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CO,-reforming reactions have been studied in a plug-flow
reactor with catalysts containing less than a monolayer of Rh,
Ru, or Ir deposited from tetrametallic dodecacarbonyl clusters
onto low surface area polycrystalline a-AlL,O;, MgO, CeO,,
La,;0;, and TiO,. The catalytic reactions are studied in condi-
tions at which the carbon formation quickly deactivates Ni-
based catalysts but does not deactivate noble metal based mate-
rials. Diffuse-reflectance-infrared-Fourier-transform (DRIFT)
spectroscopy and mass spectrometry experiments inside a high-
temperature high-pressure (HTHP) chamber have cast light on
molecular aspects of the CO;-reforming reaction which have
been embodied in a reaction mechanism. The formation of
highly reactive oxidic species from the dissociation of CO, is
showed, and their role in inhibiting the production of large
carbon aggregates is discussed. © 1995 Academic Press, Inc.

INTRODUCTION

Syn-gas production technology plays a central role in
petrochemistry. It is a demanding technology which ab-
sorbs the 50-70% of the investment and energy consump-
tion costs of the processes in which the syn-gas is an inter-
mediate product. Improvements are difficult to achieve
due to the drastic reaction conditions and to the delicate
and complex interactions among process schemes, reactor
design and materials, reaction conditions, and catalyst
activity. Many reasons, such as the possibility of producing
clean fuels from natural gas and the exploitation of
many of the results of the thoroughly investigated “C1
chemistry,” push for the reduction of syn-gas production
costs (1).

The widespead production processes, namely, (a) steam-
reforming, (b) autothermal reforming, (c) noncatalytic par-
tial oxidation, and (d) combined reforming, have been
reviewed in Refs. (2-6) and are the object of several pa-
tents.

In noncatalytic partial oxidation, mixtures of oxygen,
steam, and hydrocarbons (often heavy oil or feedstocks
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with high concentrations of impurities such as olefins and
sulphur-containing compounds) are flowed through the re-
actor at pressures up to 13.5 MPa and temperatures be-
tween 1350 and 1600°C. The other commercial catalytic
processes utilize catalysts constituted by nickel (15-25
wt%) supported by MgAlLO, oxides, and usually the exit
temperature from the reactors is below 1000°C and the
pressure is below 4.5 MPa.

Recently renewed attention in both academic and indus-
trial research has been focused on catalytic partial oxida-
tion [1] (hereafter referred to as CPO) and on the CO»-
reforming reaction [2] (7-22).

CH;+1/20,—-CO+2H, AHjgskx = —38kJ/mole

(1]

AHssx = 247 kJ/mole
(2]

Two themes in particular are under investigaton: (i) the
development of new catalysts that are inactive towards the
carbon formation reactons

2CO—-C+CO; AHjyk = —172.54kJ/mole [3]

CH4 —-C+2 Hz AHggg K= 74.91 kJ/mOle, [4]

(ii) the possibility of producing syn-gas with CPO reactions
performed in ultrahigh space velocity conditions (UHSV)
at residence times inside the catalytic beds between 1072
and 107 s.

Many of the energetic consumption and investment costs
in the syn-gas producton technologies are related to the
necessity of inhibiting carbon formation reactions [3 and
4]. These reactions are avoided by feeding the reactors
with reactant mixtures in which high values of the O,/C
and/or H,0O/C molar ratios (typically O,/C = 0.65 vol/vol
for the autothermal and combined reforming, and
H,O/C > 2.5 vol/vol for the steam reforming) are main-
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tained. Rostrup-Nielsen et al. (22-26), Alstrup (27), and
Gadalla et al. (28-30) have discussed these problems in
relation to the steam and CO,-reforming reactions cata-
lyzed by Ni-based materials; the reactivity of noble metal
based materials is discussed by different authors and some
of their works are reported in Refs. (31-37). The proposed
solutions consider: (i) the possibility of adopting noble
metal based catalysts; (ii) a sulphur passivated reforming
process in which the Ni large crystalline sites, which are
the major factor responsible for carbon nucleation, are
sulphur-poisoned by adding a low percentage of sulphur to
the process feed (27); and (iii) the stabilization in reaction
conditions of fine Ni clusters formed and stablized from
thermal treatments of periclase solutions of NiO-MgO
(28-30).

Major research groups in petrochemical industrial envi-
ronments and have also been active in these stimulating
fields, and traces of their work can be found in a few
scientific publications (19-21, 38) and many recent pa-
tents (39-51).

This work discusses the surface chemistry of noble metal
clusters and their catalytic properties in the CO,-reforming
reactions. These have been investigated by feeding with a
CO, + CH, mixture (CO,/CH,4 = 1/1 vol/vol) a laboratory-
scale plug flow reactor or by flowing various gaseous
atmospheres through a high-temperature high-pressure
(HTHP) chamber for DRIFT spectroscopy. The chamber
has been linked, through a pressure reduction sampling
system, to a quadrupole mass spectrometer,

The DRIFT and mass spectrometry experments are part
of an extensive research program devoted to the HTHP
chemistry of small aggregates and/or monoatomic species
of Rh, Ru, and Ir at the surfaces of low-surface area poly-
crystalline oxides. The research program is more particu-
larly devoted to investigating the surface chemistry pro-
duced during CO hydrogenation, CO» hydrogenation, and
syn-gas production reactions. The main steps of 14 experi-
mental sequences, on which the research program is based,
are represented in Fig. 1. We have discussed the results of
experiments 1-8 previously (53. 54); here we will report
and discuss the results of experiments 9 and 10, while
the results of experiments 11-14, will be commented on
in a following article devoted to the CPO reaction mecha-
nisms.

