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Abstract

Steady-state isotopic transient kinetic analysis (SSITKA) experiments coupled with mass spectrometry were performed for the first time to
study essential mechanistic aspects of the water—gas shift (WGS) reaction over alumina-supported Pt, Pd, and Rh catalysts. In particular, the
concentrations (wmol g ') of active intermediate species found in the carbon-path from CO to the CO, product gas (use of '>CO), and in the
hydrogen-path from H,O to the H, product gas (use of D,0O) of the reaction mechanism were determined. It was found that by increasing the
reaction temperature from 350 to 500 °C the concentration of active species in both the carbon-path and hydrogen-path increased significantly.
Based on the large concentration of active species present in the hydrogen-path (OH/H located on the alumina support), the latter being larger than
six equivalent monolayers based on the exposed noble metal surface area (6 > 6.0), the small concentration of OH groups along the periphery of
metal-support interface, and the significantly smaller concentration (wmol g~ ') of active species present in the carbon-path (adsorbed CO on the
noble metal and COOH species on the alumina support and/or the metal-support interface), it might be suggested that diffusion of OH/H species on
the alumina support towards catalytic sites present in the hydrogen-path of reaction mechanism might be considered as a slow reaction step. The
formation of labile OH/H species is the result of dissociative chemisorption of water on the alumina support, where the role of noble metal is to
activate the CO chemisorption and likely to promote formate decomposition into CO, and H, products. It was found that there is a good correlation
between the surface concentration and binding energy of CO on the noble metal (Pt, Pd or Rh) with the activity of alumina-supported noble metal
towards the WGS reaction.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction production by further developments of hydrocarbon steam-
reforming technologies in which natural gas and other bio-
The heterogeneously catalyzed water—gas shift (WGS) mass-derived liquid fuels, such as ethanol, sugars and bio-oil

reaction, can efficiently be used to produce syngas and hydrogen [2-5].
. In addition, WGS reaction is essential for hydrogen-operated
CO +H,0 - CO, +Hy  (AH?y95x = —41kJ/mol) (D fuel cell power generation systems for which the CO concen-

tration in the fuel must be less than 10 ppm [6].

Nowadays, the WGS reaction is one of the primary industrial
reactions that produce H, and some sources predict that until
2030, 10% of the yearly consumption of energy will originate
from the WGS reaction [7]. Commercially, the reduction in the
CO content of syngas is achieved in a two-step process that
involves a high- and a low- temperature water—gas shift
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has historically been an important industrial chemical process
in the ammonia synthesis, the hydro-processing of petroleum,
and the production of hydrogen via steam reforming of hydro-
carbons [1]. In recent years, there has been a renewed interest in
the WGS reaction due to the need for low-cost pure hydrogen
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use of Fe304/Cr,05 catalysts, the CO concentration is reduced
from 10 to 3 vol%. In the second step carried out in the ~180-
250 °C range, the CO content is further reduced to 500 ppm
with the use of Cu/Zn0O/Al,Oj catalysts [8—10]. These catalysts
are pyrophoric and deactivate if exposed to air and condensed
water [10]. Attempts now are focused in finding noble metals-,
Au- and Cu-based catalysts of low loading that are non-
pyrophoric with high activity at low-temperatures and which
will lower the CO content of hydrogen gas stream produced in
steam reforming of hydrocarbons technologies to concentra-
tions less than 5 ppm [5,9].

A number of different mechanisms for the WGS reaction
over metal oxides have been proposed and disagreements exist
about the important active intermediate species involved and
the rate-determining step [11,12]. Several mechanistic studies
that examined the water—gas shift reaction on metal oxides and
supported-metal catalysts made use of the in sitru DRIFTS
technique. Shido et al. examined MgO [13], ZnO [14], CeO,
[15], and Rh supported on doped-CeO, [16] catalysts. They
found that the WGS reaction proceeds through a surface
formate ((COOH) species being an important active reaction
intermediate. Similar conclusions were drawn by Chenu et al.
[17] over Pt/MgO and Pt/ZrO, catalysts, Jacobs et al. [18] over
Pt/CeO, at high HO/CO ratios, and by Grenoble et al. [19] over
alumina-supported Pt, Pd, Rh, and other group VIIB, VIII, and
IB metals.

Steady-state isotopic transient kinetic analysis (SSITKA)
has long been documented and widely accepted as one of the
most powerful techniques to elucidate in a rigorous manner
mechanisms of heterogeneous catalytic reactions [20]. For the
present catalytic system, only few studies were reported dealing
with the application of SSITKA technique. The reverse WGS
reaction in the absence of water over a Pt/CeO, catalyst was
studied by Tibiletti et al. [21] and Goguet et al. [22] by
SSITKA-DRIFTS. It was found that the main active
intermediate for the formation of CO was carbonate, and that
surface formate (—-COOH) would rather be considered as a
spectator species. Jacobs et al. [11,23] investigated the low-
temperature (225 °C) forward WGS reaction over the same
catalyst by SSITKA-DRIFTS. It was confirmed that the
exchange rate of formate and carbonates was the same, and,
therefore, formate was considered as an active intermediate of
the WGS reaction as opposed to the case of reverse WGS
reaction [21,22].

In the present work, for the first time the SSITKA-mass
Spectrometry technique was applied fo quantify the active
““carbon-containing” (use of 3C0) and “H-containing” (use
of D,0) intermediate species formed during the WGS reaction
at 350 and 500 °C over Pt, Pd, and Rh supported on y-Al,O5 of
similar noble metal dispersion. Thus, the effect of the chemical
nature of the noble metal used on the important Kkinetic
parameter of surface concentration of active intermediate
species was studied. The measurement of a large concentration
(wmol g~ 1) of active “H-containing” (e.g., OH, H) species and
a significantly smaller concentration of active ““C-containing”
(e.g., HCOO, CO) species established under steady state
reaction conditions, and the estimation also of a small

concentration of OH groups along the periphery of metal-
support interface, allows to suggest that surface diffusion of H/
OH species present on the alumina support towards catalytic
sites to form active adsorbed formate (HCOO) species residing
on the alumina support and/or the metal-support interface
might be considered as an important slow step of the WGS
reaction. It is suggested that noble metal is necessary to activate
CO chemisorption, and likely to promote formate decomposi-
tion into H, and CO, products. It was found that the active
“carbon-containing” intermediate species at 350 °C is less than
0.1 of an equivalent monolayer based on the noble metal
surface area, and larger than one monolayer at 500 °C. The
latter result provides evidence for the presence of an active
“carbon-containing” intermediate species (e.g., formate) on
the alumina surface and/or along the periphery of metal-support
interface.

2. Experimental
2.1. Catalyst preparation

The three noble metal (Pt, Pd, Rh) alumina-supported
catalysts (0.5 wt%) were prepared by impregnating y-alumina
(5.8 nm mean pore diameter, 148 m* g~', 150 mesh particle
size) with an aqueous solution of Pt(NH3),(NO;),, Rh(NO3);
and Pd(NO3), xH,O (Aldrich) for Pt, Rh and Pd metals,
respectively. A given amount of precursor solution correspond-
ing to the desired 0.5 wt% metal loading was used to
impregnate the alumina support at 50 °C for 6 h. The resulting
slurry was dried at 120 °C overnight. Prior to any catalytic
measurements the fresh catalyst sample was calcined in a 20%
O,/He (50 NmL minfl) gas mixture at 500 °C for 2 h and then
reduced in pure H, at 300 °C for 2 h.

