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Silicon nitride supported platinum catalysts for the partial
oxidation of methane at high temperatures
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Abstract

The catalytic partial oxidation of methane has been studied over platinum silicon nitride supported catalysts in the tem-
perature range of 900-11TD at a contact time of 0.35ms at atmospheric pressures. The feed consisted of a mixture of
CH4/0,/N, ~ 2/1/10. The catalysts were prepared by impregnation of platinum bis-acetyl-acetonate on silicon nitride
powder (SiN4). The different catalysts were characterized by chemical analysis, XPS and TEM. Minor particle sintering
occurs during reaction. Metal losses were observed a®d0r catalysts containing 1.0 and 2.2 wt.% of platinum. A catalyst
with a low amount of platinum (0.045 wt.%) appeared to be stable ®0fs no platinum loss was observed. The high
stability of the 0.045wt.% Pt/gN,4 catalyst could be attributed to particular interactions between the metal and the support.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction particular but also rhodium catalysts exhibit important
metal losses. Different problems of deactivation occur
Methane conversion is an important area of re- by restructuration of bulk materials and volatilization
search because of the need for an efficient utilization and/or sintering on supported Pt and Rh [5-7,10,11].
of natural gas reserves. Recently [1-7], a lot of re-  The objective of this study is to develop a platinum
search has been devoted to short contact time reactorsatalyst showing improved stability at high temper-
for the direct partial oxidation of methane. Their atures. For this purpose, platinum supported on low
main advantages are reduced volume and autothermaispecific surface area ceramic materials, which are
operation. stable at high temperatures, was employed. Silicon
The reported operating conditions [5-9] that fa- nitride has a high melting point and is chemically in-
vor the direct partial oxidation are high temperatures ert. Its exceptional thermal conductivity, especially at
(~1000C) and very short contact times<{0*s). high temperatures, between two and three times better
Catalysts that are employed for this kind of opera- than alumina, should help to avoid hot spot formation
tions include bulk platinum or rhodium as well as [12,13]. The current study focuses on the morphology
platinum or rhodium supported on refractory ceramic and the behavior of these P#8ly catalysts.
materials. Under such severe conditions, platinum in

2. Catalysts preparation
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support (Goodfellow) with a solution of platinum The catalysts were pre-treated initially in an oxygen
bis-acetyl-acetonate (Strem Chemicals). flow for 1 h at 500C and then in a hydrogen flow for
The platinum bis-acetyl-acetonate complex was dis- 1 h at 500C. The temperature was then increased to
solved in toluene (100 ml) at room temperature. The 900°C under an inert nitrogen flow.
silicon nitride powder was added to the solution and  Analysis of the gas mixture was carried out by
stirred for 24 h. The solvent was evaporated and the periodically directing the reactor effluent through
residue was dried under vacuum at80The catalyst a sample loop of an HP 5890 gas chromatograph
was first heated in an argon flow at 5@for 2 h and equipped with two thermal conductivity detectors
cooled down. Then the sample was heated in an oxy- (TCDs) and configured with four columns in a se-
gen flow at 350C again for 2h and cooled down to ries/parallel arrangement. Water was removed from
eliminate the rest of the ligands. Finally, a hydrogen the other components at the end of the reactor by
flow at 500C for 2 h was passed over the sample to means of a condenser. In the first line, carbon dioxide
reduce the metal. was separated on a Porapak Q column while methane,
By this method, three platinum based catalysts were carbon monoxide, oxygen, nitrogen were separated
prepared with increasing amounts of metal. They con- on a molecular sieve using helium as a carrier gas.
tained, respectively, 0.045, 1.0 and 2.2wt.% of Pt Nitrogen was used as an internal standard.
as measured by chemical analysis. This preparation In the second line with nitrogen as carrier gas, hy-
method led to dispersions varying between 16 and drogen and methane were analyzed. The analysis of
100%, depending on the platinum metal content (see methane on both systems was used to correct for the
Table 1). The silicon nitride particles are agglomerates two different injection volumes.
of much smaller particles and the 0.2-0.3 mm sieve
fractions were used.
All these catalysts were extensively characterized 4. Characterization
by chemical analysis (ICP measurement), X-ray pho-
toelectron spectroscopy (XPS) and transmission elec- Chemical analysis was carried out with an in-
tron microscopy (TEM) before and after reaction at ducted coupled plasma (ICP) spectrometer. The plat-
900°C. inum from the samples was dissolved successively
in a mixture, BSOy/HNO3/HF and HF/HCI/HNQ.
These acidic treatments did not dissolve the silicon
3. Experiments nitride support and a white-gray residue was ob-
served. The solutions of platinum were analyzed with
The experiments were performed in a tubular a Spectroflamme D (Spectro). The ICP results of the
quartz reactor with an internal diameter of 11 mm. platinum content, summarized in Tables 1 and 2, are
A K-type thermocouple located in the catalytic zone within 2% of the theoretical platinum loading.
was used for temperature measurement and control. XPS studies were performed using an ESCALAB
One hundred milligram catalyst samples were used 200R machine (Fisons Instruments) using the Mg K
for each experiment and packed between two layers line (1253.6 eV) as excitation source. The N 1s peak
of quartz wool. The reactants, methane (99.99%), at 397.6 eV of the silicon nitride support was used as
oxygen (99.9%) and nitrogen (99.99%) (Air Lig- an internal standard.
uide), were used without further purification. For TEM experiments were performed with a JEOL
all the experiments a 2/1/10 ratio of a mixture of 2010 microscope working at 200 keV and equipped
CH4/O2/N, was maintained. Flows were controlled with an UHR pole-piece. The supported catalysts were
by mass flowcontrollers (Brooks) and maintained dispersed in ethanol in an ultrasonic bath. A drop of
at 1600 mlminml. This corresponds to a GHSV of this suspension was disposed on a holey-carbon thin
5x 10°h~1. The catalytic zone was heated by a short film supported on a microscopy copper grid (3.05 mm,
furnace 4 = 50, ¢ = 50mm) in order to avoid gas 200 mesh). The platinum particle size distributions
phase reactions. The length of the catalytic zone, lesswere determined from the micrographs. A large num-
than 2 mm should favor isothermal operation. ber of particles, 250 for the 0.045wt.% platinum
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Table 1

