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Abstract

The temporal analysis of products (TAP) technique was successfully applied for the first time to investigate the reverse water–gas sh
reaction over a 2% Pt/CeO2 catalyst. The adsorption/desorption rate constants for CO2 and H2 were determined in separate TAP pulse-respo
experiments, and the number of H-containing exchangeable species was determined using D2 multipulse TAP experiments. This number
similar to the amount of active sites observed in previous SSITKA experiments. The CO production in the RWGS reaction was stu
TAP experiment using separate (sequential) and simultaneous pulsing of CO2 and H2. A small yield of CO was observed when CO2 was pulsed
alone over the reduced catalyst, whereas a much higher CO yield was observed when CO2 and H2 were pulsed consecutively. The maximu
CO yield was observed when the CO2 pulse was followed by a H2 pulse with only a short (1 s) delay. Based on these findings, we conclud
an associative reaction mechanism dominates the RWGS reaction under these experimental conditions. The rate constants for severa
steps can be determined from the TAP data. In addition, using a difference in the time scale of the separate reaction steps identified
experiments, it is possible to distinguish a number of possible reaction pathways.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The water–gas shift (WGS) reaction is a key step in
plications such as H2 production via reforming processes f
fuel cell applications, particularly for mobile sources. In su
applications, a successful low-temperature WGS catalyst
retain high activity and structural stability over a wide range
reaction conditions, including both gas composition and t
perature. To date, although a number of highly active c
lysts have been reported, the catalysts often deactivate
temperature, in particular. The importance of this proces
exemplified by the numerous research programs aimed a
covering more stable high-activity catalysts. In this regard,
activity of platinum group metals (PGM) supported on r
earth oxides as catalysts to promote the WGS reaction ha
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tracted much attention, with ceria-supported catalysts in pa
ular showing similar or higher activity than the more conv
tional Cu/ZnO/Al2O3 materials under some reaction conditio
[1–19]. However, the activity and stability of ceria-based f
mulations depends markedly on the preparation method
[8,20–24]. Therefore, there is a need for a better understan
of the reaction mechanism over these types of catalysts, to
able further improvement in their formulation and preparati

To date, two main reaction mechanisms have been propo
a redox process (Scheme 1) and an associative “formate” mec
anism (Scheme 2). In the redox mechanism, CO adsorbs on
duced metal sites and reacts with an oxygen atom coming

Pt+ CO↔ Pt–CO, (I)

Pt–CO+ 2CeO2 ↔ CO2 + Ce2O3 + Pt, (II)

H2O + Ce2O3 ↔ 2CeO2 + H2. (III)

Scheme 1.

http://www.elsevier.com/locate/jcat
mailto:c.hardacre@qub.ac.uk
http://dx.doi.org/10.1016/j.jcat.2005.10.020
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CO+ σ ↔ COad, (I)

H2O + 2σ ↔ Had + OHad, (II)

COad + OHad ↔ HCOOad + σ , (III)

HCOOad + σ ↔ CO2,ad+ Had, (IV)

CO2,ad↔ CO2 + σ , (V)

2Had ↔ H2 + 2σ . (VI)

Scheme 2.

the ceria to form CO2. The reduced ceria is subsequently reo
dized by water, releasing hydrogen[8,10,20,21,25]. In the asso-
ciative mechanism, the main reaction intermediate is a biden
formate, produced by reaction of CO with terminal hydro
groups on the oxide support, which decomposes to form2
and a monodentate carbonate[3,26–31]. In Scheme 2, σ refers
to sites on the oxide support.