The experiments discussed here, gave indications of the
high mobility = reactivity of the noble metal species and
other elements that have suggested the description of a
cyclic reaction mechanism for CO, reforming. The reaction
intermediates include hydridocarbonyl clusters and highly
reactive oxidic species formed by the breaking of one of
the two CQO, bonds. These oxidic species react with the
carbon atoms produced with the CH, surface decomposi-
tion to originate CO. The formation of highly reactive
oxidic species is considered responsible for the inhibition
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of large carbon aggregates which, in analogous conditions,
deactivate the Ni-based catalysts.

EXPERIMENTAL
Sample Preparations

The Rh- (1 wt%) and Ru- (1 wt%) containing samples
were prepared in a N, environment, by dropping an anhy-
drous THF solution of Rhy(CO);, or Rus(CO),; into a
slurry of the supports in the same solvent. §-Al,O; (Snam-
progetti, surface area 95 m*/g) and MgO polycrystalline
samples (Fluka, surface area 65 m?/g) were used as sup-
ports. After 3 h the solids were filtered and dried under
vacuum at 25°C.

Samples containing low loading of Rh, Ru, and Ir (0.1-
0.25 wt%) were also prepared with the same procedure by
using the same clusters of Rh, Ru, and Iry(CO),,. High-
purity low surface area oxides (La,Os, TiO,, and CeOs,
supplied by Johnson Matthey, 99.99%, and a-Al203 and
MgO, supplied by Aldrich, 99,999%) were used in these
cases. The oxides were purchased under N> to avoid inter-
action with moisture and CO-. Their purity and crystalline
structure were checked with opical emission arc spectros-
copy and XRD analysis, while their surface area (below
10 m?/g) was measured with the BET method. The reactiv-
ity of each sample was studied with the laboratory equip-
ment described in the following. Four Rh/a-ALO;, Rh/
MgQ, Rh/CeO;, and Ir/a-AlL,O; samples, with low load-
ings of noble metals (0.1-0.25 wt%), were also studied with
DRIFT and mass spectrometry experiments in a HTHP
chamber. In these cases a dry box was used to load the
samples into the chamber to avoid CO, and H,O chemi-
sorption from the environment.

A Ni/Al,O; sample (Ni 15 wt%) was prepared by im-
pregnating, with the incipient wetness method. y-AlLO;
(surface area 137 m?/g, pore volume 0.97 ml/g, medium
pore diameter 180 A) with an aqueous solution of
Ni(NQO;), - 6H-O. After a dehydration step at 120°C for
12 h, the sample was calcined at 1000°C for 3 h.

DRIFT and Mass Spectrometry Experiments

The HTHP chamber allows the collection of DRIFT and
mass spectra in flowing gaseous atmospheres between 25
and 750°C at pressures between 0.1 and 5 MPa. The pow-
dered polycrystalline materials (20-60 mg) were placed
inside the chamber onto a porous fritted tungsten disk that
could be heated up to 900°C and permitted the flow of
the gaseous atmospheres through the samples. Two water-
cooled ZnSe windows allowed the incident IR radiation
to reach the samples and the diffuse-reflected radiation
to be collected into a MCT detector. Light absorption
phenomena in the gaseous phase were modeled with the
Lambert—-Beer treatment while those at the surfaces were
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FIG. 1. Scheme of the experimental sequences performed to investigate the HTHP chemistry of the Rh and Ir clusters at the surfaces of MgO,
a-AIQO_“. and CCOQ.
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modeled with the Kubelka—Munk equations. A chromel-
alumel thermocouple was inserted into the powdered sam-
ple and used both to measure its temperature and to control
the heating power. The reactant gases were flowed through
the powdered catalysts into the output line. The output
flow composition was monitored with a quadrupole mass
spectrometer (UTT 1-300 a.m.u.) which was connected to
the HTHP cell through a pressure reducton sampling sys-
tem. DRIFT spectra were recorded at a resolution of 4
cm™' with a Nicolet 20SXC spectrometer. Mass spectra
were recorded both with repeated scans between 1 and 60
a.m.u. and with a selected peak monitoring with time and/
or with temperature. High purity gases were flowed
through the samples (Strem electronic grade). In some of
the expermental steps, the purity of the CH,, H,, and He
streams was critical and these gases were further purified
with OM-1 filters (Supelco, Li, and Co compounds sup-
ported on resins which react with O,, H,O, CO, and CO,
impurities). Reactant flows were measured and regulated
with a multi-gas-flow controller system (147 C MKS)
equipped with four mass flow meters. Flow rates measured
at the entrance of the HTHP cell were maintained between
30 and 60 ml/min. The heating and cooling cycles were
performed in several steps at a rate of 60°C/min; at each
step the temperature was equilibrated for 5 min before the
collection of the DRIFT spectra.

Laser-Raman Analysis

A laser-Raman spectrometer (Dilor triple monochroma-
tor spectrometer) equipped with a multichannel detector
with 512 diodes (Omars) was used to record the spectra
at point A of the experimental sequences. Due to the low
concentration of the noble metal only the Ir/Al,O; sample
produced detectable Raman signals. In this case the spectra
were achieved in a backscattering configuration with a
slitwidth of 80 wm and with microscope sampling.

High-Resolution Electron Microscopy (HRTEM)

These measurements were performed on CeO, and
Rh/CeQ; powders (Rh 0.1 wt%) collected on a holey car-
bon film supported on a copper grid. The transmission
electron microscope was a Jeol 2000EX instrument,
equipped with a top entry stage (2.5 A point resolution).