2.2. Catalyst characterization

2.2.1. H, and CO temperature-programmed desorption
(TPD) experiments

The dispersion of noble metals in the catalysts was
determined by selective H, chemisorption at 25 °C followed
by TPD according to the procedures described elsewhere [24].
Activated hydrogen chemisorption [25] was noticed in the case
of Pt/y-Al,0O5 and Rh/vy-Al,O; catalysts, and this was taken into
account for estimating metal dispersion. More precisely,
following H, adsorption at 200 °C, the catalyst was cooled
to 25 °C in H,/He flow and then purged in He flow for 5 min
before TPD. In the case of Pd/y-Al,O; catalyst, metal
dispersion was estimated after following the experimental
procedure suggested by Aben [26] to avoid formation of PdH,.
More precisely, hydrogen chemisorption was conducted at
70 °C using a 1300 ppm Hy/He gas mixture before TPD.

CO TPD experiments were performed following chemisorp-
tion of CO at 25 °C. All TPDs were performed in a specially
designed gas flow system previously described [27] using 0.3 g
of catalyst sample, 30 NmL min~' of He flow rate, and
30 °Cmin~' of heating rate. Quantitative analysis of the
effluent gas stream of micro-reactor was done with an on line
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quadrupole mass spectrometer (Omnistar, Balzers) equipped
with a fast response inlet capillary/leak valve (SVI050, Balzers)
and data acquisition systems. The mass numbers (m/z) 2, 18, 28,
32, 44 used for H,, H,O, CO, O, and CO,, respectively, were
continuously monitored. The gaseous responses obtained by
mass spectrometry were calibrated against standard mixtures.
The accuracy of quantitative analysis of TPD response curves
was within 3% for H,, CO, CO, and O,. No attempts were made
to quantify the water signal. For the TPD runs, the fresh catalyst
sample was first oxidized in 20% O,/He at 600 °C for 2 h, and
then reduced in 10% H,/He at 300 °C for 2 h. The catalyst was
then purged in He flow at 500 °C until no H, evolution was
observed. It was then quickly cooled to room temperature.

2.3. In situ DRIFTS studies

2.3.1. CO chemisorption

A Perkin-Elmer Spectrum GX II FTIR spectrometer
equipped with a high-temperature/high-pressure temperature
controllable DRIFTS cell (Harrick, Praying Mantis) were used
to in situ record spectra obtained under different reaction
conditions. The spectrum of the solid catalyst taken in Ar flow
at the desired reaction temperature, following catalyst
pretreatment (20% O,/Ar at 500 °C for 2 h followed by pure
H, at 300 °C for 2 h) was subtracted from the spectrum of the
catalyst exposed to the reaction mixture. In the case of CO
chemisorption, the catalyst sample in a very fine powder form
was diluted with dry KBr (1:5 w/w) for improved signal-to-
noise ratio. Signal averaging was set to 40 scans per spectrum
and the spectra were collected at the rate of 1 scan/sata2 cm™'
resolution in the 4000-800 cm ™' range. DRIFTS spectra when
necessary were smoothed to remove high frequency noise and
further analyzed using the software Spectrum®™ for Windows.
Deconvolution of the thus derived DRIFTS spectra was
performed according to reported guidelines [28]. CO chemi-
sorption (0.5 vol% CO/He) was performed at 25 °C.

2.3.2. Water—gas shift reaction

The apparatus used to perform the WGS reaction in the
DRIFTS cell consisted of an HPLC pump (GILSON 307) used
for the supply of liquid water. The latter was first passed through a
coil evaporator and then mixed with CO and Ar gases in a mixing
chamber. The flow rate of a given feed gas was controlled via
thermal mass flow control (MFC) valves (MKS Instruments,
model 247C). The gas lines leading to and from the DRIFTS cell
were heat traced and insulated with general purpose insulating
wrap. The temperature of the gas lines was kept at 7 > 200 °C.
The effluent stream from the DRIFTS cell could also be directed
to a mass spectrometer for operando spectroscopic studies.
Further details are provided elsewhere [29]. The reaction feed
composition used was 3 vol% CO/12.5 vol% H,0/84.5 vol% Ar
at a total flow rate of 100 NmL/min.

2.4. Steady state catalytic measurements

Steady-state catalytic measurements were carried out on a
Micro-reactivity Pro apparatus (CSIC, Spain) and in the

experimental set-up previously described in detail [30].
The reaction feed composition was 3 vol% CO/10 vol%
H,0/87 vol% He at a total flow rate of 200 NmL/min. The
catalyst particle size was between 0.1 and 0.2 mm. The
amount of catalyst sample used for each catalyst composition
was 0.5 g and the GHSV was kept constant at 45,000 h~" in
all catalytic measurements. The effluent stream from the
reactor was directed to a mass spectrometer (Omnistar,
Balzer) for on line measurements of H,, CO and CO,.
The purity of the gases used in the catalytic experiments
(e.g., Hy, He, CO, Ar) all provided by Linde was higher than
99.95%.

2.5. SSITKA-mass spectrometry studies

The isotopes used in the SSITKA experiments were '*CO
(99.5 atom% 3¢, Spectra Gases) and deuterium oxide (D,0)
(99.96 atom% D, Aldrich). SSITKA experiments were
performed using two HPLC pumps (GILSON 307) for the
addition of H,O and D,O to the reactor feed stream in the
apparatus described in Section 2.4. SSITKA experiments
performed in order to follow the “hydrogen-path’ of reaction
involved the switch 3% CO/10% H,O/Ar/Kr (30 min,
T) — 3% CO/10% D,O/Ar (T, t) at T = 350 and 500 °C, while
those to follow the “‘carbon-path” of reaction involved the
switch 3%'2C0O/10% H,O/Ar/He (30 min, T) — 3%"'3CO/
10% H,O/Ar (T, ). The dry gas from the exit of a condenser
placed downstream the reactor was directed to the mass
spectrometer for on line recording of H,, CO and CO, normal
and isotope-containing (D, '*C) species [30]. Calibration of D,
response was made using a 5% D,/Ar (Spectra Gases)
calibration gas mixture. The mass of alumina-supported noble
metal catalyst was adjusted so as to keep the CO conversion
below 20%. The total mass of the catalytic bed material was
kept to 0.5 g (catalyst diluted with silica). Data acquisition
with mass spectrometer was performed at a scan rate of 50 ms
per cycle (five pre-selected appropriate mass numbers were
used).

3. Results and discussion
3.1. Catalytic activity studies

The effect of reaction temperature on the activity (CO
conversion) of the three alumina-supported noble metal
catalysts towards the WGS reaction is presented in Fig. 1.
The catalytic behavior of y-Al,O3 alone is also shown. The
conversion of carbon monoxide due to the WGS reaction is
given by:

(F& — Feo)
Féo

2

Xco =

where Fi) and F23 are the molar flow rates (mol min™~') of CO
at the reactor inlet and outlet, respectively. For comparison, the
CO conversion at thermodynamic equilibrium (X4, Fig. 1) is
also given. The thermodynamic equilibrium curve is described
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Fig. 1. Effect of WGS reaction temperature on the conversion of CO obtained
over Pt, Pd and Rh (0.5 wt%) supported on y-Al,O3. Also shown is the
CO conversion (X.q) vs. T curve for equilibrium conditions (y%, = 0.03
andy};‘ o = 0.1). Experimental conditions: catalyst mass, W= 0.5 g; feed com-
position: 3% CO/10% H,O/He; total flow rate, Q = 200 NmL min~".

by the following relationship:

. 2
‘ ' (y‘é‘OX?q) '
(ygo - yl(rzloXeq)(Yi-Tzo - ygloXeq)

4577.8
= exp (T — 4.33)

3)

where &, (0.03) and yjj , (0.1) are the molar fractions of CO
and H,O in the feed stream, respectively. This curve was
derived using the equilibrium constant (K.,) values reported
[31] and appropriate mass balances. The curve shows that
below 260 °C full CO conversion is achieved. A decrease in
the CO conversion by 7.3 percentage units is noticed at 500 °C.

