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Molecular mechanisms in partial oxidation of methane on Ir/ a-Al,O3:
reactivity dependence on catalyst properties and
transport phenomena limitations

L.Basini!, A. Aragno
Snamprogetti S.p. A., Via Maritano 26, 20097 S. Donato Milanese, M1, Italy

and

G. Vlaic

Dipartimento Scienze Chimiche, Universita di Trieste, Via Giorgeri 1, 34127 Trieste, Italy
and Sincrotrone Trieste SCp A, Via Padriciano 99, Trieste 34012, Italy

Received 12 June 1995; accepted 13 February 1996

An in situ DRIFT and mass spectrometric study of catalytic partial oxidation of methane with Ir/ -Al;0; has enlightened
relationships between the formation of surface metal carbonyl clusters and residence time and temperature conditions. Some clus-
ter species produced during catalytic partial oxidation were also originated during CO, hydrogenation and CO; reforming experi-
ments described in previous literature. An EXAFS analysis of the catalyst precursor, prepared through a solid-liquid reaction
between Iry(CO),, clusters and the reactive surface sites of a-Al;O;, is also included to discuss clusters structure produced at the

surfaces.
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1. Introduction

This work is part of an extensive research program
devoted to the study of high-temperature-high-pressure
chemistry of Rh, Ru, Ir surface clusters. The surface
chemistry of an Ir/ a-Al,O; material during the catalytic
partial oxidation of methane is here examined.

The commercially available synthesis gas production
processes reviewed in refs. [1-5] do not yet include cat-
alytic partial oxidation (CPO). However, recently
renewed attention of both academic and industrial
research groups has been focused onto this reaction [6—
15]. This attention was initially revealed in an article
written by Ashcroft et al. [6], who claimed new reactivity
features on a lanthanide ruthenium oxide catalyst. Few
months later Lunsford et al. [7] pointed out that the reac-
tion was not new since, starting from 1946, it had been
investigated both on noble metals and on Ni based cat-
alysts. Lunsford experimented the CPO reaction in a
laboratory scale plug-flow reactor at residence times
near 1 s on a Ni based catalyst. Monitoring with XPS the
surface composition at different sections of the catalytic
bed, he concluded that the CPO reaction (1) resulted
from the combination of the fast total oxidation reaction
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(2) followed by the relatively slow steam and CO,
reforming reactions (3), (4):

CH4+-12-02 = CO+2H; H3ggx = —38KkJ/mol, (1)

CH, +20; = CO,+2H,0  Hpey = —811kJ/mol , (2)

HyO+ CHy = CO+3H;  Hjg = 206kJ/mol, (3)
CO,+CHy = 2CO+2H;  Hygex = 247kJ/mol. (4)
In 1991, by experimenting the reactivity of CH;/CO,/
O, mixtures, Ashcroft et al. [8] touched another impor-
tant point: the unique properties of the Rh, Ru, Ir metals
to catalyze the CPO reactions in conditions under which
the carbon formation reactions (5) and (6) deactivate
most of the Ni based catalysts:

200 = C+CO, AHg = —172.54kI/mol  (5)

CH, = C+2H; AHg = 74.91kJ/mol 6)

More recently, Hickman and Schmidt from the
Minnesota University [9,10] and Choudhary et al.
[11,12] from the National Chemical Laboratory of Pune
reported new insight in CPO, indicating that extremely
high conversions and selectivity towards syngas are
achievable at very short residence time (1) between 10~*
and 1072 s. Under these reactivity conditions the rate of
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heat generation is much higher than the rate with which
the heat is exchanged from the reaction zone. Then the
laboratory reactors approach the limit of adiabatic
operation leaving the autothermal temperature to
approach the adiabatic temperature calculated by

n

G(T—To)+ Qe =) (—AH)X:- (7)

i=1

Ineq. (7) the term Qg, accounting for the heat exchanged
with the environment, is small compared with (a) the
term C,(T — Tp) accounting for the sensible temperature
raise from some gas temperature Tj to the average reac-
tion temperature T, and (b) the term 3, (—AH;)X;,
which represents the heat generated by the » reactions
which participate in the chemical process, each at some
average conversion ;.