Main features of the Pt/giN4 catalysts before reaction

Samples Expected Pt Real Pt Average particle % Pt 4f/% Pt 47,2 binding
content (wt.%) content (wt.%) size (nm) Si2@ energy (eV)

0.045wt.% Pt 0.5 @45+ 9 x 104 1.1 0.002 72.4

1.0wt.% Pt 1.4 D+2x 102 5.0 0.043 71.6

2.2wt.% Pt 2.5 2+4x1072 6.4 0.083 71.4

aPeak areas corrected for the platinum and silicon sensitivity factors.

Table 2

Main features of the Pt/g@N4 catalysts after 4h on stream at 9@0

Samples Pt content after reaction (wt.%) Average particle size (nm) YR B 27 Pt 47,2 binding energy (eV)
0.045wt.% Pt 046+ 9 x 1074 2.8 - -

1.0wt.% Pt 05+ 1x 1072 54 0.020 71.2

2.2wt.% Pt 088+ 2 x 1072 6.5 0.039 71.2

aPeak areas corrected for the platinum and silicon sensitivity factors.

catalyst and 600 for the 1.0 and 2.2wt.% platinum  Fig. 3 shows the XPS region of the platinum 4f
catalysts, were counted and their sizes were measureddoublet. The binding energy of the Ptz4f changes
The average particle size was calculated according to slightly with increasing platinum content (Table 1).

the following equation: For all catalysts the binding energy observed was
slightly higher than that of bulk platinum (71.1eV)
dor = >_nid; 1) [14]. The higher binding energy (72.4eV) was ob-
2oni served for the lowest content catalyst. The Pt 4/Si 2p
_ ratio values are consistent with the platinum content
wheredpt is the average particle size (nm),the num- determined by chemical analysis.

ber of particles corresponding to a diametedofm).

5. Results
5.1. Catalyst characterization before reaction

Chemical analysis revealed that the real amount of
platinum loaded is approximately 0.4 wt.% lower than
the amount of platinum originally introduced in the
preparation solution.

A micrograph of the 0.045wt.% platinum catalyst,
shown in Fig. 1, clearly shows the presence of small
spherical particles with a size of approximately 1 nm
randomly dispersed on the surface. No region free of
particles and no coating of the platinum by the support
were evidenced. Fig. 2 shows that the particle size
distribution for the 0.045 wt.% sample is rather narrow.
The average patrticle sizes as determined by Eq. (1)
are summarized in Table 1. The average particle size rig 1 wmicrograph of the 0.045wt.% PtSi, catalyst before
increases with increasing platinum content. reaction.
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Fig. 2. Particle size distribution of the 0.045wt.% P4/&j catalyst before reaction.

é the shape of the particle size distribution was observed
g ‘______/\/\__- for all three catalysts.
£ ____’_/\/\_____ The XPS spectra in the Si 2p region are identi-
< cal for all catalysts after reaction at 9@ It can
M be decomposed into two peaks centered at 101.8 and
79 74 69 64 103.2 eV characteristic, respectively, of the silicon in
Binding energy (eV) SizN4 and SiQ compounds. The signal correspond-

; . A .