Laboratory Scale Reactor for CO2 Reforming Reactions

The CO2 reforming reactions were carried out in a tubu-
lar quartz plug-flow (PF) reactor with an internal diameter
of 10 mm. The reactor was placed in an oven. A quartz
thermowell with an external diameter of 3 mm was placed
in the center of the reactor through the catalyst bed, which
was 10 mm in height. The catalyst particles (500 mg of
0.3-0.5 mm fragments) were inserted into the annular zone
(3.5 mm thick) between the thermocouple well and the
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internal wall of the reactor. Reactants (CH,, CO;, H,,
N,) were supplied from cylinders into different lines, each
equipped with a mass flow meter and a mass flow control-
ler. The catalysts were pretreated with a H,/N, mixture
1/1 (vol/vol) up to 500°C. The activity tests with a
CH,; + CO, gaseous mixture (CH,/CO, = 1/1 vol/vol)
were performed at 1.5 atm during thermal cycles between
25 and 750°C. The axial temperature gradient was 25°C
at 750°C. The output line composition was monitored by
gaschromatography with both TCD and flame detectors.

RESULTS

Morphological HRTEM Analysis of the CEQ, and
Rh/CeO, Samples

The HRTEM images were collected to investigate the
formation of Rh clusters at the surface of CeO,. The im-
ages obtained at low magnification showed that the CeQ,
and the Rh/CeQO, powders (Rh 0.1-0.5 wt%) contained a
large amount of hexagonal microcrystals with few kink and
step defects. The high-resolution images of the hexagonal
crystals showed the presence of fringes 3.1 A apart, corre-
sponding to the interplanar spacing of the (111) faces of
Cerianite, which has a cubic structure belonging to the
Fm3m space group (Fig. 2). The same images were also
obtained with HRTEM analysis of Rh/CeO, treated in a
flowing H, stream at 500°C. The formation of Rh aggre-
gates was never detected, indicating that monometallic
and/or small metal clusters with diameter <1 nm were
formed at the CeO, surfaces.

DRIFT and Laser-Raman Analysis of the Freshly
Prepared Samples

The spectra of the Rh-containing samples, recorded at
point A of the experimental sequences, indicated that the
monometallic Rh!(CO), complex (vC = O at 2085 and
2008 cm ! over MgO, vC = O at 2090 and 2010 cm ™! over
a-A,04, vC = O at 2095 and 2010 cm ™! over CeO,) was
the prevailing species formed at the surfaces. Other species
were also detected in minor amounts at the surfaces of
CeQ;; this was inferred from the observation of a carbonyl
stretching band at 2110 cm ™!, assigned to a carbonyl group
bonded to a Rh atom in an oxidation state higher than +1
(53). Strong absorptions at 1237 and 1160 cm™' were also
detected in the spectra of the Rh/CeQO, sample and as-
signed to vibration of carboxylate species (55). The infra-
red and laser-Raman spectra of the Ir/a-A,O; (the
only sample that produced detectable Raman signals)
showed that the chemisorption of Iry(CO),, produced
HIr,(CO),;- species (56) (IR peaks at 2020 and 1730 cm ',
Raman shifts at 2110, 2035, 2010, and 2001 cm ).

Activity Tests in the PFR Reactor

Four catalysts containing 1 wt% of Rh or Ru chemi-
sorbed on & Al,O; and MgO were reduced for 3 h at 500°C
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FIG. 2. HRTEM image of a Rh/CeO; crystal after reduction at 500°C under H, atmosphere (1 cm = 1.625 nm).
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TABLE 1
Highest Turnover Frequency Values Measured during the CO, Reforming Experiment at 750°C

Rh/a-AlLO5 Rh/MgO Rh/CeO, Rh/La,05 Rh/TiO, Ru/a-AlLO; Ru/La;04 Ir/a-AlO4
TF CHy (s ") 5.02 1.04 2.82 4.01 0.74 1.05 4.05 1.00
TF CO; (s 1) 5.08 1.06 3.04 4.06 0.85 1.06 4.07 1.01
GHSV (h ) 11000 3000 11000 11000 3000 3000 8100 3000
Support surface 4 6 5 8 8 4 5 4
area (m*/g)

ina 1/1 (vol/vol) H; + N, flowing atmosphere. The reduced
samples were made to interact at 0.1 MPa at temperatures
between 25 and 750°C with a gaseous mixture of 1/1
(vol/vol) CH4 + CO,. The four samples showed very
similar reactivity at contact times between 7.2 and 1.2 s
(GHSV = 500-3000 h™!"). The equilibrium concentrations
for the COs-reforming [2] and water—gas shift [S] reactions
were closely approached in the whole temperature range
investigated.

CO + HzO—* C02 + Hz AH;ggK = —41.16 kJ/mol

(5]

To appreciate the reactivity differences produced when
Rh, Ru, or Ir were grafted on different supports, and to
estimate the turnover frequency (TF) values of the catalytic
sites, we reduced the contact times to 0.33 s (GHSV =
11000 h~!) and prepared samples with low metal loadings
(Rh = 0.1 wt%, Ru = 0.5 wt%, Ir = 0.25 wt%). The TF
values were estimated by considering that each noble metal
atom was exposed to the reactant mixture and was able
to produce syn-gas. This assumption is based on (a) the
HRTEM, DRIFT, and laser-Raman spectral analyses,
which indicated that only monoatomic or small cluster
species are formed on the freshly prepared materials, and
b) the measure of the percentage of the exposed atoms
which resulted between 90-100%. The percentage of the
exposed metal atoms was measured with CO and H; selec-
tive chemisorption experiments performed on samples pre-
viously heated in He flow at 500°C and assuming that
each one of the exposed Rh, Ru, or Ir atoms was able to
coordinate one H; molecule or two carbonyl groups.