This means that for 7 values below 1072 s and under
stationary conditions, the reaction temperature (7)) is
determined by the exothermicity of the reactions and by
the temperature (7p) at which the reactant gases are pre-
heated. Under these conditions it is impossible to main-
tain a separate control over reaction temperature while
varying the flow rates. Since we considered it very inter-
esting to have indications on selectivity and conversion
variations at fixed temperature while varying 7, we have
studied the CPO reactions in a non-adiabatic reaction
chamber equipped with a cooling cycle and which
allowed diffuse reflectance Fourier transform spectros-
copy (DRIFT) and mass spectrometry measurements.
The results reported here concern reactivity features
obtained with powdered polycrystalline Ir/a-AlOs
samples (Ir 0.5 wt%), at temperatures between 450 and
750°C. The experimental findings indicate that selectiv-
ities and conversions are both varied at a given tempera-
ture depending on 7; in addition small surface Ir
carbonyl clusters selectively originated at 7> 1072 s,
while at shorter residence times these species disap-
peared. Correspondingly different catalytic activities
and selectivities were observed. These main experimen-
tal data are discussed considering that H», CO, CO; and
H,O are contemporaneously formed and selectivity and
conversion variations are mainly affected by the occur-
rence of CO, reductive chemisorption which is favored
at higher contact time values.

This work, being part of a research program devoted
to the study of the surface chemistry of small Rh, Ru, Ir
clusters during CO-hydrogenation, CO;-hydrogena-
tion, CO,-reforming [16-18] and CPO of methane,
include an EXAFS characterization of the Ir clusters
species produced on the catalyst before the reaction.

2. Experimental
2.1. Sample preparation

The catalytic materials contained 0.5 wt% of Ir. This
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amount corresponds to less than a monolayer of clusters
containing 4 Ir atoms such as Ir4(CO);, or [Ir4(CO),,]”
with a spherical volume of 1373 A3 (see also the results
section). The Ir species were deposited at the surfaces
through a solid-liquid organometallic reaction pro-
duced by dropping, under N, atmosphere, a THF solu-
tion of Irs(CO),, into a slurry of a-Al,O; (Aldrich
99.999%, surface area ~ 5 m?/g ) dispersed in the same
solvent. After 24 h the powdered sample was filtered and
dried under vacuum at room temperature.

2.2. Diffuse reflectance Fourier transform (DRIFT)
spectroscopy and mass spectrometry experiments

The powdered Ir containing sample (20 mg) was
deposited onto a porous fritted tungsten disk, inside an
alumina heater surrounded by a water cooled dome with
ZnSe windows transparent to the IR radiation. The reac-
tion effluent flowed through the catalysts into an output
line linked with a pressure reduction sampling system to
a quadrupole mass spectrometer. A thin (0.5 mm of
diameter) chromel-alumel thermocouple was inserted
into the sample and used both to measure the catalyst
temperature and to regulate the heating supply. Gaseous
reactants (CH4/O,/He = 2/1/11 v/v mixtures) were
flowed through the reaction chamber at flow rates
between 25 and 250 ml/min. Thermal cycles were per-
formed in flowing He, H,, and CH4/O,/He atmospheres
by increasing the temperature at a rate of 50°C/min.
During the cycles the temperature was adjusted each
100 K and stationary conditions were maintained for 10
min to collect the DRIFT spectra at a resolution of
2cm~!. During the cycles the output stream composition
was monitored by mass spectrometry with selected peak
monitoring.

2.3. EXAFS experiments

Two samples were studied: (a) freshly prepared Ir/a-
Al,O5 catalyst and (b) crystalline Ir4(CO),,. The pow-
dered materials were prepared as self-supported wafers
which had a total absorption coefficient after jump (ux)
close to 2.5. Sample homogeneity was controlled by
using an optical microscope and radiographic methods.
Measurements were performed in transmission mode at
room temperature on the XAFS-I line installed at DCI
storage ring at LURE (Orsay, France) operated at 1.85
GeV with a positron current of 280-320 mA. A channel-
cut Si 331 monochromator was used, and transmitted
photon flux was measured with two ionization chambers
filled with air. The energy scale was calibrated with a
copper foil assigning the value of 899.1 eV to the first
maximum after jump. Spectra were collected between
11100 and 12100 eV, at the Lyj; edge of Ir, with a count-
ing time of 2 s for each of the 500 examined points. The
spectral data were collected three times for the Ir4 (CO)
sample and nine times for the It/ a-Al,O3 sample.
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3. Results and discussion