Along with whether a redox or an associative reaction me
anism is responsible for the WGS activity over oxide-suppo
PGM catalysts, the role of the PGM in the surface reac
has also been addressed. Flytzani–Stephanopoulos and co
ers recently reported that on removal of all transmission e
tron microscopy (TEM)-observable PGM particles, the activ
of ceria-supported gold and platinum catalysts remained
changed compared with that of the as-prepared catalysts[32–
34]. These authors proposed that active metal, in the form
cations, diffuses into the ceria and is anchored at surface
fects. These ions increase the reducibility of the support,
any remaining zerovalent metal considered unimportant in
WGS reaction. This mechanism is a modification of the norm
support activation (NSA) effect summarized by Golunski et
[35] and originally proposed by Frost[36] for methanol syn-
thesis catalysts. This junction effect modification between
PGM and oxide support leads to a dramatic increase in the n
ber of oxygen vacancies within the support, which become
active sites—a reversal of the conventional roles of the o
and the PGM.

This may be contrasted with a recent in situ EXAFS a
DFT study on similar catalysts demonstrating that the s
of the catalyst under reaction conditions may be significa
different than that of the prepared catalyst[37]. Although
Au/CeZrO4 catalysts exhibit cationic gold in the fresh ca
lyst, under mild WGS reaction conditions, rapid reduction
the gold and agglomeration into 1- to 2-nm particles occur
The EXAFS and XANES experimental results combined w
DFT calculations point to a model in which a metallic gold clu
ter containing about 50 atoms is in intimate contact with
oxide support to the extent that up to 15% of the gold “atom
at the interface with the support may be located at cation
cancies. Such gold atoms would be expected to carry a s
positive charge (Auδ+), which may be very important in crea
ing the active site for the WGS reaction. However, it is cl
that for these catalysts, metallic gold particles, not isolated
ions (e.g., Au3+), are present under reaction conditions[37].
Similarly, there is strong evidence for involvement of the s
port in the RWGS reaction mechanism over Pt/CeO2 catalysts
[38]. It has been proposed that during the reaction, a lim
te
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fraction of the support close to the metal particles could be
partially reduced state and would correspond to the active
of the support.

The reaction mechanism is further complicated by the
that the surface composition, and thus the main reaction s
can dramatically depend on the experimental procedure
during the reaction. Based on DRIFTS analysis combined
the use of isotopic tracers, formates were found to be less l
than carbonyl and carbonate species under steady-state re
conditions over a 2% Pt/CeO2 catalyst, whereas the carbo
ates were found to be most stable during the desorption-
non-steady-state experiments carried out in an inert purge
[39]. Furthermore, combining mass spectrometry and DRIF
analysis during SSITKA experiments under operating co
tions over a Pt/CeO2 catalyst showed that it was possible
discard formate species as a major reaction intermediate u
RWGS reaction conditions[40,41]. Quantification of the num
ber of active sites showed that the Pt-carbonyl species coul
be the only reaction intermediates and that for this catalyst
der these conditions, the RWGS reaction proceeds via su
carbonate intermediates, possibly followed by the formatio
Pt-bound carbonyls. In this reaction mechanism, the direc
oxidation of the support by the CO2 is proposed, and the activ
sites involved in this reaction step are distributed as a circ
zone around the Pt particles.

Although much less studied than steady-state reaction
non-steady-state kinetic information has proven to be a po
ful tool in revealing the detailed mechanism and roles of dif
ent surface intermediates for a wide range of catalytic react
including the WGS process[10,13]. For example, Gorte an
Zhao used normal pressure-pulse studies to observe the re
steps in the proposed redox mechanism for WGS over Pd/C2
catalyst[25]. Therein, the catalyst was repeatedly expose
two 250-s CO pulses followed by two H2O pulses. Both the ini
tial pulses of CO and H2O led to production CO2 and H2, with
the H2 thought to originate from the decomposition of surfa
hydroxyls and the CO2 from removal of surface carbonate
Consequently, reactions between the pulsed gas reactant
surface intermediates must occur to explain these non-ste
state kinetic data. Although this study provides insight into
reaction mechanism, at normal pressures the surface com
tion is not generally well defined, and it changes significan
during each pulse. This is clearly shown by the large cha
in response to CO and H2O after the first and second pulses
each gas. This changing surface state hinders interpretatio
quantification of the non-steady-state normal pressure data

Over the last two decades, the temporal analysis of p
ucts (TAP) technique, developed by Gleaves and co-wor
[42,43], has been successfully applied to non-steady-stat
netic characterization of model and multicomponent indus
catalysts in many areas of chemical kinetics and enginee
[44]. The technique provides an opportunity to control the c
lyst composition so that it does not change significantly du
a single-pulse experiment, but can be changed in a contr
manner in a long trail of low-intensity pulses[45].

