe fo
lowed the same trend asNI-CO2 except for the first PtFe
data point at 5 min TOS. For Pt, it monotonically decreas
whereas for PtFe it monotonically decreased after a s
initial increase with TOS. For Pt, the large decrease in
oxidation rate and the smaller increase in H2 oxidation rate
(Fig. 3) with TOS resulted in a rapid decrease in percen
CO2 selectivity. These results suggest a change in ads
tion ability of CO relative to H2 with TOS in addition to a
decrease in oxidation ability with deactivation. On the ot
hand, for PtFe, the decrease in both CO and H2 oxidation
rates implies that the oxidation ability of the catalyst for b
reactions decreased rapidly with TOS.

4.4. Deactivation behavior

Pt and PtFe showed different deactivation behavior c
sidering the intrinsic site activity,k, and the concentratio
of active intermediates,NI-CO2. As deactivation progresse
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the intrinsic site activity of Pt remained relatively consta
whereas, for PtFe, it decreased significantly. On the o
hand, the concentration of active intermediates for Pt
creased more rapidly with TOS compared with that for P
With TOS, the site activity of PtFe appeared to asymp
ically approach that of Pt, indicating that its surface w
becoming more like that of Pt with significant deactivatio

For both Pt and PtFe the number of active intermedia
NI-CO2, decreased significantly with TOS, although mu
more slowly for PtFe. It is likely that deactivation of Pt is d
simply to carbon deposition on the surface, resulting in
blockage [3]. On the other hand, deactivation of PtFe is
to both site blockage by carbon and some other mecha
causing a decrease in site activity, most probably relate
a change in oxygen adsorption ability. As the site activity
PtFe approached that of Pt with TOS, we suggest that de
vation decreased the promoting effect of Fe. There are m
possible causes such as carbon deposition, reoxidation o
and permanent deactivation such as phase separatio
sintering. As the catalysts could be regenerated by redu
ing in a H2 stream, it is highly unlikely that phase separat
or sintering occurred. Given the deactivation effect of pre
posure of the PtFe catalyst to O2, oxidation of Fe during re
action is suggested to be a significant cause of deactiva

On the Pt catalyst the amount of carbon deposi
(Fig. 7) increased significantly during the first 5 min TO
and continued to increase but at a much slower rate
it exceeded the equivalent of ca. 100% surface covera
about 200 min TOS. Because Pt still had some activit
this TOS, it is impossible to have had 100% surface co
age of Pt by carbon.Multilayer coverageof carbon and/o
carbon deposition on the support are likely to have occur
Even though most of the carbon deposition occurred
ing the first 5 min TOS on both Pt and PtFe, the car
deposited later caused different effects on Pt and PtFe.
concentration of surface intermediates,NI-CO2, for Pt de-
creased rapidly, whereas thatfor PtFe gradually decrease
Although the amounts of carbon deposited at steady
were not significantly different (125 µmol/gcat for Pt and
103 µmol/gcat for PtFe), it would appear that CO adsorb
on the sites of PtFe still had more oxygen available for
action for a longer period. This idea follows from the resu
of Lee and Gavriilidis [20] for Au/γ -Al2O3 catalysts and
Bulushev et al. [21] for Fe-promoted Au/C catalysts wh
deactivation was decreased either by injecting excess oxyge
[21] or by promoting the catalyst with more preferable o
gen adsorption sites [22]. This idea is also consistent
the ITKA results showing that the concentration of surf
intermediates on PtFe decreased at a much slower rate
that on Pt.

5. Conclusions

Effects of Fe promotion of Pt for the selective oxidati
of CO can be summarized as follows:
-

,
d

t

n

• Overall reaction rate increases because of an increase
intrinsic site activity, possibly as a result of more oxyg
adsorption sites and/or an increase in oxygen adsorp
ability. The ITKA resultssupport the hypothesis abo
an increase in oxygen adsorption ability on Fe addit

• With TOS, site activity of PtFe appears to asympt
ically approach that of Pt, indicating that the surfa
becomes more like Pt as deactivation occurs.

• Even though the amount ofcarbon deposition durin
the initial deactivation period is similar for both cat
lysts, the concentration of surface intermediates on P
decreases at a slower rate perhaps due to Fe prov
oxygen adsorption sites and increasing oxygen acc
bility to adsorbed CO.

• Fe promotion does not increase the number of ac
sites. The maximum concentrations of active interm
ates were approximately the same for both Pt and P
catalysts.

Although the deactivation of the Pt catalyst appears t
the result of mainly a decrease in the concentration of
face intermediates, for the PtFe catalyst, it is the resu
both a decrease in the average intrinsic site activity and a
crease in the concentration of surface intermediates, with
decrease in average intrinsic site activity having the big
effect. The decrease in the concentration of carbon su
intermediates with TOS for both catalysts is probably du
carbon deposition. In the case of PtFe, the intrinsic site
tivity decreased most likely because of a reoxidation of F
which decreased the oxygen adsorption ability. The intrinsic
site activity of PtFe approached that of Pt with TOS as
Fe promotion effect was diminished.
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