The catalytic activity of the alumina-supported noble metals
follows the order: Pt > Rh > Pd in the 300-500 °C range
investigated (Fig. 1), with Pt being significantly more active
than the other two metals. These results are in excellent
agreement with those reported by Panagiotopoulou and
Kondarides [32,33] who examined the WGS reaction (same
feed composition) over various noble metals supported on
reducible (TiO,, CeO,, La,05, YSZ) and irreducible (SiO,,
MgO, v-Al,05) metal oxides. It is noted at this point that the
noble metal dispersion of the three catalysts was found to be 48,
47, and 52%, respectively, for the 0.5 wt% Pt/y-Al,03, 0.5 wt%
Rh/vy-Al,O3, and 0.5 wt% Pd/y-Al,O5 catalysts. Thus, metal
particle size effects might be neglected in explaining
the observed activity differences of the three supported-noble
metal catalysts. In fact, Panagiotopoulou and Kondarides
[33] reported that the WGS reaction investigated is
structure-insensitive in the case of Pt/y-Al,O3 catalyst
(1.0 < dp < 7.1 nm).

Panagiotopoulou and Kondarides [33] reported that the
apparent activation energy of the WGS reaction depends
significantly on the nature of noble metal. In particular, values
of 24.9, 27.9, and 18.4 kcal mol ™', respectively, were reported
for Pt, Rh, and Pd alumina-supported catalysts. Taking into
account the results of Fig. 1, it appears that the order of activity

must strongly depend on other kinetic parameters, such as the
concentration of active intermediate species that are found in
the “‘carbon-path” and ‘hydrogen-path” of the reaction
mechanism. This aspect is presented and discussed next and
provides explanations for the activity order observed (Fig. 1).

The CO conversion over the vy-Al,Os support alone is
practically zero in the 200—400 °C range. At T > 400 °C, a
measurable activity is observed. For example, at 500 °C a CO
conversion of 6% was obtained (Fig. 1). This result agrees with
the SSITKA results presented next, where at 500 °C the
concentration of active carbon-containing intermediate species
formed during reaction is larger than one equivalent monolayer,
based on the noble metal surface area, suggesting that at least
part of these active carbon-containing species must reside on
the y-alumina support. It will also be shown next that a large
concentration of surface hydroxyl (-OH) groups and H species
residing on the alumina support surface participate in the
reaction path from H,O to the formation of H(g) during the
WGS reaction.

3.2. Mechanistic studies (SSITKA-mass spectrometry)

3.2.1. Determination of “H-pool”

The SSITKA technique [20] was used to follow the
hydrogen-path, named ‘“H-path” of the WGS reaction
mechanism from H,O to the H, product gas under kinetic
regime conditions (Xco < 20%) following the switch 3% CO/
10% H,O/Ar/Kr (30 min, 7) — 3% CO/10% D,O/Ar (T, t) at
T =350 and 500 °C. Fig. 2 presents the transient concentration
response curves of Hp, HD, D, and Kr obtained after the
isotopic switch was made over the Pt/y-Al,O3 catalyst at 350
(Fig. 2a) and 500 °C (Fig. 2b). The CO conversion was 20 and
11%, respectively at 350 and 500 °C. The Kr response curve
describes the hydrodynamic behavior of the flow-system from
the chromatographic switching valve to the mass spectrometer
(through the reactor with the catalyst in place), and accounts for
the gas hold-up in the gas lines and the reactor volume [20].
Details of the proper experimental precautions to be taken for
accurate performance of the SSITKA technique and the
recording of transient response curves was reported [20]. The
transient response curves shown in Fig. 2 and the quantitative
results obtained were reproducible with less than 5% error after
performing consecutive switches between the CO/H,O/Ar/Kr
and CO/D,0O/Ar gas mixtures. The concentration of active ‘“H-
containing” intermediate species (‘“‘H-pool’”) that are found in
the mechanistic “H-path” of the WGS reaction is estimated
based on the transient response curves of Hp, HD and Kr via the
following relationship:

#

tumottea) = (22 -0+ vt
o

0

“4)

where, y; is the molar fraction (ppm) of the gas phase species i,
F1is the total molar flow rate (mol minfl) at the reactor outlet,
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Fig. 2. SSITKA-mass spectrometry experiments performed to follow the “H-
path” of WGS reaction over Pt/y-Al,O; at (a) 350 and (b) 500 °C, according to
the gas delivery sequence: 3% CO/10% H,O/Ar/Kr (30 min) — 3% CO/10%
D,O/Ar (¢).

W is the mass of catalyst (g), and ' is the time (min) required to
obtain the new steady-state after the isotopic switch.

The size of the surface “H-pool” (wmol H gcat_l) estimated
is reported in Table 1 within 5% of accuracy. In Table 1 a
corresponding equivalent surface coverage of ‘“hydrogen-
containing’’ species (fy) is tabulated after using the noble metal

Table 1

Concentration (umol ge,~") of active “H-containing” (H-pool) and “C-con-
taining” (C-pool) adsorbed surface reaction intermediates accumulated under
steady-state WGS reaction conditions over Pt, Rh and Pd (0.5 wt%) supported
on v-Al,O; measured by SSITKA-mass spectrometry

Catalyst T (°C) H-pool C-pool
(“‘mOI gculil) (pmol gcalil)
or (6)* or (6)*
0.5 wt% Pt/y-Al,0O5 350 350 (28.5) 1.3 (0.1)
500 1664 (135.6) 31.7 (2.6)
0.5 wt% Pd/y-Al, O3 350 235 (9.8) 0.5 (0.02)
500 3194 (132.7) 28.6 (1.2)
0.5 wt% Rh/y-Al,O03 350 138 (6.2) 2.4 (0.1)
500 1093 (49.0) 27.3 (1.2)

? Coverage in monolayers of exposed surface metal area.

dispersion (%D) of each catalyst. The accuracy of these values
is considered to be within 5-10%. The surface coverage of
“hydrogen-containing’ species in all cases was found to be
significantly larger than one (6y > 1), which implies that most
of the concentration of these species is present on the surface of
v-alumina. The nature of these species is labile hydroxyl groups
(-OH) and H species. The latter are formed after water
dissociation on the surface of y-alumina (see details in Section
3.4). Since y-Al,O5 is a non-reducible metal oxide, in order that
both water dissociation on alumina and a complete catalytic
cycle can take place, both H and OH species must participate in
the reaction mechanism to form CO, and H, [34].

It is important to point out here that the concentration
(wmol g~ 1) of active “H-containing” intermediate species
reported in Table 1 for the WGS reaction at 350 °C is less than
4% of the theoretical maximum concentration (monolayer) of —
OH and H species accommodated on the present y-Al,O3
surface in its fully hydrated state (one —OH group on the Al
cation and one H on the adjacent oxygen anion). This
concentration was estimated to be 63 pmol (-OH and H) per
mz, or 9.3 mmol (-OH and H) per gram of alumina based on
surface crystallographic data [35]. At the WGS reaction
temperature of 500 °C, the concentration of active “H-
containing” species is less than 35% of the monolayer value
for all three catalysts investigated. It is also important to note
that in the 350-500 °C range dehydration of y-Al,O5; under
vacuum leaves about 50-30% of the —OH monolayer [36,37]. In
the present catalytic experiments the water partial pressure was
95 Torr, thus higher coverages for the —OH species must be
expected.