This paper demonstrates for the first time that the TAP te
nique can be applied to the RWGS reaction to provide un
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information on the nature and reactivity of key surface in
mediates that may be relevant to the reaction mechanism
a 2% Pt/CeO2 catalyst. The reaction between the specific
reactants and a catalyst that has been conditioned to ha
particular surface composition was measured to identify
separate elementary steps of the reaction mechanism.

2. Experimental

The catalyst used in this study was a 2% Pt/CeO2 provided
by Johnson Matthey. The specific surface area was mea
by BET (Micromeretics ASAP 2010) and was found to
180 m2 g−1. The Pt dispersion was measured by H2 chemisorp-
tion (Micromeretics Autochem 2910) and was found to
17%. Note that the dispersion measurements were perfo
at −80◦C to minimize the potential spillover of H2 onto the
support[46]. For all of the experiments described below,
gases (H2, Ar, CO, and CO2) were of>99.9% purity, supplied
by BOC. Before each reaction, the catalyst was activated u
flowing 20% oxygen in nitrogen for 1 h, followed by redu
tion in pure hydrogen for 1 h at 300◦C and 1 atm pressure. I
addition, CO2 pretreatment after the oxidation-reduction cy
was performed at 300◦C and 1 atm pressure using flowing pu
CO2 for 1 h.

The TAP pulse-response experiments were performed
TAP-I reactor (Autoclave Engineers) using a stainless stee
croreactor (41 mm long, 5.5 mm i.d.). In all experiments,
thin-zone TAP reactor (TZTR) concept developed by She
man and Yablonsky was used, where uniformity of gas
surface concentration in the catalyst zone is achieved by m
ing the active zone thin compared with the length of the rea
[47]. In the TZTR, diffusion dampens the nonuniformity in t
concentration created by reaction to 15–20% over a wide
main of conversions (up to 80%)[48–50]. Another key feature
of the TZTR is that the gas concentration in the catalyst z
can be approximated as being proportional to the observe
sponses, which allows the correlation of the product resp
with those associated with the reactants. The details of this
proximation will be reported elsewhere[51].

The TZTR was packed with two 17-mm-long beds of silic
carbide sandwiching 1 mm of catalyst. All particles were 25
450 µm in size. The temperature of the reactor was meas
by a thermocouple positioned in the center of the catalyst
Reactants and products were recorded at the reactor outle
UTI 100C quadrupole mass spectrometer. The temperature
kept constant during the normal pressure treatment and vac
pulse response experiments at 300◦C. The response collectio
time was 15 s. In all experiments, reactant pulses were dil
by argon in a ratio of 1:1, and masses characteristic of al
actants and possible products (CO, CO2, H2, CH4, and H2O)
were followed. The following procedure was used for all exp
iments:

1. Pretreatment of the catalyst by exposing to different g
at 1 atm pressure.

2. Evacuation of the reactor to 10−6 Torr.
or
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3. Vacuum pulse-response TAP experiments using (i) si
reactant pulses, (ii) simultaneously pulsing two reage
or (iii) pulsing two reagents with a time delay.

The exit flow-rate time dependence for reactants and p
ucts was extracted from the mass spectrometer data using
dard fragmentation patterns and sensitivity factors normal
to the inert (argon).