Fig. 3. XPS spectra of the Pt 4f doublet region before reaction: (a) Ing to the SgN4 represents about 77% of the total Si

0.045Wt.% PYSiN,; (b) 1.0Wt.% PYSiNs; () 2.2Wt.% PUSiNg signal. o .

catalysts. Pt 4f;,» binding energies as observed by XPS,
shown in Fig. 6 for the 1.0 and 2.2wt.% catalysts

5.2. Catalyst characterization after reaction

After 4h on stream at 90C the catalysts were
characterized ex situ by chemical analysis, TEM and
XPS. Chemical analysis of the platinum content after
reaction revealed that a significant platinum loss had
occurred for the 1.0 and 2.2 wt.% samples (Table 2).
In contrast the 0.045 wt.% catalyst did not present any
platinum loss during the reaction.

A micrograph of the 0.045wt.% platinum catalyst
after reaction (Fig. 4) shows an increased average
particle size (see also Table 2). Almost no particles
larger than 5.0 nm were observed. The particles are
still evenly distributed over the silicon nitride support
and do not seem to be coated by the support.

Fig. 5 shows the particle size distribution after reac-
tion for the 0.045 wt.% platinum catalyst. The average
particle size has increased and the width of the parti- Fig. 4. Micrograph of the 0.045Wt.% Pti, catalyst after 4h
cle size distribution has become broader. This trend in of time on stream at 96€.
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Fig. 5. Particle size distribution after 4 h of time on stream at°@br the 0.045wt.% Pt/gN, catalyst.

have decreased after reaction to a value of 71.2eV,

similar to the value of bulk platinum [14]. A quantita-

In Fig. 7a and b methane and oxygen conversions
are shown as a function of time on stream for a 4 h ex-

tive analysis showed that the Pt 4f signal intensity for periment. Both the conversions of methane and oxygen
these two samples was approximately two times lower decrease with time on stream for the 1.0 and 2.2 wt.%
than before reaction (Table 2). The XPS spectrum samples while they initially increase and then remain
of the 0.045wt.% sample did not allow an accurate constant for the 0.045wt.% sample.

measurement of the binding energies due to the low Fig. 7c and d shows the selectivity to carbon monox-

signal to noise ratio (Fig. 6).

5.3. Catalyst performance

Blank experiments, between 900 and 110Qvere
performed using only the silicon nitride support in-
serted between quartz wool at a 1600 mliriotal
flow of CH4/O2/N2 (2/1/10) mixture. Both methane
and oxygen conversions at 9@ were less than 1%
and remained less than 6% at 11G0

Arbitrary units

75 73 71 69

Binding energy (eV)

Fig. 6. XPS spectra in the Pt 4f doublet region after 4 h of time on
stream at 900C: (a) 0.045wt.% Pt/SN4 catalysts; (b) 1.0wt.%
Pt/SgN4 catalysts; (c) 2.2wt.% Pt/ghl, catalysts.

ide and hydrogen versus time on stream. The carbon
monoxide selectivity is constant with time on stream
for the 1.0 wt.% catalyst. It slightly increases during
the first 200 min of the experiment and then remained
constant for the 0.045 and 2.2 wt.% samples. The hy-
drogen selectivity decreases for the 1.0 wt.% while it
is constant for the two other catalysts.

6. Discussion

Stability of the silicon nitride support appears to be
excellent under a flow of CIHO2/N2 at high temper-
atures, 900-110C. Blank experiments performed
with the silicon nitride support showed that it is totally
inactive in the temperature range of 900-1100
XPS analysis of the Si 2p region performed after this
experiment confirms the good chemical inertia of the
silicon nitride support. Only a thin surface oxidation
film (1-2 nm) was determined by XPS and confirmed
by TEM micrographs. Using high gas flows and a
short hot zone, about 3cm, methane and oxygen
conversions in the gas phase could be kept below
6%.
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Fig. 7. Effect of time on stream at 900 and a CH/O,/N; feed ratio of 2/1/10 on: (a) methane conversion; (b) oxygen conversion; (c)
carbon monoxide selectivity; (d) hydrogen selectivity.

From Tables 1 and 2, summarizing the main fea- loss are well known for precious metal catalysts under
tures of the catalysts before and after reaction, two oxidative conditions [5,7,10,11,15-18]. Metal loss is

phenomena are observed: thought to occur for platinum catalysts at high tem-

1. The average particle size increases, i.e. particle sin-peratures due to the volatilization of Pt@16-18).
tering. For the current samples, the two following processes

2. The XPS and chemical analysis show a loss in the appear to take place simultaneously: the smallest par-
platinum content. ticles are undergoing sintering to yield larger particles