3.1. EXAFS characterization of the freshly prepared
samples

The EXAFS data were analyzed according to stan-
dard methodology [19] with a program set written by A.
Michalowicz [20]. The pre-edge region was subtracted
with a straight line and the spectra were extracted by fit-
ting the absorption coefficients with a cubic polynomial
fit. Signals were normalized with the method proposed
by Eisemberger and Lengeler [21]. The Ej value was cho-
sen at the inflection point of the jump (11206.7 eV); at
this point the spectra were mediated and the standard
deviations calculated. The EXAFS spectra of the two Ir/
a-AlO3 and Iry(CO),, samples are shown in fig. 1A.
The EXAFS signals were multiplied by &* in the 2.33-
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Fig. 1. (A) EXAFS spectra of the Iry(CO),, (above) and Ir/a-Al;03

(below) samples, (B) moduli of the Fourier transforms (Irs(CO),,

continuous line, Ir/a-Al; O3 dotted line), (C) filtered first peak of the
of Ir/a-Al, O3 (dotted line), and its fitting (continuous line).

13.04 A~! range and have been Fourier-transformed
after convolution over a Kaiser window. The Fourier
transforms of the two samples are shown in fig. 1B; the
first peak of the figure accounts for the Ir-C distance
while the second contains information on Ir-O and Ir-Ir
atom pairs and gains contributions from multiple scat-
tering originated by the Ir-C-O group. The similarity
between the two spectra indicates that clusters with
structure similar to Irs(CO);, are originated on the
freshly prepared Ir/a-Al,Os. This is further confirmed
by a quantitative analysis performed by fitting the
Fourier filtered first peak of the Ir/Al,O4 sample with a
theoretical signal using a non-linear least-squares rou-
tine [22] (MINUIT subroutine of the CERN library) and
minimization of the x? function, thus following the
recommendations of the International Workshop of
Standards in XAFS [23]. The fitting was performed by
applying the single-electron single scattering EXAFS
theory using the equation

N; .
kx(k) = Z-k—;Ai(k)e—Z#/kze—ZRf/*<k> sin[2kR; + ¢;(k)],
i i
(8)

where N;is the number of atoms in the ith scattering shell
at distance R; from the absorbing atom, o; is a coefficient
related to thermal and static disorder, A(k) is the electron
mean free path, 4;(k) and ¢;(k) are the amplitude and
phase functions.

Experimental amplitude and phase functions for Ir—
C atom pair deduced from the known crystallographic
structure of Irs(CO),, were used [24,25]; A(k) was kept
convoluted in the amplitude and phase function and an
arbitrary value of 0.07 A was chosen for ¢. The results
obtained, are summarized in table 1, which also contains
the values used for Ir4(CO),, and the errors estimated on
the basis of standard deviations using an interval of con-
fidence equal to 1. Fig. 1C shows the overlapping of the
filtered first peak of the Ir/a-Al,O; with its fitting.
Gates et al., studying with EXAFS small Ir surface clus-
ters produced on MgO with an analogous procedure,
also discriminated between bridged and linear CO
groups [26]. This analysis could not be performed with
our data, since we could find only four independent
points (Nipg = 2ARAk/7) and this, according to the
Nyquist theorem [27], allows for variation of only three
parameters during the fitting.

Previously we reported a vibrational analysis of the

Table 1
Results obtained with the analysis of the EXAFS signals
Sample N& R(Ir-C) ob
(CO/M) @A) A)
Iry(COY),, 3 1.87 0.07
Ir/ 0-Al, O3 2.70+0.14 1.873 £ 0.008 0.0796 +0.0091

2 Number of carbonyl groups coordinated by each Ir atom.
b Debye—Waller factor.
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IR and laser-Raman bands of the CO groups of the Ir
clusters which suggested the reaction between the
Ir4(CO),, clusters and the a-Al,O; surface originates
[HIrs(CO),;] species. The EXAFS analysis also sustains
this assignment indicating that each Ir atom is linked to
2.70 + 0.14 carbon atoms with an Ir-C average distance
0f1.873 + 0.008 A . For comparison, the crystal structure
of [P(CH,CsHs)(CgHs),][HIrs(CO),,] [24,25], indicates
anaverageIr to terminal carbondistance of 1.84 A, and Ir
to bridging carbon distances of 1.98 and 2.18 A.