The above-mentioned results point out that under the present
WGS reaction conditions not all -OH groups present on the
alumina surface are able to participate in the reaction path to
form H, gas. Also, according to Martin and Duprez [38] only a
small fraction of —OH groups is likely energetically able to
diffuse towards a metal particle supported on a metal oxide
considering a heterogeneous surface diffusion model. It is also
very important from a mechanistic point of view to show that
the large concentration of ‘“H-containing” species measured in
the SSITKA experiments (Fig. 2) cannot be justified as being
present along the periphery of the metal-support interface. This
can be illustrated after considering the following relationship
[38]:

I, = a X D? )

where, I, is the total circumference of the noble metal particles
(m gcafl), X is the noble metal loading (Wt%), and D is the
dispersion (%) of noble metal. In the case of 0.5 wt% Rh/Al,05
catalyst (D =47%), assuming hemispherical Rh particles
(=88 x 10° (m gcafl) [38]), and a distance between two
adjacent OH groups of about 2 A, the concentration of —~OH
groups present along the periphery of metal-support interface is
estimated to be 8 wmol g, ' to be compared to 138 and
1093 pmol gcafl measured under SSITKA experiments
(Table 1). This result shows unambiguously that there must
be a region around each noble metal particle within which
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active —OH/H species participate in the ‘““H-path” of the WGS
reaction. Similar results were obtained for the Pt/y-Al,O5 and
Pd/y-Al,0j5 catalysts.

The possibility of producing HD and H, due to exchange
reactions of D,O(g) with the surface —OH groups of the alumina
support during SSITKA experiments (Fig. 2) was carefully
examined. A 10% H,O/Ar mixture was passed over the catalyst
for 30 min, followed by a switch to the equivalent isotopic
mixture (10% D,0/Ar) at 350 °C. No production of any HD or
H, gases was observed by mass spectrometry under the 10%
D,O/Ar gas mixture. The H,/D, exchange over the present
noble metal supported catalysts was also checked. The catalyst
was first reduced in H, at 300 °C and then flushed in Ar flow. A
switch to a 0.5% H,/0.5% D,/Ar mixture was then performed.
A large signal of HD was recorded with mass spectrometry due
to both H and D recombination on the noble metal, and
exchange of D of D,(g) with the H of -OH groups on the
alumina support. The latter result implies that during the first
2 min of the transient (Fig. 2), where H, and D, are present in
the gas phase, some HD via exchange reactions can be formed.
However, this result will not affect the accuracy of the
measurement of the concentration of ‘“H-containing” active
intermediates. This can only alter the shape of the HD response
curve since the latter is now the result of the different kinetics of
the WGS and H,/D, and D,/OH exchange reactions.

3.2.2. Determination of “carbon-pool”

The SSITKA switch 3%'*CO/10% H,O/Ar/He (30 min,
T) — 3%'°CO/10% H,O/Ar (T, 1) at T =350 and 500 °C was
performed for the measurement of the concentration of active
‘““carbon-containing” intermediate species, named “C-pool”.
The dynamic responses of '2CO,, '>CO, and He obtained upon
the isotopic switch are given in Fig. 3. A steady-state CO
conversion of 9.5% is noted. A relatively fast decrease in the
gas phase concentration of '*CO, and a simultaneous increase
of >CO, were observed. The concentration (pumol gfl) of “C-
pool” participating in the carbon-path of the WGS reaction
from CO towards the CO, formation can be estimated based on

— 3%'°CO/M0%H,0/Ar

4000
3000 - i

= CcO

g S 1B

& Co,

£ 2000+

§ He Pt/y-AlLO,
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Fig. 3. SSITKA-mass spectrometry experiments performed to follow the “C-
path” of WGS reaction over Pt/y-Al,O3 at 350 °C according to the gas delivery
sequence: 3%'*C0O/10% H,O/Ar/He (30 min) — 3%'>CO/10% H,O/Ar (r).

the following relationship:
lf
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The concentration of “C-pool” estimated at 7 =350 and
500 °C as well as the corresponding equivalent surface
coverage, 9c (based on the noble metal surface area) are given
in Table 1. In contrast to the large concentration of ‘“H-pool”’,
the concentration in terms of 6¢ of “C-pool” is less than 0.1 of a
monolayer at 350 °C, and between 1.2 and 2.6 at 500 °C for the
three alumina-supported noble metal catalysts. These results
could imply that at 350 °C the active “‘carbon-containing”
intermediate species are associated only with the metal surface.
However, the possibility that all or part of it might be present on
the support cannot be excluded. In fact, SSITKA-DRIFTS
experiments of the WGS reaction provided evidence that active
“carbon-containing” species found in the carbon-path of
reaction at 350 and 500 °C consist of formate (-COOH) present
on the alumina support and CO on the noble metal surface [29].
It is noted the absence of any '*C isotopic effect according to
the SSITKA results of Fig. 3.

The concentration of “C-pool” reported in Table 1 can
justify only an equivalent amount of the ‘“H-pool”, if only
active formate accumulates in the ““carbon-path” under steady-
state. WGS reaction conditions. However, the presence of
molecularly adsorbed CO [29] points out that the equivalent
concentration of ‘“H-pool” corresponding to formate species
must be less than the concentration of “C-pool” reported in
Table 1. Thus, it becomes clear that the ‘““H-pool” measured
cannot consist only of —-COOH species but the vast majority of
it comes from another active ‘“‘hydrogen-containing” inter-
mediate species (OH/H) as discussed in Section 3.2.1.

3.2.3. Kinetic isotopic effect

Based on the SSITKA results reported in Fig. 2, the rate of
H»>(g) formation appears to be larger than that of D,(g) by a
factor of 2.1 and 1.8 at 350 °C and 500 °C, respectively, which
implies the existence of a normal kinetic isotopic effect (KIE).
A similar result has also been reported on various supported-Rh
and -Pt catalysts [15,16,39,40]. The authors suggested that this
result was consistent with formate (-COOH) decomposition
being a likely rate-limiting step of the WGS reaction in
accordance with other findings [41]. As will be shown in the
following section, formate species were also identified by in
situ DRIFTS studies of the WGS reaction on all the present
alumina-supported noble metal catalysts. Formate was also
identified as an active intermediate species on the present
catalysts via SSITKA-DRIFTS studies (carbon isotopic shift of
the O-C-O vibrational mode) [29]. Another elementary
reaction step associated with the breaking of a chemical bond
that involves H can also be considered to explain the normal
KIE observed. For example, surface diffusion of H species
(breaking of O—H bond) and water dissociation on the alumina
surface might also be considered. However, based on reported
values of the heat of adsorption for water on y-Al,O3 [37], the
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relatively high temperatures of reaction studied, the higher
activation energy of formate decomposition compared to the heat
of adsorption of water [37,42], and the lack of evidence in the
literature that water dissociation could be considered as a rate-
limiting step of the WGS reaction in the 350-500 °C range, water
adsorption and dissociation steps on the alumina surface should
not be considered to account for the normal KIE observed
(Fig. 2). However, in the case of Pd metal [43], theoretical
calculations have shown that water dissociation (26 kcal mol ™)
had the highest energy barrier among other steps considered in
the reaction mechanism of WGS on Pd(1 1 1) surface. For the
present alumina-supported noble metals, the WGS reaction
could also proceed on the noble metal surface alone. However, it
is not possible to quantify the individual rate of reaction taking
place on the noble metal alone and that with the participation of
alumina, as the present work has demonstrated. Concluding,
water dissociation on the noble metal could only partly account
for the deuterium KIE observed (Fig. 2).

3.3. In Situ DRIFTS (WGS reaction)

In situ DRIFTS spectra in the 3150-800 cm™' range
recorded over the 0.5 wt% Rh/y-Al,O3 catalyst after 20 min
of WGS reaction at 350 °C are shown in Fig. 4. The ir spectrum
due to the stretching C-H vibrational mode of formate (-
COOHR) species is shown in Fig. 4a. The ir band centered at
2905 cm™ ' corresponds to bidentate formate, while those
centered at 2986 and 3060 cm ™' correspond to two different
bridged formate species [14-16,18,39,44-46]. The latter
assignment is consistent to the fact that formation of —-COOH
requires the participation of a surface —OH species [11], and +y-
Al,O5 surface exposes three kinds of -OH groups [47] in a high

degree of hydration. A similar spectrum to that shown in Fig. 4a
was reported in the case of Pt/ThO, (WGS reaction) [39] and
Rh/y-Al,O5; (CO/H, reaction) [46]. In Fig. 4b the ir bands
recorded at 2026 and 1968 cm™' (after deconvolution)
correspond to linear CO, and that at 1814 cm™' to bridged
CO [45,48-50].