The maximum values of the turnover frequencies (TF)
achieved with catalysts containing Rh, Ru, or Ir deposited
on low surface area oxides (a-AlL,O;, MgO, CeO;, La,0;,
and TiO, with surface areas <10 m?/g), are reported Table
1. These TF values, calculated for conditions close to the
thermodynamic equilibrium, represent overall reaction
rates. However, in many cases, the TF for the Rh- and
Ru-containing materials are higher than the values re-
ported in the literature (0.65-2.7 s7}, see Refs. (2, 19)),
measured under kinetic control and under conditions at

which the carbon formation reactions were inhibited by
using CO,/CH, > 1 and by introducing H, in the feed gas.

The reactant conversions between 300 and 800°C, ob-
tained with a catalyst containing 0.1 wt% of Rh deposited
on La,0,, are reported in Fig. 3. In the same figure the
experimental values are compared with the calculated ther-
modynamic values (determined with the Levenberg-
Marquard algorithm). The catalyst activity can be ex-
pressed, according to industrial practice, with a measure
of the “approach to equilibrium’’ defined with the tempera-
ture difference (AT),

(AT) = T(Qx) — T(exit), [6]

where T(Qr) is the temperature at which the quotient Qg
calculated from the product gas is equal to the equilibrium
constant K, and T(exit) is the temperature measured at
the exit of the catalyst bed (2). In the temperature range
considered, between 300 and 400°C, we measured AT val-
ues below 3°C. This low value is a further indication of
the high catalyst activity. We underline that during the
reactivity tests of 100 h at 750°C only the Rh/La,O; and
Rh/CeO, materials did not show any deactivation process.
The maximum TF values of the other catalysts were re-
duced by 10-15% during the first 50 h of reaction and
remained unchanged for the following 50 h. The reactivity
of the Rh/TiO, sample, in which strong metal support
interactions occur, is very poor in comparison with the one
observed with the other materials. A detailed investigation
of the nature of the deactivation phenomena was not per-
formed. However, we point out that the atomic absorption
analysis of the exhausted materials revealed amounts of
carbon below 0.01 wt%.

The CO,-reforming reactions were also conducted with
a Ni/ALO; (Ni 15 wt%) catalyst. This was initially reduced
in H, + N flow (Hy/N, = 1/1 vol/vol) at 700°C for 4 h
and subsequently was made to interact with the CO, +
CH, mixture. This caused the production of large carbon
aggregates which completely filled the catalytic bed and
occluded the reactor in a few seconds. As reported in the
literature (2, 19), an analogous catalyst was not deactivated
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FIG. 3.
obtained with a Rh/La,O; catalyst (Rh 0.1 wt%) at GHSV =

if reactant mixtures of CO,/CH,/H; = 16/4/1.5 (vol/vol)
were used to feed the reactor.

DRIFT and Mass Spectrometric Experiments

The spectroscopic and spectrometric experiments 9 and
10 were performed on the Rh/MgO (Rh 0.1 wt%), Rh/a-
ALO; (Rh 0.1 wt%), Rh/CeQ, (Rh 0.1 wt%), and Ir/a-
AlL,O; (Ir 0.25 wt%) samples, the reactivity features of
which were previously studied in experiments 1-8.

Experiment 9

This experiment encompasses three sequential thermal
treatments (see Fig. 1). The first heating was in a He flow,
between 25 and 500°C, the second in a H, flow between
25 and 500°C, and the third between 25 and 750°C in a
CO, + CH, flowing atmosphere (CH4/CO, = 1/1 v/v,
Pt = 1.2 atm).

The reactivity of the Rh and Ir species formed in the
freshly prepared samples during the thermal treatments in
He (step A — B) and H, (step B — C), was reported
previously (53, 54). The description of the third step of
experiment 9 is given below in separate points for each
examined sample.

Rh/MgQO. Carbonyl absorption bands were formed at
300°C and at higher temperatures, in a flowing CO, + CH,
atmosphere (Fig. 4). However, one peak at 2000 cm ™' (see
Fig. 4B and Table 2) was also produced at 200°C by switch-
ing from a CO, + CH,; flow to an He flow. This “low
temperature” band disappeared again by reintroducing the
CO, + CH, mixture in the HTHP cell. These effects were
completely reversible and were reproduced several times.
At higher temperatures between 300 and 400°C carbonyl
bands were formed and stabilized both in flowing He and
in flowing CO, + CH, atmospheres. However, in an inert

550 600 650 700 750 800

T(C)

Experimental and thermodynamic values for the CH, and CO; conversions between 400 and 750°C; the experimental values have been
10,000 h™'.

atmosphere, the bands were reduced in intensity and
shifted downward 10-20 cm™'. Between 500 and 750°C a
broad band at 1720 cm™! was also shown in the spectra
(Figs. 4E and 4F). The band, which was gradually reduced
during the cooling cycle, is tentatively assigned to a CO
stretching of a bidentate COj3 group (46). After cooling to
25°C, a 5-min CO pulse was introduced into the cell; this

2000 180C 2000 1800
Wavenumbers (cm-1)

Wavenumbers (cm-1)

FIG.4. Spectrarecorded on the Rh/MgO sample, during experiment
9: (A) at 200°C in flowing CO, + CHy,, (B) at 200°C after switching from
CO, + CHy to He, (C) at 300°C in flowing CO;, + CH,. (D) at 400°C
in flowing CO, + CHj,, (E) at 500°C in flowing CO, + CH,, (F) at 700°C
in flowing CO, + CHy, (G) after cooling at 50°C, (H) during a CO pulse
at 50°C, (1) after the CO pulse at 50°C.
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TABLE 2

Peak Maxima Detected in the Spectra Recorded during Experiment 9
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Rh/MgO Rh/ALO4 Rh/CeO, Ir/ AL O,
7(°C) vCO (cm ') vCO (cm™") vCO (cm' 1) vCO (cm™!)
200 — — 2133 (b) 2023 (b)
300 2015, 1950 (sh) 2042, 2029, 2000 (sh) 2020, 2133 (b) 2025 (b)
400 2010, 1950 (sh) 2042, 2029, 2000 (sh) 2010 2028
500 2010, 1950 (sh) 2030, 2000 (sh) 2000 2030
600 2009 2026 2000 (w,b) 2031
750 2008 2026 — 2026
50° after a 2057 2091, 2060, 2018 2092, 20535, 2005 2057
CO pulse

promoted the formation of gaseous CO, and of cluster
species with linearly bonded CO species (Fig. 41). The
formation of CQO, indicates that reactive surface oxygen
species were formed during the CO; reforming.