We consider that the high temperature IR spectra dis-
cussed below also indicate that the small Ir clusters have
not been aggregated into large clusters with metallic like
properties during the reactivity experiments. Further
EXAFS studies are in progress to study the Ir clusters
transformation under reaction conditions.

3.2. DRIFT and mass spectrometric experiments

The experiments performed in the reaction chamber
equipped for DRIFT and mass spectrometry consist of
three steps represented in the following scheme:

CH4+0,
He H, (5x107 272 5%x1073)

—_

B
298-773-298K  298-773-298K

—_

298—-1023-298K

The first two heating cycles (heating rate 60 K/min,
flow rate 60 ml/min), respectively in He and H; flows,
produced surface chemistry reactions which were pre-
viously reported and discussed [17]. These two heating
cycles were performed to condition the samples at high
temperature and to produce nude Ir clusters at the begin-
ning of the CPO experiments.

The third thermal cycle was performed in flowing
CH; + O; + He stream (CH4/O/He =2/1/11 v/v,
flow rate 67 ml/min, Py, = 0.11 Mpa) at two different
flow rates and contact times between 5 x 107! and
5 x 1073 5. Fig. 2 shows the spectral variations with tem-
perature in the carbonyl stretching zone, produced at
720.02 s. IR absorption bands were detected at tem-
peratures higher than 673 K, The corresponding partial
pressure variations of reaction products detected in the
ionization chamber of the quadrupole mass spectrom-
eter, are plotted in fig. 3A. This figure shows that partial
pressure of the CO, increases up to 773 K and remains
constant at higher temperatures, while the partial pres-
sures of CO and H; are increased up to 1023 K. A CH,4
conversion of 34% and selectivities towards CO and CO>
respectively of 65 and 35% were measured at 1023 K;
while the ratio H,/COwas 3.2 v/v.

The analyses of the IR band sharpness, position and
multiplicity suggest that small carbonyl surface clusters
are originated during the reactions. The comparison
between these signals with the ones recorded at the same
high temperatures, during CO» hydrogenation [17] and
CO, reforming [18] experiments, strongly suggest that
the same or similar surface species originated in the three
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Wavenumbers (cm-1)

Fig. 2. Carbonyl stretching band variations, produced during a ther-
mal cycle between 298 and 1023 K in flowing CH4/O,/He
=2/1/11 v/v. Heating cycle: (A) 473 K, (B) 573 K, (C) 673 K,
(D) 773 K, (E) 873 K, (F) 973 K, (G) 1023 K. Cooling cycle:
(H) 973 K, () 873 K, (L) 773 K, (M) 673 K, (N) 573 K, (0) 473 K.

high temperature reaction environments. Figs. 4A, 4B,
4C show the carbonyl stretching bands detected at 973 K
by feeding the reaction chambers respectively with
CO3 + Hj, CO; + CHg and CH4 + Oz mixtures. The sig-
nals were treated with the same Fourier self-deconvolu-
tion procedure to remove the Lorentzian broadening
function [29]. We consider that the fact that the same or
very similar signals are produced during the three experi-
ments indicates that carbonyl species are formed
through reductive chemisorption of CO,. We already
demonstrated that this reaction is possible during CO,
hydrogenation and CO; reforming. In a recent work [18]
we also demonstrated that CO; reductive chemisorption
also produces, by breaking one of the two C-O bonds,
surface oxidic species which are able to activate the
methane oxidation [16-18]. We point out that the same
carbonyl clusters cannot be achieved during CO hydro-
genation, a reaction which has also been studied with the
same procedure [17]; in fact in this last case much
broader bands shifted at different wavelengths have
been originated (fig. 4D).