Fig. 4c reports the ir spectrum in the 1700-1250 cm ™' range
typical for the O—C-O stretching vibrational mode of formate,
carbonate and carboxylate species [15,40,45,46]. In particular,
the most intense bands recorded at 1594 and 1375 cm ™' are
assigned to OCO,, and OCOj of formate species, the ir band at
1533 cm™" to OCO,, of carboxylate species, the ir band
at 1483 cm™ ' to OCO,, of unidentate carbonate, and the ir band
at 1296 cm™ ! to OCO,, of bidentate carbonate. The ir band
recorded at 1650 cm ™' is suggested to be the result of the
bending vibrational mode of molecularly adsorbed H,O
(~1630-1650 cm™ ') and of the OCO,, of the bridged formate
that gave the vCH band at 3060 cm'. Finally, the ir band
centered at 821 cm ™' (Fig. 4d) corresponds to ionic carbonate
(out of plane deformation mode) [45,51]. It is noted that the
intensity of all the infrared bands reported in Fig. 4 were
decreased as reaction temperature was increased to 500 °C. It is
also noted that an ir band centered at 2345 cm ™' due to linearly
adsorbed carbon dioxide on cus AI’* cations (Lewis sites) [52],
and a very broad ir band in the 3800-3300 cm ™' range assigned
to —OH groups on the y-alumina support [47] were also observed.
Infrared bands due to a linear adsorbed CO, (2343 cm™ ) and
molecularly adsorbed water (1640 cmfl) on ceria were observed
over Au/CeO, during WGS reaction conditions [53].

In situ DRIFTS spectra were also recorded over the Pt/y-
Al,O3 and Pd/y-Al,O; catalysts at the same reaction
conditions. No additional ir bands that could be assigned to
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Fig. 4. In situ DRIFTS spectra recorded in the 3125-800 cm ™ range after 20 min of WGS reaction at 350 °C over the 0.5 wt% Rh/y-Al,Os catalyst. Infrared bands
corresponding to adsorbed formate, carbonates, and carboxylate intermediate species on the alumina support, and linear/bridged CO on the Rh metal are shown.
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different adsorbed species than those observed over Rh/vy-
Al,O5 (Fig. 4) were noticed.

3.4. The catalytic chemistry of the WGS reaction over
alumina-supported Rh, Pt and Pd

3.4.1. Chemical structure of active intermediate species
and elementary reaction steps

The concentration of the active ‘“‘H-containing” reaction
intermediates as determined by SSITKA-mass Spectrometry
experiments (Fig. 2, Table 1), and discussed in Section 3.2.1,
along with the very small activity of vy-alumina alone at
T > 350 °C (Fig. 1) strongly suggest that the reaction sequence
must account for the role of both the support and the metal (Pt,
Rh, Pd). In addition, the fact that y-Al,O5 is an “irreducible”
oxide at the reaction conditions investigated must exclude the
“redox” mechanism extensively discussed in the literature
[54-56] for ‘“‘reducible”” metal oxides and supported metal
catalysts on such carriers. An alternative mechanism has been
extensively discussed [11,16,18,57] according to which the
WGS reaction proceeds via the interaction of adsorbed CO with
terminal hydroxyl groups of the support to form formate species
(-COOH), an active ‘“‘carbon-containing” reaction intermedi-
ate which further reacts with an adjacent OH group on the
support to form H,(g) and carbonate adsorbed species. The
latter decomposes to form CO,(g).

In the case of alumina-supported metal catalysts, a reaction
mechanism was proposed [19] according to which formation of
adsorbed formate is due to the interaction of adsorbed CO on
the metal and water molecule or —OH group on the alumina
support. This reaction intermediate is then diffused (back spilt
over) towards the metal, which decomposes rapidly into CO,
and H, [19]. The latter step requires the abstraction of H from
the formate species on the metal surface. Thus, the role of metal
becomes apparent based on this elementary step.

In the following proposed mechanistic scheme, formate
species (—COOH) formed on the alumina support is an active
intermediate of the WGS reaction (Fig. 4, [29]) as also reported
by SSITKA-DRIFTS studies on Pt/CeO, [11]. It has been
reported [58,59] that formate species decomposes at very low
temperatures on noble metal surfaces, thus its population in the
350-500 °C range under WGS reaction conditions appears very
unlikely. In addition, molecularly adsorbed CO on the noble
metal appears as an active intermediate species [29].

It is proposed that alumina support can activate the water
molecule [35,36] according to the following elementary
reaction steps:

I
OH
O
O [ O (N
O/Al\O/Al\ + HO(g) == /AI\O/AI\
H... H
O “
O ¥ O 3)
—- /
AN+ 1O = AN

Reaction (7) is the dissociative adsorption of water onto the
alumina support acid-base sites, whereas reaction (8) is the
nondissociative adsorption of water on Lewis acid sites. Reac-
tion step (8) is very unlikely to occur at high WGS reaction
temperatures (e.g., 7> 300 °C) [60]. Based on the catalytic
activity results of Fig. 1, CO activation on the noble metal must
be an important step, especially at temperatures lower than
400 °C. This elementary step is described by reaction (9):

o+ M == (O )
M

The chemisorption of CO is considered to be a reversible step
(see Section 3.5). The formation of active formate (-COOH)
species [29] is the result of reaction of adsorbed CO initially
formed on the noble metal with the —OH groups present on the
alumina support. Since the adsorption sites of these two species
are different, it is rather clear that adsorbed CO must diffuse
from the metal surface towards the —OH groups located on the
alumina support (see Section 3.2.1) according to the following
elementary step:

| "
CcO OH
Cen H
| + | O, — M + /270 1
M A Al " 0 (10)
o S O—_/ N
Y /AJ\O/AI\

It is important to note that spillover of adsorbed CO from Pt and
Pd to the alumina support at 7> 250 °C was proved experi-
mentally [61,62]. Given the fact that the concentration of active
“carbon-containing” intermediate species does not exceed the
value of about 2.5 equivalent monolayers of surface noble metal
(Table 1, Section 3.2.2), it can be suggested that active formate
species could also be located at the periphery of metal—support
interface.

In order to produce CO,(g) and H,(g) from adsorbed —
COOH species, it is necessary that formate reacts with an
adjacent —OH group according to the elementary step (11):

H
\ 0%...0
/C\/Olc'{) — e () an
T /A1<O\A1 i
O \O O O/ ~

The produced adsorbed carbonate species is further decom-
posed to produce CO,(g) according to the elementary step (12):

O‘Q_C,;O

|
O O (12)
A T A

It has been suggested [12,19,39,63] that adsorbed formate on
alumina can be decomposed with the aid of noble metal to
COy(g) and atomic H, the latter recombining with an adjacent
adsorbed H to form molecular H,(g). It is difficult to envision
the diffusion of formate species as entity (see reaction step (11))
towards the noble metal particles in order that formate get
decomposed into CO,(g) and adsorbed H species, even though
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the latter step was suggested [58]. It is rather more reasonable to
suggest that formate adsorbed on Al-O sites along the
periphery of metal-support interface is able energetically to
interact with the metal surface and get decomposed into CO,(g)
and adsorbed H product species.