Moreover, these phenomena appear to be a func-and the large particles are shrinking due to platinum
tion of the initial platinum content. Whereas the loss by volatile Pt@. For the 1.0 and 2.2 wt.% sam-
2.2 wt.% catalyst loses 60% of its initial platinum, the ples the result is an apparent stable particle size. The
0.045wt.% catalyst does not lose any platinum. At stability of the 0.045wt.% sample may be related to a
the same time, for the 1.0 and 2.2wt.% catalysts no particle size effect. An argument for this explanation
significant particle sintering was observed by TEM is the significantly different binding energy for the
analysis whereas for the 0.045 wt.% the average parti- 0.045wt.% sample compared to the other two cata-
cle size is three times larger than that before reaction lysts. The shift of 0.8-1.0eV of the Pt#4 binding
(Tables 1 and 2). Quantitative XPS analysis confirmed energy might be related to some small particle size ef-
such observations. Both sintering processes and metalfect and/or to a peculiar platinum support interaction
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which could lead to the formation of a compound of Thus the sintering of the 0.045wt.% sample en-
Pt Si-type [14]. This might prevent the small platinum hances its catalytic performance by increasing both its
oxide particles, 1-3 nm, from becoming volatile. activity and selectivity. This trend levels off for the
Support interactions are also reported in a recent larger particles since the selectivity obtained with the
study by Hwang and Yeh [10]. They carried out a 1.0 and 2.2wt.% samples is close to the 0.045wt.%
study on alumina and silica supported platinum cat- sample after sintering.
alysts. They reported that PiGublimation for plat- As discussed before, deactivation due to particle
inum supported on silica is more significant than for sintering is usually observed in an oxidative atmo-
platinum supported on alumina. They explained it by sphere and at high temperatures. Recently, Yamamoto
considering structural modifications between platinum and Uchida [24] showed that Pt, Pd and Pt—Pd mono-
oxide (PtO and Ptg) and alumina which can lead to lith catalysts supported on alumina when exposed to
a more stable spinel structure P#8l;. They claimed an oxidative mixture of Ch{O2/H,0O (0.3, 4.9 and
that highly dispersed platinum particles on $iO 14%) at a temperature of 673 K exhibited rapid deac-
are more easily converted into PtGhan those on tivation. The highest loaded samples showed the most
Al0s3. pronounced deactivation. According to the authors the
The evolution of the methane conversion with time deactivation could not be attributed to the formation
on stream is well in line with the results of the catalyst of coke (large excess of oxygen), but rather to parti-
characterization. The two samples of higher loading cle sintering. However, they did not give any details
samples show a decrease in the methane conversionabout possible platinum loss during the experiment.
This deactivation could not be attributed to a carbon The 1.0wt.% Pt/SiN4 catalyst presented here shows
deposition onto the surface but is instead, as evidenceda much better behavior. As a matter of fact, its de-
by the catalyst characterization, due to the decrease ofactivation remains less than 20% after 50 h under a
the platinum surface area. Mass balances are close toCH4/O2/N2 (2/1/10) flow at a temperature of 1173 K.

100% and the micrographs (Fig. 4) after reaction do
not reveal the presence of any graphitic carbon cov-
ering the platinum particle or any amorphous carbon
whiskers. In addition, XPS spectra in the C 1s region
remain symmetric. The XPS area of C 1s signal re-
mains constant (3% of the atomic composition) before
and after reaction. It corresponds to a carbon pollu-
tion usually observed when XPS characterization is
performed ex situ.

For the 0.045wt.% sample the methane conversion
actually increases with time on stream. This increase
in activity is accompanied by a similar increase in the
selectivity to both hydrogen and carbon monoxide.
The oxygen—platinum bond strength increases with de-
creasing particle size [19—-22]. Therefore the oxygen
surface coverage of the small platinum particles will
be higher than that of the larger ones. A high oxy-

gen surface coverage has two effects on the methane

oxidation: it lowers the available number of methane
adsorption sites and it favors consecutive oxidation of
carbon monoxide and hydrogen. Whatever the parti-
cle size, at incomplete oxygen conversion, the selec-
tivity to hydrogen remains low. A high concentration

of adsorbed oxygen species allows fast secondary ox-

idation reactions of adsorbed hydrogen [23].

7. Conclusions

The employed preparation method using platinum
bis-acetyl-acetonate leads to highly dispersed cata-
lysts, at low platinum loading the dispersion can reach
up to 100%. Above 90T on silicon nitride supported
catalysts, two processes take place that lead to a de-
crease of the available surface area:

1. sintering of the small platinum particles,
2. oxidation of the larger particles and subsequent
volatilization of PtQ.

The latter process was not observed for the catalyst
containing particles in the range of 1.1 nm. However,
these particles sinter to an average size of 2.8 nm af-
ter 4 h of time on stream. At the same time, the cata-
lyst activity and selectivity increase when the average
particle size increases from 1 to 3nm and level off at
larger particle sizes.
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