In the Knudsen diffusion flow regime, the product pu
shape is independent of the pulse intensity[42]. Therefore, to
maintain the Knudsen conditions and to avoid altering the c
lyst state on pulsing, the number of reactant molecules in
TAP pulse was only∼7 × 10−9 mol. This may be compare
with an estimate of 3× 10−6 mol for the amount of active in
termediates or oxygen on the catalyst surface from the CO/2
released by the sample in a SSITKA experiment[40]. Thus,
a large number of reactant pulses are required to chang
catalyst composition significantly.

3. Results and discussion

3.1. CO2 adsorption

The interaction of CO2 with the catalysts as a function of th
pretreatment was studied by consecutive pulsing of CO2 over
the Pt/CeO2 catalyst. The following observations were ma
(Fig. 1):

1. Over the reduced and CO2 pretreated catalyst, fast re
versible adsorption mainly on ceria sites was found, res
ing in broad peak responses.Fig. 1 shows a typical CO2
response.

2. Very small amounts of CO were produced.
3. Not all injected CO2 molecules were observed at the out

of the reactor in the single-pulse experiment.
4. No significant change of CO2 responses was observ

when the pretreated catalysts were exposed to a large
ber of CO2 pulses (up to 10,000) in a multipulse expe
ment, irrespective of the pretreatment.

Observation 3 indicates that CO2 forms surface intermedi
ates that do not decompose within the time scale of the sin
pulse experiment, which is 15 s. It is clear from observatio

Fig. 1. A typical broad CO2 response over the 2% Pt/CeO2 catalyst at 300◦C.
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Fig. 2. A typical H2 response over the 2% Pt/CeO2 catalyst at 300◦C. The
broad tail is plotted on a magnified scale.

that these intermediates are desorbed, and hence they d
accumulate on the catalyst. It was not possible to comple
saturate the surface even after thousands of CO2 pulses over
hours. Given the relative time scales for the TAP experime
and the delay between pulses, it can be concluded that thes
face intermediates decompose on the minute time scale, th
faster than the timescale of the multipulse TAP experiments
slower than the time scale of the single-pulse TAP experim
Such decomposition contributes to the baseline and cann
monitored as a pulse response.

Analysis of the reversible fast interaction of CO2 with the
catalyst from a single-pulse response TAP experiment sh
that it may be described in terms of apparent adsorption
desorption rate constants,ka = 170 s−1 andkd = 1.3 s−1, re-
spectively.

3.2. Hydrogen adsorption

The following were observed for H2 pulsed over the reduce
or CO2-treated Pt/CeO2 catalyst (seeFig. 2):

1. Fast reversible adsorption on the catalyst, resulting
sharp peak (due to fast H2 diffusion) and a long tail, as
shown inFig. 2.

2. Little change in the H2 responses as a function of pul
number in multipulse experiments, indicating a revers
interaction of H2 with the catalyst.

As was found for CO2, the reversible interaction of H2 with
the catalyst observed in a TAP experiment can be describ
terms of an apparent adsorption and desorption rate cons
ka = 110 s−1 andkd = 0.9 s−1, respectively.

To probe the dissociative adsorption and desorption pro
for the hydrogen, deuterium was pulsed over a hydrogen-tre
catalyst and the responses for D2, DH, and H2 were monitored.
As shown inFig. 3a, the intensity of the D2 responses increase
with pulse number, whereas the intensity of the DH and2
responses decrease indicating a decrease in the of amou
surface hydrogen available for the D–H exchange with e
progressive pulse of D2. The total amount of D2 molecules
that underwent D–H exchange in this experiment was e
mated as 3× 10−4 molg−1

cat. This number can be associat
not
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(b)

Fig. 3. (a) H2 (P), DH (1) and D2 (E) response intensities versus pulse nu
ber and (b) D–H exchange rate constant versus the amount of D2 consumed
observed following deuterium pulsing over hydrogen treated 2% Pt/CeO2 cat-
alyst.

with the amount of H-containing species located on or aro
the platinum particle. Remarkably, this number agrees v
well with the amount of exchangeable sites observed wi
SSITKA experiment using isotopically labeled carbon mo
cules (2.2 × 10−4 molg−1) [40], which may indicate that th
active intermediate or transient state complex contains both
bon and hydrogen.