As discussed in Section 3.2.1, -OH/H species located within
a certain radii around a noble metal particle participate in the
“hydrogen-path” of the WGS reaction. An important
mechanistic issue which naturally then arises and needs to
be discussed is whether the formation of active formate species
is the result of diffusion of CO from the noble metal surface to
the Al-OH support sites (reaction step (10)), or the diffusion of
—OH groups from the alumina support towards adsorbed CO
located along the circumference of the metal-support interface.
Recently, Duprez et al. [12,38,63] have demonstrated the
significance of surface diffusion steps of —OH groups and H
species on supported-noble metal catalysts in the WGS and
steam reforming reactions. In particular, the mechanism of
migration of the OH/H species on metal oxide surfaces with
basic and mild Brgnsted acidic character (e.g., y-Al,O3) has
been illustrated.

The mobility of H species was extensively studied on noble
metals supported on various metal oxides [12,38], where rates
of surface diffusion and diffusivities were calculated. The
surface diffusion of H species has been demonstrated on Rh/vy-
Al,O5; diluted with v-Al,03 via H,-TPD and toluene
hydrogenation experiments [64]. The same phenomenon was
also studied on Pd/y-Al,O5 diluted with y-Al,O5 using DSC
measurements [65], and on Pt/y-Al,O3 by electrical con-
ductivity transient response methods [66]. However, to our
knowledge no similar studies appear in the literature for —-OH
and CO diffusion on y-Al,O3 alone or on alumina-supported
noble metals. It is rather difficult to predict the relative diffusion
rates of —OH and CO species based on arguments related only
to the binding strength of these species with alumina surface
sites. This important issue awaits experimental evidence. In the
following section, the WGS reaction mechanism is presented
and discussed via “compartmental modelling” [67-69] based
on which the notion of OH/H diffusion being a slow reaction
step could find support.

3.4.2. Interpretation of reaction mechanism via
“compartmental modelling”

Scheme 1 illustrates the ‘“H-path” and “C-path” of the
WGS reaction in terms of a series of pools referred to as
“compartmental modelling” [67-69]. Each pool represents a
given reaction species (subscript s refers to a surface active
intermediate species). The size of the pool reflects the
concentration (wmol g~') of active intermediate species
identified (Fig. 2, [29]). The pools are connected with pipes
(hydraulic analogue), where the diameter of the pipe
connecting two consecutive pools reflects the rate constant
associated with the elementary reaction step which involves the
two respective intermediate species [67-69]. The rate-
determining step will be that associated with the pipe having
the smallest diameter. As a result of this, the pool preceding this
pipe will be expected to accumulate the largest amount of

COs : CO(g)

H,(g)

COOH; —w= 1 Hy

Scheme 1. Compartmental model representation of the hydrogen (H) and
carbon (C) reaction paths followed during the water—gas shift reaction over
alumina-supported Pt, Pd and Rh catalysts in the 350-500 °C range. The size
(wmol ge, ") of each pool corresponds to the concentration of reactant or active
adsorbed intermediate species, while the size of each pipe connecting two
consecutive pools reflects the magnitude of the kinetic rate constant associated
with an elementary reaction step that involves the two respective intermediate
species.

H,0(g) ®

surface active intermediate species. According to the elemen-
tary reaction steps (7), (10) and (11), a pool of gaseous H,O
(~55 pmol) (12.5 vol% was used in the feed stream, ~3 mL
gas-phase reactor volume, 7' = 350 °C) is connected with the —
OH/H pool which supplies the pool of —-COOH adsorbed
species. It is noted here that formate species produced on the
alumina surface alone during WGS reaction was also reported
[42]. Formate species may lead to H adsorbed on the noble
metal, if the latter is postulated to participate in the
decomposition of formate. The last step in the “H-path” is
the recombination of two adsorbed H species leading
eventually to the H,(g) product.

The fact that under steady-state reaction conditions the rate
of water dissociation to form OH/H species must be equal to the
rate of COOH formation via the participation of —OH groups,
and also to the rate of formate decomposition to produce H,(g),
kinetic reasoning then implies that the accumulation of a large
concentration of OH/H intermediate species is the result of a
small rate constant (small pipe diameter in the compartmental
modelling of Scheme 1) associated with a reaction step present
between the two consecutive pools [67—69]. Thus, diffusion of
—OH species towards active catalytic sites where adsorbed CO
is formed could be considered as a slow step.

Under steady-state reaction conditions (SSITKA), the rate of
diffusion of OH species must be equal to the rate of formate
decomposition. If for simplicity it is assumed that:

Rate ~ kP [OH] ~ kp,[COOH] (13)

where kgp P is an apparent rate constant for surface diffusion, and
kqpp 1S an apparent rate constant for the reaction step of formate
decomposition, then

1
[OH] ~ ( &P ) [COOH]kpp (14)
d

Based on Eq. (14), the establishment of a large concentration of
active OH groups could be seen as the result of a small rate
constant for surface diffusion of OH groups (small pipe dia-
meter at the exit of OH/H pool shown in Scheme 1).
However, if surface diffusion of CO towards the -OH groups
on the alumina support is assumed to take place, which could
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also be considered as a slow step, then the large concentration
of OH/H species measured under steady-state reaction
conditions (Table 1) could be interpreted as the result of the
significant activation of these species in the 350-500 °C range
leading to their participation in the “H-path” of WGS reaction.

Below some important quantitative results derived from the
SSITKA-mass spectrometry experiments (Table 1) are dis-
cussed.

(a) There is a significant increase in the concentration of active
“H-containing” intermediates with reaction temperature
for all three catalysts investigated. This result can be
explained by either considering that -OH or CO diffusion is
an important step. Surface diffusion is an activated process,
and considering also the heterogeneous diffusion model
reported by Duprez [38] for preferential diffusion paths,
then the increase of reaction T is reasonably expected to
increase the rate of diffusion and the participation of an
increased concentration of that species to given elementary
steps present in the reaction mechanism. The steady-state
surface concentration of these species at a given reaction T
is controlled by their rates of formation and consumption.

(b) There is an increase in the concentration of active “C-
containing”’ intermediates with reaction temperature for all
three catalysts investigated, where this increase remains
much smaller than that observed for the “H-pool”. It is
suggested that this might be due to the increase of surface
CO diffusion rate from the noble metal to the alumina
support or the metal-support interface, where adsorbed CO
is necessary to form active formate species. The increase of
the latter rate appears to be larger than that of formate
decomposition (step (11)). Activation of a second type of
formate species towards decomposition by increasing the
reaction 7 from 350 to 500 °C could be considered as
another reasonable explanation. Support on this is provided
by recent SSITKA-DRIFTS studies of the WGS reaction on
a Pt/CeO, catalyst [70].

(c) Based on the results of Table 1, there is a clear dependence
of the concentration (umol g ') of the active “H-pool” and
“C-pool” on the chemical nature of noble metal (Pt, Pd,
Rh). This dependence is also clearly seen in the activity
performance of the three supported-metal catalysts (Fig. 1).
According to the previous discussion, one of the main roles
of noble metal in the mechanism of WGS reaction is to
activate the CO molecule. As will be shown in the following
section, different in chemical structure and concentration of
active CO adsorbed states are formed depending on the
chemical nature of noble metal. It is reasonable to expect
that the latter will affect the surface diffusion of CO from
the noble metal to the alumina support, thus the rate of
formation of formate species. Also, if for the present
reaction mechanism the decomposition of formate by the
aid of noble metal (active formate is located along the
periphery of metal-support interface) is also an important
slow reaction step, then the intrinsic differences in the
surface electronic states of the three noble metals would be
expected to influence the overall reaction rate (Fig. 1).