In Fig. 5 we compare the spectra collected between 100
and 500°C during experiment 9, experiment 4 (CO hydro-
genation), and experiment 8 (CO, hydrogenation). The
spectra comparisons show that bands with very similar
shape and position, assigned to linearly bonded CO spe-

400°C

300°C

200°C

200¢°C

byl

100°C

100°C

T -

2000 2000

cies, were recorded during experiments 8 and 9, while -
broader absorption assigned both to linear (centered near
2000 cm ') and bridged (centered near 1800 cm™') bonded
CO species were detected during experiment 4. In Fig. 6
the variation of the partial pressures of the fragments with
mile = 15, 18, 28 monitored during the thermal cycle be-
tween 25 and 750°C are shown (CH,/CO, = 1/1 v/v, flow
rate 35 ml/min, GHSV = 70,000 h"!, heating rate 60°C/
min). The formation of H, and CO and the consumption of

500°C

200°C

100°C

100°C

Wavenumbers (em-1) Wavenumbers (cm-1)

4 B

FIG. 5.

T

T
2000 2000

Wavenumbers {cm-1) Wavenumbers {cm-1)

N

c ]

Spectra of Rh/MgO recorded between 100 and 500°C during: (A) experiment 4 in flowing CO + H,, (B) experiment 4 after switching

from a CO + H; flow to an He flow, (C) experiment 8 in flowing CO, + H,, (D) experiment 9 in flowing CO, + CH,.
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FIG. 6. Partial pressure variations of the molecular fragments of CO
(mie = 28), H-O (m/e = 18), and CH, (m/e = 15) produced in the
ionization chamber of the mass spectrometer during experiment 9.

CH, and CO; were detected by mass spectrometry starting
from 300°C. A mass balance calculation based on the frag-
ments partial pressure variations gave at 750°C CH,4 and
CO, conversions of 21 and 25%, respectively (TFcy, = 0.9
s7' and TF¢o, = 1.1 s7'). The H,/CO ratio in the product
stream was 0.88 (v/v). Conversion and TF numbers are
reduced with respect to the ones achieved in the PF reactor
due to the high space velocity and to the different fluido-
dynamic and heat transfer conditions produced in the
HTHP chamber.

Rh/a-AlLOs.  Although different Rh carbonyl clusteres
were detected at the surface of a-Al,O; and MgO (see
Table 2 and Figs. 4 and 7), the temperature evolution
of the DRIFT and mass spectra suggest that analogous
phenomena are occurring at the surfaces of the two sam-
ples. Also with the Rh/a-Al,O; we observed: (a) the re-
versible formation of carbonyl clusters at 200°C by switch-
ing the CO, + CH, flow with He (see Figs. 7B and 7C),
(b) that the spectra recorded at 300 and 400°C during
experiments 8 and 9 show relatively sharp bands with the
same shape and position (see Fig. 8), (c) that one peak
centered at 1720 cm™' was formed between 400 and 750°C
(Figs. 7F-71).

A 5-min CO gaseous pulse was introduced into the cell
at 50°C at the end of experiment 9. The pulse produced
the formation of: (a) gaseous CO,, (b) Rh!'(CO), surface
species, and (c) surface clusters with CO ligands in linear
position (see Figs. 9N—90). The CH, and CO; conver-
sions measured at 750°C were 51 and 54%, respectively
(TFcy, = 2357}, TFco, = 2.4 57Y).

Rh/Ce(Q,. Carbonyl stretching bands were initially de-
tected at 300°C and at higher temperatures in a CO, +
CH, flowing environment. The bands were broader and
weaker than the ones detected on the Rh/MgO and Rh/
a-Al,O; samples (see Table 2 and Fig. 7D) and were not
stabilized in a He flow. However, the formation and the
intensity increase of a peak at 1720 cm™' was also observed
in this case between 500 and 750°C.
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The comparison between the spectra reported here and
the ones previously reported (which were collected during
experiments 4 and 8), shows that the Rh!(CO), mono-
atomic complexes, with peaks at 2095 and 2010 cm ™!, are
particularly stabilized in a CO + H; environment, while
they are not formed in CO, + H; or CO; + CH, flowing
streams (Figs. 9A-9D). The DRIFT spectra reported here,
also show that oxidation of surface Ce atoms occurred
during the CO, reforming process. This conclusion was
reached by observing that a broad carbonyl stretching band
positioned at 2133 cm ! after the reductive treatment was
shifted to 2145 cm ™! after the CO; reforming reaction. The
bands at 2145 and 2133 cm™! are respectively assigned to
the CO stretching of carbonyl groups bonded to surface
Ce** and Ce’?® atoms. The assignment is based on CO
chemisorption experiments that we performed on pure
CeQ, after a reductive treatment at 500°C in H, flow and
an oxidizing treatment at 100°C in a O, flow.

The CH, and CO, conversions at 750°C were, respec-
tively, 52 and 56%, corresponding to TFcy, = 2.3 s !and
TF(‘O’ =25 Sil.