Fig. 3b shows how the rate constant for surface D–H
change varies as a function of the amount of D2 exchanged
A clear linear trend is found indicating a first-order kinetic d
pendence with respect to H-containing active species.

3.3. Pulsing of CO2 and H2

Over a preoxidized and then prereduced catalyst,13CO2 and
H2 were pulsed simultaneously or with an increasing time
lay between the reactants; the latter sequence is illustrate
Fig. 4. The results of these experiments compared with th
with 13CO2 and H2 pulsed separately are shown inFig. 5. As
described above, when CO2 was pulsed alone, only a sma
yield of CO (<0.5%) was observed. It should be noted t
this was only quantifiable using13CO2, due to the increase
sensitivity of the 29-amu signal compared with the 28-amu
nal, which is masked to a degree by the background gas si
As expected, no CO was observed on pulsing hydrogen a
However, when13CO2 was repeatedly pulsed followed by th
hydrogen pulse with different time delays, (i.e., consecu
pulsing), the observed CO yield was significantly higher a
decreased with increasing time delay. The CO response pro
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tween the
Fig. 4. 13CO2, H2 and13CO responses observed in the consecutive pulsing TAP experiment using a collection time of 15 s with a time delay of 2 s be
13CO2 and H2 pulses.
th
ith

ith
rd
ge
th
ow
ob
th
ge
th
tha
rv
se
imu
y e

s fo
the
,
e i
la
the

wit

ar

ad
tim
us

CO
sin

ase
s

ding
reac-
ed

CO

d at
H

ath-
the
g-

in
ach
cay

o-
n is

s
r-

her
f H

d
s

vals

nce
c-
ld is

gen
rease
gen

diate

en
tant
ion
ed
yond
showed a sharp increase in CO production coincident with
hydrogen pulse and superimposed on a broad CO peak w
slowly decaying tail.

The broad CO2 responses indicate that CO2 was present in
the catalyst zone during most of the 15-s time interval, w
a maximum at approximately 0.13 s after the pulse. Acco
ing to the hydrogen response, the concentration of hydro
in the catalyst zone sharply increased once it was pulsed,
dropped quickly by more than an order of magnitude, as sh
in Fig. 4. No significant change in hydrogen response was
served with time delay. According to the CO responses,
amount of CO produced increases sharply after the hydro
response and decays slowly thereafter. This may indicate
H2 quickly adsorbs and reacts with a surface intermediate
then subsequently releases CO. This behavior is not obse
when13CO2 and H2 are pulsed simultaneously, in which ca
the CO response does not rise sharply but reaches a max
at 0.63 s after the pulses, later than the maximum reached b
ther the H2 or CO2. This indicates that the CO2 reacts to form
an active surface intermediate on a time scale of seconds.

The CO responses may be deconvoluted into two peak
CO production. The position of the first peak, shown by
arrow inFig. 5b, does not change with the H2 pulse time delay
with a maximum occurring after 0.6–1.0 s. A small decreas
observed in the intensity of the peak with increasing time de
of the H2. The sharp second peak closely follows the time of
H2 pulse, the intensity of which monotonously decreases
increasing time delay.

The constant position and broad front of the first peak
consistent with a relatively slow reaction between CO2 pulsed
at t = 0 s and a catalyst surface with some coverage of
sorbed hydrogen. The decreasing intensity with increasing
delay of the H2 reflects the fact that the adsorbed hydrogen m
transform into an active species before it can react with the2
pulse. As this takes a finite amount of time, and an increa
time delay between the CO2 pulse and the next H2 pulse re-
sults in adecreasing time delay between the H2 pulse and the
next CO2 pulse, the concentration of active hydrogen decre
leading to the lower CO yield att = 0 s. Remarkably, it take
e
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around 1 s to produce CO. In comparison, the sharp lea
edge of the second peak corresponds to a relatively fast
tion between pulsed H2 and a catalyst surface with adsorb
CO2 intermediates.