(d) At 500 °C, Pd/y-Al,O5; accumulates OH/H species in a
concentration about three times higher than Rh/y-Al,O;
catalyst does (Table 1). It is noted that the two catalysts bare
the same loading and dispersion, thus practically the same
number of noble metal particles per gram of catalyst. It has
been reported [71] that deposition of Pd atoms on the +y-
Al,O5 carrier is preferential on a given type of Al sites,
where local Al-O bond strengths are altered compared to
Al-O bonds distant from the adsorbed Pd atom. Also, the
role of OH groups of alumina on the growth and interaction
with supported Rh clusters was reported [72]. Martin and
Duprez [38] emphasized also the heterogeneous model of
surface diffusion for a supported-metal catalyst according
to which the concentration of surface diffused species will
be restricted by the size of the ‘“gates” and the metal/
support interface. We suggest that all the above-mentioned
factors could reasonably be considered responsible for the
observed difference in the concentration of the active “H-
pool” between Pd/y-Al,O3 and Rh/y-Al,O5 catalysts.

3.5. CO chemisorption studies

3.5.1. DRIFTS CO chemisorption at 25 °C

In situ DRIFTS spectra in the 2130-1760 cm™' range
obtained after CO chemisorption at 25 °C for 20 min over the
0.5 wt% Rh/y-Al,0O5 catalyst are presented in Fig. 5 (upper
spectrum). After deconvolution [28] of regions of the spectrum
(see lower spectrum, Fig. 5), linear and gem-dicarbonyl CO
(2130-1960 cm ' range) and two different kinds of bridged CO
species (1920—1760 cm ™' range) were formed. The assignment
of the structures of the various adsorbed CO species was based
on literature data [46,48-51,73], and these are shown in the
upper spectrum of Fig. 5. After using the integrated absorbance
for each species following deconvolution of the recorded
DRIFTS spectrum in Kubelka-Munk units, and the extinction
coefficient (¢) of each adsorbed species [74,75], the percentage
population of each kind of adsorbed CO on Rh can be
calculated [75]. The results obtained are given in Table 2. In the
case of Rh/y-Al,O3 the most populated CO species is the
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Fig. 5. In situ DRIFTS spectrum recorded in the 2130-1760 cm ™" range after
20 min of CO chemisorption at 25 °C over the Rh/y-Al,O; catalyst. Also shown
(bottom graph) are the individual absorption bands of various adsorbed CO
species obtained after deconvolution of the recorded spectrum.
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Table 2

Distribution of various kinds of adsorbed CO on alumina-supported Pt, Pd and Rh (0.5 wt%) catalysts determined by CO chemisorption-DRIFTS studies at 25 °C.
Also shown is the ratio of Linear/bridged CO after chemisortion at 25 °C and Water—gas shift reaction at 350 °C

CO adsorption (25 °C) WGS reaction (350 °C)

Catalyst M-CO species (%), adsorption of CO at 25 °C
Gem-dicarbonyl Linear Bridged Bidged Linear/bridged Linear/bridged
(2F co-ordinated) (3F co-ordinated) (2F + 3F) (2F + 3F)
Pt/y-Al,O3 - 37 33 30 0.6 0.6
Rh/y-Al, 04 17 39 44 - 0.9 5.0
Pd/y-Al,03 - 34 3 63 0.5 0.3

bridged one (44%), whereas the least populated one is the gem-
dicarbonyl CO (17%).

Fig. 6 presents similar ir spectra obtained over the Pd/y-
Al,O3 (a) and Pt/y-Al,O5 (b) catalysts, while the percentage
population of all kinds of CO species is provided in Table 2.
Extinction coefficients for the linear and bridged (two-fold
coordinated) adsorbed CO over the Pt/y-Al,O5 and Pd/y-Al,05
catalysts were obtained from the literature [76,77], while the
extinction coefficient for the three-fold coordinated CO was
taken the same as that of two-fold coordinated CO. In the case
of Pd/y-Al,Oj; (Fig. 6a), the ir bands at 2083 and 2055 cm ! are
assigned to two different linear CO adsorbed species [78-80]
(after deconvolution, see Fig. 6a, bottom spectrum), the ir band
at 1960 cm ™! is assigned to bridged CO [78,80], while those at
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Fig. 6. In situ DRIFTS spectra recorded in the 2150-1740 cm ™' range after
20 min of CO chemisorption at 25 °C over the Pd/y-Al,O; (a) and Pt/y-Al,O3
(b) catalysts. Also shown (bottom graph) are the individual absorption bands of
various adsorbed CO species obtained after deconvolution of the recorded

spectrum.

1865 and 1807 cm™ ' to three-fold coordinated CO species
[78,80]. The ir band at 2110 cm ™' is due to gaseous CO [51]
(not presented in the deconvoluted spectrum at the bottom of
Fig. 6a). In the case of Pt/y-Al,O5 (Fig. 6b), the ir bands at 2057
and 2035 cm ™' are assigned to two different linear adsorbed
CO species [81,82], while the ir bands at 1834 and 1767 cm™!
to bridged CO [82,83], and that at 1805 cm~ ! to three-fold
coordinated CO [82].

3.5.2. DRIFTS CO under WGS reaction conditions

Fig. 7 shows recorded ir spectra in the region of the C-O
stretching vibrational mode of adsorbed CO after 20 min of
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Fig. 7. In situ DRIFTS spectra recorded in the 2140-1720 cm ™' range after
20 min of WGS reaction at 350 °C over the Pt/y-Al,O3 (a) and Pd/y-Al,O3 (b)
catalysts. Also shown (bottom graph) are the individual absorption bands of
various adsorbed CO species obtained after deconvolution of the recorded

spectrum.
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WGS reaction at 350 °C over the Pt/y-Al,O5 (Fig. 7a) and Pd/y-
Al,O5 (Fig. 7b) catalysts. Also shown are the various individual
CO absorption bands obtained after spectra deconvolution. In
the case of Pt/y-Al,O3, most of the ir bands (linear + bridged
CO) were shifted to lower wavenumbers compared to the case
of CO chemisorption (absence of H,O) at 25 °C (Fig. 6), where
the opposite result was seen in the case of Pd/y-Al,O; catalyst
(Fig. 7b). The former behavior is clearly illustrated in Fig. 8
where the individual CO absorption bands obtained after
deconvolution of the original spectra are compared. It is seen
that under the WGS reaction conditions a new adsorbed state of
linear CO (1958 cm™ ") not populated in the absence of water
(see Fig. 8b) is present. The appearance of this adsorbed state
of CO is positioned 73 cm™' lower than the main ir band
observed at 2031 cm ™', the latter present also at the same
position following CO chemisorption at 25 °C. This result
cannot be due to the effect of surface coverage of CO or of some
carbon likely formed under the WGS reaction conditions. For
Pt(100) and Pt(1 11) surfaces a shift by 40 cm™ ' was
observed in the ir band of adsorbed CO as the coverage of CO
varied from zero to a monolayer value [84]. Also, in the case of
Rh(1 1 1) [85] and Ni/y-Al,O3 [86] surfaces precovered by
carbon, only a slight shift (Iess than 30 cm ™) in the vibrational
frequency of adsorbed CO was reported. On the other hand, the
binding energy of the various bridged adsorbed CO species
(1700-1850 cm ™! range) does not seem to be altered under the
two gas atmospheres and reaction temperatures. There is only a

2031

Pt/y-ALO,
WGS, 350°C

K-M (units)

2035

Pt/-ALO,
CO chemisorption, 25°C

1805

2057

2100 2050 2000 1950 1900 1850 1800 1750 1700
Wavenumber (cm™)

Fig. 8. Comparative absorption bands of various adsorbed CO species obtained
under WGS reaction conditions (a) and CO chemisorption at 25 °C (b) on the
0.5 wt% Pt/y-Al,O5 catalyst.

small red shift of two of the bridged CO species (compare
Fig. 8a and b).