After cooling at 25°C a 5-min CO pulse was introduced
into the reaction chamber, this caused the formation of
gaseous CO, and Rh'(CO), surface species.

Ir/ALO,. The carbonylation of the Ir clusters was ini-
tially detected at 100°C in both CO, + CH, and He envi-
ronments. A broad band centered near 2000 cm ' was
formed and gradually sharpened at increasing temperature
up to 600°C (Fig. 8). Its intensity was also gradually aug-
mented, while its frequency maximum was shifted upward
by about 10 cm™!. Between 600 and 750°C, a broadening
of the bands (the FWHW increased ~10%}), a reduction
of their intensity (5% with respect to the peak intensity
recorded at 600°C), and a downward shift of the peak
maxima (4 cm™') were produced. At temperatures above
500°C (when a relevant amount of reactant was converted
into syn-gas), a band at 1730 cm™! becomes the more
intense spectral feature. The band is strongly reduced
during the cooling cycle and almost disappears below
300°C. At 750°C we estimated CH, and CO- conversions
of 25 and 29%, respectively (TFcy, = 0.9 s™' and
TFeo, = 1.1 s ).

In Figs. 11A-11C multiplets due to the CO stretching
vibrations produced in the DRIFT spectra at 400°C during
experiments 9, 8, and 4 are compared. Each multiplet was
treated with a Fourier self-deconvolution process removing
the Lorenzian broadening function (58). This procedure
sharpened the components of the multiplets and showed
that the same bands were produced in CO; + H; and
CO, + CH, flowing streams (in both cases the multiplets
show peaks at 2055, 2030, 2007, and 1964 cm™') while
different spectral features were produced ina CO + H, en-
vironment.
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FIG. 7. Spectra of Rh/a-Al,O; recorded during experiment 9: (A) freshly prepared sample, (B) at 200°C in flowing CO, + CH, atmosphere.
(C) at 200°C in flowing He atmosphere, (D, E, F, G, H) at 300. 400, 500, 600, and 750°C, respectively, in flowing CO, + CH, atmosphere, (I, J, K,
L, M) spectra recorded during the cooling cycle at 600, 500, 400, 300, and 200°C, respectively in flowing CO, + CH, atmosphere, (N. O) spectra
recorded on the cooled sample at 25°C during and after a CO pulse in a He flow.

Experiment 10

The first two steps of this experiment (the thermal treat-
ments in He and H, flows) are common to experiments 2,
4, 6, 8, and 9 and have been previously described. In the
third experimental step, the samples reacted with CO;
between 25 and 500°C. Carbonyl bands were initially de-
tected at 50°C on Rh/MgQO, and at 100°C on the Rh/a-
Al,O;, Rh/CeO,, and Ir/a-Al,O; samples (see Table 3).
The bands were sharpened and increased in intensity up

to 300°C and were broadened and weakened at 500°C. At
this temperature we switched from the CO, flow to He
and cooled the HTHP cell to 25°C. The cooled samples
did not show any carbonyl absorption bands. When a CH,
flow was introduced into the cell and the temperature was
increased again to 200°C, the formation of H, (but not of
water), was detected by mass spectrometry. Rh carbonyl
surface complexes were also formed between 200 and
300°C, while Ir carbonyl complexes were formed at 300
and 400°C (see Fig. 12 and Table 3). The carbonyl! species
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FIG. 8. Deconvolved spectra recorded at 400°C on the Rh/a-Al,O4
sample: (A) in flowing CO, + CH, atmosphere during experiment 9, (B)
in flowing CO, + H, atmosphere during experiment 8, (C) in flowing
CO + H, during experiment 4.

were no longer detected at 500°C, while the decomposition
of methane into H; and surface carbon was still occurring.
The mass spectrometric analysis performed during the
heating steps in flowing CH, revealed the formation of CO
and H, peaks (see Fig. 13).

Experiment 10 was also performed on the Ni/a-Al,O;
sample; in this case no surface carbonyl species and no
gaseous CO were detected by DRIFT spectroscopy and
mass spectrometry. The decomposition of CH, occurred
starting from 230°C and produced gaseous H,, a small
amount of H,O, and surface carbon.

DISCUSSION

Some of the conclusions previously obtained with exper-
iments 1-8 (42, 43) are relevant in the discussion of the
experiments 9 and 10 and are briefly mentioned. The
DRIFT spectra collected during experiments 1-4 showed
that, during the CO hydrogenation reactions, many differ-
ent clusters with broad absorption bands assigned both to
linear and bridged bonded CO species were unselectively
formed. The monometallic Rh!(CO), species were also
selectively stabilized below 300°C in an H, + CO flowing
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environment only at the surface of CeO,. The results of
experiments 5-8 showed that during the CO, dissociative
chemisorption reactions and the CO, hydrogenation reac-
tions oxidic species and a few kinds of surface carbonyl
clusters were formed. The oxidic species were detected
because of their ability to oxidize gaseous pulses of CO
into CO, at 25°C. The involvement of H surface atoms
which assisted in the breaking of one of the C-O bonds
of the CO, (59) and the formation of hydrido-carbonyl
clusters, was also inferred by observing that: (a) the forma-
tion of carbonyl clusters was enhanced after a reductive
treatment in a H; flow or if CO; and H; were contempora-
neously present in the reaction chamber, (b) the replace-
ment of H, with D, in the reaction environments caused
a downward frequency shift of the CO stretching.