Preliminary CO multipulse experiments have shown that
desorption is fast, with a desorption rate constantkd ≈ 1.5 s−1,
and hence the reactions are not CO desorption rate limite
this temperature. The sharp increase in CO yield after the2
pulse may reflect the absence of limiting steps within this p
way. Thus, the rate of slow CO release must be limited by
formation of the CO2-containing surface intermediate. The lo
arithmic plot of CO responses with respect to time shown
Fig. 6 indicate that the decrease in CO production after e
of the two peaks is governed by a common exponential de
constant,kexp = 0.2 s−1, which can be explained by decomp
sition of the same intermediate, that is, whether the reactio
initiated by the CO2 pulse or the H2 pulse. However, there i
a significant difference in the time for formation of this inte
mediate and hence the broad and sharp response on CO2 and
H2 pulsing, respectively. This may be indicative of the hig
rate of surface diffusion and reduced adsorption strength o2
compared with CO2 over the catalyst.

Fig. 7a shows the CO/CO2 response intensities normalize
to argon versus the H2 pulse time delay. The plot also show
partial contributions to the CO response from the time inter
after the hydrogen pulse. The intensity of the CO2 response
decreases with increasing time delay, reflecting the influe
of the H2 pulse on the CO2–catalyst interaction. In these va
uum pulse response TAP experiments, the observed CO yie
<4%, and it exhibits a maximum at 1 s delay of the hydro
pulse, then decreases with increasing time delay. This dec
is associated with the reduced CO production after the hydro
pulse and may be associated with the amount of interme
available for a fast reaction with adsorbed hydrogen.Fig. 7b
shows a logarithmic plot of the CO yield after the hydrog
pulse, which exhibits an exponential decay with a rate cons
k ≈ 0.24 s−1. This decay can be attributed to decomposit
of the active CO2-containing intermediate with which adsorb
H2 reacts. As the time delay for the hydrogen increases be
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(a)

(b)

Fig. 5. (a)13CO2 and (b)13CO responses observed when13CO2 and H2 were pulsed alone or consecutively with different time delays for H2, in each case the
13CO2 is pulsed at 0 s and the H2 is pulsed after the corresponding time delay. The dotted lines define the base lines for the corresponding13CO2 and13CO

responses.

an

n
th

CO
, an
re-
2 s, the surface concentration of this intermediate drops
hence the CO yield decreases.

The fact that a small CO yield (<0.5%) is observed whe
CO2 is pulsed alone over reduced catalyst compared with
d

e

CO yield (up to 3.5%) in consecutive pulsing (Fig. 5b) clearly
proves that the presence of both reactants is critical for
production. Thus, under the TAP conditions used herein
associative mechanism is primarily operating for the RWGS
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he
Fig. 6. 13CO responses versus time observed when13CO2 and H2 were pulsed consecutively with different H2 time delays plotted on the logarithmic scale. T
dashed line shows the exponential fitting of the decay curve,y = e−0.2t .
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Fig. 7. (a) Normalized response intensities for total13CO2 ("), total13CO×10
(E) production and13CO production measured after hydrogen pulse×10 (P)
versus the H2 pulse time delay and (b)13CO yield after hydrogen pulse plotte
on a logarithmic scale versus the time delay.

action.Scheme 3shows a tentative reaction mechanism for
fast reaction observed under TAP conditions.