After considering the integrated absorbance of a given CO
adsorbed species for the two catalysts (Fig. 7), and the fact that
for the linear CO the ratio of the extinction coefficient for Pt to
that for Pd is 1.9, and for the bridged CO is 20.8, it is concluded
that the concentration of adsorbed CO on Pt/y-Al,O5 is
significantly larger than that on Pd/y-Al,Oj3. This result is valid
assuming that the exctinction coefficients of adsorbed CO on a
clean Pt and Pd metal surfaces change only to a small extent by
the presence of other adsorbed species formed during the WGS
reaction. Thus, it could be stated that this kinetic parameter of
surface concentration of adsorbed CO (6cp) could be
considered as one of the kinetic reasons that explain the
significant activity of Pt/y-Al,0; compared to Pd/y-Al,O3
catalyst (Fig. 1) according also to the discussion offered in
Section 3.4.

3.5.3. CO chemisorption at 25 °C followed by TPD-mass
spectrometry

Figs. 9-11 present CO TPD response curves for the three
0.5 wt% M/vy-Al,05 catalysts (M =Rh, Pd or Pt) following
chemisortion of CO at 25 °C. In the case of Rh/vy-Al,O; catalyst
(Fig. 9), three distinct CO desorption peaks were observed with
peak maxima at 62, 191 and 300 °C. The large desorption peaks
of CO are assigned to the linear and bridged CO species
according to the in situ DRIFTS CO chemisorption studies
(Table 2). In addition to desorbed CO, carbon dioxide also
desorbed (see Fig. 9) and very small amounts of molecular
hydrogen. It is well known [87] that CO adsorption on noble
metals can cause the formation of CO, and ““carbon” through

Rh/y-AlLLO,

RS

Concentration (ppm)

0 1 ll)(} 260 360 4{I}0
TCC)

Fig. 9. Temperature-programmed desorption (TPD) response curves of CO and
CO, obtained over 0.5 wt% Rh/y-Al,O5 catalyst following CO adsorption at
25°C. Que=30NmL min~'; =30°Cmin~'; W=03g.
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Fig. 10. Temperature-programmed desorption (TPD) response curves of CO
and CO, obtained over 0.5 wt% Pd/y-Al,Oj5 catalyst following CO adsorption at
25°C. Qe =30 NmL min~'; =30°Cmin~"; W=03g.

the Boudouard reaction:
2CO0,45 — Cags +COx(g) (15)

Additionally, adsorbed CO on the metal surface can
potentially react with surface hydroxyl groups of the metal
oxide support located at the periphery of the metal-support

Pt/y-ALO,
350ppm
g ) - ‘e S
= Y] Y. -t 1T PP
=
£
=
= 166°C
3 350ppm
9
=
=]
&}
1] 1‘]]0 260 360 460

T(°C)

Fig. 11. Temperature-programmed desorption (TPD) response curves of CO
and CO, obtained over 0.5 wt% Pt/y-Al,O; catalyst following CO adsorption at
25°C. Qe =30 NmL min~'; =30°Cmin~"; W=03g.

interface to form carbon dioxide and molecular hydrogen
according to the following reaction [88]:

COygs + OHL — COs(g) + 5 Ha(g) (16)

In the present work, the existence of reaction (16) proceeds
to a small extent since small amounts of H, were detected. In
fact, the low-temperature peak of CO, (Ty = 71 °C) is the result
of reaction step (16) and not of reaction step (15), where a
similar low-temperature CO, peak was also reported on a
5 wt% Rh/y-Al,O5 catalyst [68]. It was reported [85] that
adsorption of CO on Rh(1 1 1) precovered by carbon affected
its TPD peak position by only 10 °C. This result allows to
suggest that the adsorbed states of CO were only slightly
affected by the carbon deposited (reaction step (15)).

Table 3 reports the concentration (umol g ') and the
equivalent surface coverage of adsorbed CO (in terms of
monolayers of Rhy). Based on the quantitative DRIFTS results
reported in Table 2, and the fact that the alumina support alone
chemisorbs 5.5 pmol CO g”, or 6 = (.23 (Table 3), it is likely
that some new CO adsorption sites at the metal-support
interface could have been created.

Figs. 10 and 11 present CO-TPDs for the Pd/y-Al,05 and Pt/
v-Al,O5 catalyst, respectively. It is seen that the temperature of
maximum desorption rate, the concentration of the various
desorbed CO species, and the kinetics of the Boudouard
reaction all depend on the nature of noble metal. The total
amount of adsorbed CO estimated and the peak maximum
temperatures (7,.x) observed are given in Table 3. In the case of
Pt/v-Al,0; the total surface coverage of CO was practically the
same as in the case of Rh/y-Al,O3, and a similar explanation
could be offered. However, based on the work of Flesner and
Falconer [61] a spillover of CO on the alumina support may not
be excluded. The large differences in the population of
adsorbed CO as a function of the nature of noble metal as
revealed by the in siru DRIFTS studies (Table 2) find good
agreement with the CO-TPDs obtained by mass spectrometry.
The Tpax behavior (Table 3) allows also to conclude that the
binding energy of adsorbed CO related to the surface of the
three noble metals follows the order: Pd—-CO > Rh—CO > Pt-
CO. This result is in harmony with reported experimental
results on the heat of adsorption of CO on unsupported Pt, Rh
and Pd [89]. On the other hand, the catalytic activity of the

Table 3

Concentration of adsorbed CO (pmol CO gcafl) and its equivalent surface
coverage (Oco) estimated from TPD-CO experiments on 0.5 wt% M/y-Al,O3
(M =Pt, Rh and Pd) catalysts. The peak maximum desorption temperatures
(Timax) determined after deconvolution of CO-TPD curves are also given

Catalyst Amount adsorbed Tnax Tmax Tnax
(nmol CO gey ™) (1) O (2)* (°0) (3)* (°0)
Pt/y-Al,O3 382 (9=22)° 66 172 290
Rh/y-Al,O4 50.6 (0=2.1)" 62 191 300
Pd/y-Al,O5 30.1 (0=1.3)° 78 220 325
v-Al,O3 5.5 (6=023)° 375 - -

? Desorption temperatures obtained after deconvolution of CO-TPD curves.
" 9 =1 corresponds to a monolayer surface coverage based on the noble metal
area (CO/M; = 1).
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WGS reaction (Fig. 1) shows exactly the opposite trend. In
other words, Pt supported on y-Al,O5 with the lower binding
energy of chemisorbed CO exhibits the highest catalytic
activity, while Pd supported on +y-Al,O; with the larger
binding energy of chemisorbed CO exhibits the lowest
catalytic activity. This result correlates with the fact that
diffusion of CO from the noble metal to the alumina support
surface might be an important elementary step of the WGS
reaction (see Section 3.4).

4. Conclusions

The following main conclusions can be derived from the
results of the present work:

o WGS reaction with a high H,O/CO ratio (4:1 v/v) in the 350—
500 °C range over alumina-supported Pt, Rh or Pd passes
through a large concentration (wmol g ') of active OH/H
species located on the alumina support and much smaller
concentrations of active adsorbed CO (on the noble metal)
and formate (on the alumina support) species.

e The accumulation of a large concentration of OH/H species
on the alumina support during steady-state WGS reaction
conditions on alumina-supported Pt, Rh or Pd may imply a
small rate constant associated with the diffusion of these
species towards catalytic sites present in the “H-path” of
reaction mechanism.

e The large difference in the activity order of alumina-
supported Pt, Rh or Pd metals (Pd < Rh < Pt) seems to
correlate with the surface coverage of CO formed on the
noble metal under WGS reaction conditions (65, < 65,).

o TPD of CO and catalytic studies revealed that Pt/Al,O3 with a
lower binding energy of chemisorbed CO compared to Pd/
Al,Oj5 exhibits significantly larger WGS reaction activity.
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