In this work we have gained further indications of the
reactivity of the oxidic species produced during the high-
temperature interactions with CO,. In experiment 10,
these oxidic species reacted with CH, between 200 and
400°C (depending on the samples), producing both gaseous
H, and CO pulses and carbonyl clusters (see Figs. 12A-
12D, Fig. 13, and Table 3). To further clarify that the
interaction with CO, enhanced the capability of the solid
surfaces to oxidize CH, into CO, we also studied the CH,
surface decomposition reactions using samples which were
not previously heated in CO; atmosphere. In this case we
observed that carbonyl clusters were formed only at the
surface of the Rh/a-Al;O; and Rh/CeO; sample. These
clusters showed IR absorption features different from the
ones revealed after the thermal treatment in CO, flowing
environment. Further experiments on the reactivity of the
surface oxidic species with gaseous CH, are in progress
(experiments 11-14 of Fig. 1).

Another result reported here is the observation that
similar and in some cases the same (Rh/a-Al,O; and
Ir/ALLO;) carbonyl clusters are formed during the CO,
hydrogenation reaction and the CO, reforming reaction
(Figs. 8A, 8B, 11A, and 11B).

Based on these findings we introduce a reaction mecha-
nism (see Fig. 14A) for the CO; reform, in which CO
groups are generated through two kind of reactions: (a)
the breaking of one of the CO, bonds assisted by surface
H atoms and (b) the reaction between surface oxidic spe-
cies and carbidic species originating from the dissociative
chemisorption of CO, and CHy,, respectively. We consider
the clusters formed from hydrogen-assisted CO, chemi-
sorption as the ones responsible for the absorption de-
tected in the DRIFT spectra recorded during the occur-
rence of CO; reform.

This is inferred by observing that the spectra of the
clusters produced through the reaction between the surface
oxidic species and gaseous CH, (experiment 10) were dif-
ferent from ones recorded during the CO, reforming (see
Figs. 4, 7, 9, 10, and 12). The same absorption bands were



MOLECULAR ASPECTS IN SYN-GAS PRODUCTION 173

TABLE 3

Peak Maxima Recorded during Experiment 10

Rh/MgO Rh/ALO; Rh/CeO, Ir/ AL Ox
T(°C) vCO (cm™) vCO (cm 1) ryCO (em™") vCO (cm ')
Treatments in CO,
50 2025 — — —
100 2030 — — e
200 2024 2050, 2030 2015 —
300 2020 2040 2000 2032, 1970 (sh)
400 2010 2030 1990 2029, 1969 (sh)
500 1985 — 1980 2024, 1971 (sh)
Treatments in CHy
50 — — — —
100 — — —
200 2060, 1943 2020 2024 —
300 2060, 1943 2042, 2030 2033 2055
400 — — 2020 (bw) 2036
500 — — — —

detected during both the CO, hydrogenation (when the
bands could be assigned to hydridocarbonyl clusters) and
the CO,; reforming reactions (see Figs. 8A and 8B).

We propose that the formation of oxygen-containing
species from the dissociation of CO, and their affinity for
the carbon atom of CH, is responsible for the inhibition
of the carbon formation reactions [4]. We also suggest that
these effects should be particularly enhanced on the CeO,
support which is known to have oxidative properties and
a good capability for oxygen storage reactions. Indeed, as
described in Results, the Rh/CeO, sample did not show

any deactivation phenomena during the 100-h reactivity
test performed in the PFR.

A general observation, which follows from the achieved
results, concerns the easy aggregation and disaggregation
of surface cluster species under the effect of temperature
and gaseous environment composition. An experimental
finding, representative of these effects, is the reversible
formation and decomposition of carbonyl clusters in flow-
ing He and CO; + CH, environments, observed at 200°C
(see Figs. 4A, 4B, 5B, and 5C). We tentatively propose
that the phenomena (produced on the Rh/MgO and
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FIG. 9. Spectra recorded during the thermal cycles of experiments 4, 8, and 9 on the Rh/CeO, sample: (A) spectra recorded in CO + H; flow
during experiment 4, (B) spectra recorded after switching the CO + H, flow with He during experiment 4, (C) spectra recorded in CO, + H; flow
during experiment 8, (D) spectra recorded in CO, + CH, flow during experiment 9.
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FIG. 10. Spectra recorded on the Ir/Al,O; sample during the third step of experiment 9: (A) spectrum of the freshly prepared sample, (B)
spectrum recorded in He flow at 25°C after the thermal treatments in He and H, flows, (C, D, E, F, G, H) spectra recorded in CO, + CH, flow
during the heating cycle at 100, 200, 300, 400, 600, and 750°C, respectively, (I, J, K, L, M) spectra recorded during the cooling cycle in flowing
CO, + CH, at 600, 500, 400, 300, and 200°C, respectively, (N) spectrum recorded in flowing He after cooling at 50°C, (O) spectrum recorded at
50°C during a CO pulse, (P) spectrum recorded in He flow at 50°C after the CO pulse.

Rh/a-Al,Q;) is a consequence of a delicate balance be-
tween temperature-induced reductive reactions and CO,-
induced oxidative reactions in which Rh oxygen adducts
[Rh~(0,)], Rh carbonyl clusters [Rh—CO], and bare Rh
clusters [Rh,] are interconverted according to the scheme
in Fig. 14B (where [O;] represents an atomic oxygen sur-
face species). We point out that analogous completely re-
versible effects were also more sharply produced in a wider
temperature range during experiments 5, 6, and 7 when
the CO, stream was alternated with He.

The same reversible reactivity features, interpreted as a
balance between aggregative and disaggregative reactions,
were never observed at the surface of CeO,. Nor were
they observed on the other supports if H, and CO, were
simultaneously flowed in the reaction chamber. We hy-
pothesize that in the first case the surface of CeO, stabilizes
oxidic species, while in the second case the presence of a
large amount of hydrogen should stabilize the carbonyl
clusters.