Step (I) reflects the fast adsorption/desorption observed
CO2. Hereσ is an adsorption site for CO2, probably associ
r

CO2 + σ ↔ CO2,ad, ka = 170 s−1, kd = 1.3 s−1, (I)

H2 + 2Pt↔ 2Pt–H, ka = 110 s−1, kd = 0.9 s−1, (II)

CO2,ad↔ Interm, not fast,kf ≈ 0.2 s−1, kb ≈ 0.2 s−1, (III)

Interm+ Pt–H↔ Pt–CO+ OHad, fast,kb ≈ 1.0 s−1 [52], (IV)

Pt–CO↔ CO+ Pt, kd ≈ 1.5 s−1 [52], (V)

OHad + Pt–H↔ H2O + Pt+ σ . (VI)

Scheme 3.

ated primarily with the ceria support. Step (II) reflects the
adsorption/desorption observed for H2, most likely associated
with the metal sites. Step (III) describes the formation o
specific C-containing intermediate, Interm, with which adsorbed
hydrogen can react. Comparing the calculated rate cons
for the processes, step (III) is clearly the rate-determining
in this reaction mechanism. Because hydrogen adsorption
curs on the platinum, it is likely that Interm is also located in the
vicinity of these particles due to the fast reaction occurring
pulsing hydrogen, as shown in step (IV). Thus, step (III) m
also include diffusion of adsorbed CO2 to the active site for the
reaction. The forward rate constant in step (III) for the form
tion of Interm was estimated from the exponential decay cu
for CO production (Fig. 6). The reverse rate constant in st
(III) was estimated fromFig. 7b. Step (V) is associated wit
desorption of CO from platinum[52]. Step (VI) is added to de
scribe H2O production from platinum to complete the reacti
[53,54]. This mechanism does not include the second form
adsorbed CO2 identified in the TAP experiments, because t
decays on a time scale that is too long to be part of this reac
scheme.

Scheme 3may be compared withScheme 2due to the fact
that they are both associative mechanisms. There are a nu
of fundamental differences between the two schemes, how
In Scheme 2, adsorbed hydrogen reacts with adsorbed CO2 to
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form the formate intermediate; in comparison, inScheme 3the
formation of the carbon-containing intermediate is slow a
does not require the presence of adsorbed hydrogen on th
face. If adsorbed hydrogen were necessary, then a differen
pendence on the H2 pulse time delay would be observed. The
fore, it is likely that the intermediate formed is not a simp
formate species; it may be a surface carbonate. However
is only a possibility, because the form of this carbon-contain
intermediate cannot be directly identified from the TAP da
Subsequently, the reaction of this carbon-containing interm
ate with adsorbed hydrogen is very fast, as shown in step
of Scheme 3.

It should be noted that reactionScheme 3refers only to the
associative pathway that dominates the CO yield under the
ditions reported herein and does not exclude the high prob
ity of other reaction pathways existing under different proc
conditions. The proposed mechanism provides a starting p
for evaluating the possible contributions of redox and asso
tive mechanisms for the WGS and RWGS reactions in fu
steady-state and transient studies taken over a range of te
atures and conditions.

The WGS/RWGS reaction is a challenge for TAP stud
because of its global reversibility. However, using the large
ference in the time scales of the separate steps and appro
pulse sequences, it is possible to extract the various aspe
the mechanism and determine the rate constants of severa
mentary steps. To the best of our knowledge, the present
is the first paper to illustrate this property using the TAP te
nique[55].

4. Conclusion

The TAP technique was successfully applied for the fi
time to study RWGS reaction studies. The adsorption/des
tion rate constants for CO2 and H2 were determined in sepa
rate TAP pulse-response experiments over reduced and2-
pretreated catalysts. In addition, the amount of H-contain
active species was determined using D2 multipulse TAP ex-
periments. Remarkably, this number agrees with the amou
active sites observed in a previous SSITKA experiment. An
sociative reaction mechanism is thought to dominate for the
RWGS reaction under TAP conditions, and a tentative reac
scheme has been proposed. The mechanism includes fa
sorption of CO2 and H2, slow formation of the CO2 intermedi-
ate available for reaction, fast reaction of the CO2 intermediate
with adsorbed hydrogen, and release of adsorbed CO and w
In addition, a second species associated with CO2 was found
that desorbs on a time scale of minutes.
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