When the CPO reaction was performed on a freshly
prepared sample, at shorter contact times
(1<2 x 1073 5) no carbonyl bands were observed and
selectivities towards CO and H; decreased as well as
reactant conversions. In addition the selectivity towards
CO; increased at increasing temperatures remaining the
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Fig. 3. Variation of the reaction products partial pressure measured in the “closed source” ionization chamber of the quadrupole mass
spectrometer during the thermal cycles performed at: (A) + = 1.8 x 10725, (B) 7= 7.2 x 10~ 5.

highest in all the temperature range. At 7=2x 107% s
and 1023 K we measured a CH, conversion of 15% and
selectivities towards CO and CO; respectively of 34 and
64%, while the H,/CO ratio was 1.5 v/v. The differences
between product selectivities measured at 7 values differ-
ent by an order of magnitude can be read from figs. 3A
and 3B.

In order to discuss the variations with 7 of (a) IR spec-
tra of surface species, (b) reaction conversions and (c)
reaction selectivities and to relate this study with pre-
vious work, we summarize the work of Schmidt et al.
These authors hypothesize that the CPO reactions,
occurring at contact time below 1072 s, have high con-
versions of reactant and high selectivity towards CO and
H, because only under these conditions the catalytic pro-
cesses do not involve the intermediate formation of CO,

and H,O while CO and H; are directly achieved as pri-
mary reaction products. These authors propose that this
is the result of a combination between (a) surface chem-
ical properties of Rh, Ru, Ir [28] and (b) the reduction of
the boundary layer limit (6) at the surface of the catalyst
particle and the enhancement of the mass transfer coeffi-
cient (kn,) which favors the migration of thie primary
reaction products outside of the reaction zone [9] (see eq.
(9) where D; is the diffusion coefficient of the rate limit-
ing species #),

ke ~ D; /5. )

Typical experimental conditions reported in litera-
ture are the following: (a) ignition at 573-673 K and
P = 0.11 Mpa, (b) reaction temperature in stationary
conditions in the range between 1273 and 1373 K
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Fig. 4. Comparison between the carbonyl stretching band multiplets

recorded at 700°C during: (A) CO, hydrogenation (see also ref. [17]),

(B) CO; reforming of methane (see also ref. [18]), (C) catalytic partial
oxidation of methane, (D) CO hydrogenation (see also ref. [17]).

depending on the O,/CHy ratio and on the amount of
inert gas in the feed. We point out that under these tem-
perature and pressure conditions thermodynamic calcu-
lations indicate that conversion of the reactant and
selectivity towards CO and H, are above 95% and indeed
it is very difficult to discriminate on the basis of the
Schmidt results if the reaction selectivities and conver-
sions are controlled by surface kinetic and/or mass
transfer processes.

We believe that the results reported here could be use-
ful in discussing the hypothesis by Schmidt and in gen-
eral the phenomenon of short contact time CPO. The
experimental results achieved at relatively low tempera-
tures (1023 K > T) in a water cooled non-adiabatic reac-
tion chamber indicate that CO, is produced together
with CO also at very short 7 and that, by further reduc-
tion of the 7 values from 7 = 2 x 10~ 2sto7 =2 x 1073 s
the selectivity towards CO; is not diminished but
increased. This seems to discharge the hypothesis of a
mass transfer controlled CPO with a high selectivity
towards CO and H,. Indeed the increase in CO; selectiv-
ity produced with the reduction of 7 suggests that CO, is
also a primary reaction product and that the reaction
that follows the CO, formation, namely the one in which
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CO; is reductively chemisorbed originating the Ir carbo-
nyl clusters, results unfavored at low r values. We con-
clude that, on Ir/a-Al,Os, the high conversions and
selectivities towards CO and H,, observed in laboratory
scale PFR reactors at 7 =~ 1072 s cannot be achieved by
removing reaction heat and decreasing reaction tem-
perature below 1023 K. There should be other reasons
why CPO could occur so efficiently at very short .
Further experiments on Rh and Ru based catalysts arein
progress.

Acknowledgement

We are grateful to Professor L. Garlaschelli for his
helpful discussion of the IR spectra.