The differences and similarities between the spectra re-
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approached in the HTHP chamber (as occurred in the PF
reactor for the CO, reforming), conversions between 15
FIG. 11. Deconvolved spectra, recorded on the Ir/ALOy sample at  and 55% were achieved depending on the sample and the
400°C: (A) in flowing CO> + CH, atmosphere, (B) in flowing CO; + H:  reaction temperature. In addition the occurrence of the
atmosphere, (C) in flowing CO + H. atmosphere. WGS, reaction [5] was clearly detected during cach of the
three experiments (see also (53 and 54)) above 300°C.
This reaction partially homogenize the composition of the
corded during CO hydrogenation, CO, hydrogenation,and  reaction environments. In fact from the thermodynamic
CO, reform (experiments 4, 8, and 9) and quantitative point of view, each equation representing the CO- hydro-
catalytic tests performed in the quartz PF reactor also genation {7], the CO hydrogenation [8], and the CO- re-
suggest another point of discussion. form [2], can be expressed as a linear combination of one
Although the equilibrium conditions were not closely of the remaining two with the WGS reaction [5].
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FIG. 12. Spectra recorded in flowing CH, stream during the fourth step of experiment 10: (A) Rh/MgO sample, (B) Rh/Al-O; sample. (C)
Rh/CeO, sample. (D) Ir/Al-O; sample.
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FIG. 14. (A) Scheme of the proposed mechanism for the CO; re-

forming reaction, (B) scheme of a reaction cycle proposed to account
for the reversible formation and decomposition of carbonyl clusters, re-
spectively, in He and CO, + CH, flowing environments, observed at
200°C during experiment 9.

CO,+ CH,— CO+2H,  AHSyk = 247 kJ/mole
(2]
CO, + 4H,— CHy + 2H,0  AHS9sx = —164.9 kJ/mole
[7]
CO +3H,— CH, + HO  AH3gy = —205.9kJ/mole

(8]

AHSgsx = —41.2kJ/mole
(5]

For instance, Eq. [10] = —(2 X Eq. [5] + Eq. [2]) or Eq.
[10] = (Eq. [11] — Eg. [5).

However the same surface clusters were selectively pro-
duced at the same high temperatures (7 > 300°C) only
during the CO; hydrogenation and CO, reform, while dur-
ing CO hydrogenation the unselective formation of many
surface species was revealed. Discussing the mechanism of
the CO,-reforming reactions, we observed that the struc-
ture and the reactivity of the small surface clusters are
continuously modified during each elementary step which
alternatively produced reductive-aggregation reactions
and oxidative-disaggregation reactions. It is the combina-
tion of these elementary steps that periodically regenerates
the initial conditions. The same cycles and the same surface
species are not produced by using CO and H, reactant

CO + H,0—- CO, + H;
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mixtures because strongly chemisorbed CO and the ab-
sence, in the initial stages of the reactions, of an oxidizing
agent such as CQO;, favors the unselective formation of
relatively large metal aggregates and inhibits their further
evolution towards small cluster species. Then some of the
reactions which participate in the generation and propaga-
tion of the catalytic cycles should be irreversible in nature.
These considerations agree with the results reported in the
literature by other authors and by us, which indicated that,
for Rh based catalysts: (a) the CO, hydrogenation has
a selectivity and a rate for CH, production an order of
magnitude higher than those of the CO hydrogenation
reaction (67-69); (b) the CO hydrogenation is inversely
proportional to the CO partial pressure (70-73), while the
CO, methanation is positively proportional to the CO,
partial pressure (74-76); and (c) the carbonyl complex
formation is weakly affected by the presence of H; in the
CO-containing atmosphere at temperatures up to 200°C,
while it has a relevant role in the carbonyl cluster formation
in the CO,-containing atmospheres.

SUMMARY AND CONCLUSIONS

High overall TF values and high reactant conversions,
close to the equilibrium values for the CO,-reforming and
water—gas shift reactions, have been achieved in a wide
temperature range, between 300-750°C with Rh-, Ru-, and
Ir-based catalysts under conditions in which Ni-based cata-
lysts have been deactivated due to the carbon formation re-
actions.

The molecular aspects of the surface chemistry of Rh
and Ir clusters during the CO, reforming reaction have
been discussed and related to the chemistry of the CO and
CO;, hydrogenation reactions. Molecular spectra have been
achieved which indicate that the same surface complexes
can be produced both during CO, reforming and CO,
hydrogenation reactions. The shape, position and intensity
of the IR bands and their variations during thermal cycles
between 25 and 750°C suggest that the selective formation
of a few kinds of hydridocarbonyl clusters is achieved.

Experiments in which the interactions with H,, CO;,
and CH,4 have been studied in separate steps, have indi-
cated that CO, can be partially dissociated under the reac-
tion conditions producing both oxidic species and carbonyl
species. This reactivity is assisted by surface H atoms pro-
duced by dissociative H, or CH, chemisorption. A reaction
mechanism for the CO,-reforming reactions is proposed.
The reactivity of two kinds of noble metal species, a hydri-
docarbonyl and an oxidic, which are periodically converted
one into the other, is considered to be at the center of the
catalytic cycle. The high oxidative properties of the noble
metal-oxygen adducts are considered responsible for the
inhibition of the carbon growth reactions.

By discussing and comparing the molecular aspects of
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the reaction mechanisms of CO hydrogenation, CO, hy-
drogenation, and CO; reforming, we propose that the same
catalytic cycles cannot be generated at the same tempera-
ture and pressure conditions (even if the reaction environ-
ment contains meaningful concentrations of the same gas-
eous species) if the initial reactant mixture does not contain
CQO,, which has the role of inhibiting the unselective forma-
tion of large metal aggregates.
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