References

[1]1 JR. Rostrup-Nielsen, in: Catalysis Science and Technology,
Vol. 5, eds. J.R. Anderson and M. Boudart (Springer, Berlin,
1984) pp. 1-118.

[2] D.E.Rodler and M.W. Twigg, Catalysts Handbook, 2nd Ed, ed.
M.V. Twigg (Wolfe, London,1989) p. 1.

[3] A. Solbakken, in: Studies in Surface Science and Catalysis,
Vol. 61, eds. A. Holmen, K.-J. Jens and S. Kolboe (Elsevier,
Amsterdam, 1991) pp. 447-455.

[4] J.R.Rostrup-Nielsen, Catal. Today 18 (1993) 305.

[5] B. Elvers, S. Hawkins, M. Ravenscroft, J.F. Rounsaville and
G. Schulz, eds., Ullman’s Enciclopedia of Industrial Chemistry
(VCH, Weinheim, 1989) pp. 186-214.

[6] A.T. Ashcroft, A.K. Cheetham, J.S. Foord, M.L.H. Green,
C.P. Grey, A.J. Murrell and P.D.F. Vernon, Nature 344 (1990)
319.

[7] D. Dissanayake, M.P. Rosynek, K.C.C. Kharas and J. Lunsford,
J. Catal. 132(1991) 117.

[8] A.T. Ashcroft, AXK. Cheetham, M.L.H. Green
P.D.F. Vernon, Nature 352 (1991) 225.

[9] D.A.Hickmanand L.D. Schmidt, J. Catal. 138 (1992) 267.
[10] D.A. Hickman, E.A. Haupfear and L.D. Schmidt, Catal. Lett.
17(1993) 223.

V.R. Choudhary, A.S. Mamman and S.D. Sansare, Angew.
Chem. Int. Ed. Engl. 9(1992) 31.

V.R. Choudhary, A.M. Rajput and V.H. Rane, J. Phys. Chem.
96(1992) 8686.

P.F.A. van Grinsven and D. Reinalda, Eur. Patent Appl. EP
537,862.

B.M. Everett, First Doha Conference on Natural Gas, 13-15
March 1995, Paper No. 21, pp. 1-6.

D. Sanfilippo, L. Basini and M. Marchionna, EU Patent Appl.
94202270.8.

L. Basini, M. Marchionna and A. Aragno, J. Phys. Chem. 23
(1992) 9431.

L. Basini and A. Aragno, J. Chem. Soc. Faraday Trans. 90
(1994) 787.

L. Basini and D. Sanfilippo, J. Catal. 157 (1995) 162.

P.A. Lee, P.H. Citrin, P. Eisenberger and B. Kincaid, Rev. Mod.
Phys. 53(1981) 769.

A. Michalowicz, EXAFS pour le MAC, Logiciels pour la Chimie,
Vol. 116 (Soc. Franc. de Chimie, Paris, 1991).

B. Lengerer and P. Eisenberger, Phys. Rev. B21 (1980) 4507.

F. James and M. Roos, Comput. Phys. Commun. 10 (1980) 343.

and

(1]
[12]
[13]
(4]
[15]
[16]
7]

(18]
[19]

[20]

[21]
[22]



L. Basiniet al. / Molecular mechanisms in partial oxidation of methane 55

[23] F.W. Lytle, D.E. Sayers and E.A. Stern, Physica B 158 (1989)
701.

[24] R.Bau, M.Y. Chiang, C.-Y. Wei, L. Garlaschelli, S. Martinengo
and T.F. Koetzle, Inorg. Chem. 23 (1984) 4758.

[25] M.R. Churchill and J.P. Hutchinson, Inorg. Chem. 17 (1978)
3528.

[26] S.D. Maloney, F.BM. van Zon, M.J. Kelley,
D.C. Koningsberger and B.C. Gates, Catal. Lett. 5(1990) 161.

[27] E.O. Brigham, The Fast Fourier Transform (Prentice Hall,
Englewood Cliffs, 1974).

[28] M.Huffand L.D. Schmidt, J. Phys. Chem. 97(1993) 11815,

[29] JK. Kauppinen, D.J. Moffat, H.H. Mantsch
D.G. Cameron, Appl. Spectry. 35(1981)271.

and



