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Abstract

This work synthesizes the results of three kinds of experiment performed in order to investigate the molecular and tem-
perature aspects of short residence time catalytic partial oxidation (CPO) of natural gas (NG), and the reaction at low- and
high-pressure conditions.

Experiments performed in a reaction chamber equipped with IR and mass spectrometry have shown that CO and H2 can
be produced as primary reaction products with a selectivity close to 100%, by alternating flowing streams of CH4 and O2.

IR thermography and thermocouple measurements have measured large temperature gradients between the surfaces and
the gaseous phase illustrating non-local thermal equilibrium conditions. These and other information have been useful for
the design, construction and test of a bench-scale reactor where the possibility to perform the CPO reactions at pressures till
20 atm has been demonstrated. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

CPO has been the objective of many studies in the
recent years. Before 1992, experiments had mainly
been carried out at residence times around 1 s or above.
At these conditions high temperatures, above 1300◦C,
were observed in the inlet zone caused by total com-
bustion. The total combustion was followed by the
methane steam reforming and shift reactions causing
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the temperature to decrease and the mixture to be in
equilibrium at the exit of the catalytic bed [1,2].

In 1992, it was found [3,4] that CPO can occur at
contact times of 10−3 s or less. In this case carbon
monoxide and hydrogen can be produced directly, i.e.
not via production of steam and carbon dioxide and
temperature profiles of the catalytic beds do not show
high temperature peaks [5–10]. However, most of the
known studies on short residence time CPO have been
carried out in laboratory scale reactors and only in one
case it has been reported that the effect of pressure
between 1 and 6 atm has been examined [9].

This work discusses the results of CPO experiments
performed with Rh containing catalysts in three dif-
ferent experimental conditions. These have been de-
signed in order to investigate: (a) molecular aspects of
surface chemistry, (b) temperature aspects of the re-
action environment and (c) the possibility to perform
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short residence time experiments under high-pressure
high-temperature conditions.

The three experimental apparatus that have been
used consisted of: (a) a reaction chamber equipped
with DRIFT and mass spectrometry, (b) a laboratory
scale plug flow reactor (PFR) equipped with IR ther-
mography and thermocouples for solid and gas phases
temperature mapping and (c) a bench-scale reactor
where short contact time CPO has been experimented
at a pressure of 20 atm.

The experiments performed in the reaction chamber
equipped with IR and mass spectrometry have shown
that CO and H2 can be produced as primary reaction
products with a selectivity close to 100%, by alternat-
ing reaction conditions with flowing streams of CH4
and O2. However, when CH4 and O2 have been con-
temporaneously admitted into the reaction environ-
ment, CO2 and H2O have also been formed through
reactions involving surface species and gaseous O2
molecules. Moreover, in agreement with previous
studies [6,7,9] it has been found that CO2 and H2O
formation has been reduced at high surface tempera-
tures, suggesting that, at high temperatures, thermally
activated desorption of primary reaction products
(CO, H2) has been prevailing versus total oxidation.

IR thermography and thermocouple measurements,
performed in stationary conditions in a laboratory
scale PFR, have shown that large temperature gradi-
ents between the surface and gaseous phase do exist.
Moreover, comparisons between measured and cal-
culated values have shown that surface temperatures
exceed adiabatic temperatures while gas temperatures
remain much lower. These findings are discussed by
considering the occurrence of different reaction path-
ways along the catalytic bed and by considering phe-
nomena that determine non-local thermal equilibrium
between the solid and the gaseous phase.

Finally, bench-scale data have shown that hydrocar-
bon conversions in excess of 90% can be obtained at
pressures up to 20 bars and at residence times around
10−2 s.

2. Experimental

2.1. Catalysts preparation

The preparation procedure and the characterization
work of the used catalysts have been already given in

[11,12]. Briefly it is reported here that the preparation
method has involved a solid–liquid reaction between
n-hexane solution of small Rh clusters and the pow-
dered oxides (a-Al2O3, MgO and CeO2). Rh content
has been varied between 0.1 and 0.8 wt.% DRIFT
spectra of the freshly prepared powdered materials
showed carbonyl absorption bands (at≈2090 and
2010 cm−1) in all samples. These IR absorptions bands
are assigned to RhI(CO)2 species formed through
an oxidative disaggregation of the tetra-metallic
cluster.

2.2. Apparatus for spectroscopic and spectrometric
studies

DRIFT and mass spectra in flowing gaseous envi-
ronments have been collected at 0.1 MPa and temper-
atures between 25 and 750◦C. The description of the
equipment is reported in [11] and a scheme of the re-
action chamber is reported in Fig. 1. DRIFT spectra
have been recorded at a resolution of 4 cm−1and sig-
nal to noise ratios have been reduced collecting be-
tween 300 and 500 scans with a procedure requiring
between 2 and 3 min.

Fig. 1. Scheme of the reaction chamber equipped for DRIFT and
mass spectrometry.
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2.3. Apparatus for surface and gas temperature
measurements

Temperature aspects of CPO reactions have been
studied with a cylindrical tubular quartz PFR with
an internal diameter of 15 mm and a wall thickness
of 1 mm. The catalyst bed, filled with 1.5 g of reg-
ular a-Al2O3 spheres (∅ = 1 mm, Rh content=
0.32 wt.%) was 6 mm high. Gas temperatures have
been monitored by two movable thermocouples lo-
cated at the inlet and outlet of the catalytic bed.
An IR camera (THERMOVISION 900 SW/TE) has
been used for temperature measurements and analysis
of both static and dynamic thermal patterns of the
reacting catalyst. The camera has an internal com-
pensation and self-calibration system based on two
micro blackbodies and four temperature sensors. It
is thermoelectrically cooled and it operates in the
short-wave range 3–5mm, suitable for high temper-
ature applications. A filter “HT 1” (cut-on 3.82mm,
cut-off 3.9mm) has widened the measurement range to
2000 K.

The system has been equipped with a 20◦ lens (Field
of View, H × V = 20◦ × 12.5◦; spatial resolution
2.5 mrad) and one close-up lens (spatial resolution
0.32 mrad corresponding to about 250mm). The IR
camera has been interfaced to a PC for the online ac-
quisition of 12-bit digital images and data. Emissivity
values have been adjusted with temperature-dependent
equations derived from the literature.

The reactions have been ignited by a hot air beam
impinging on the external wall of the catalytic bed.
After ignition had taken place the reactions remained
self-sustained. Reactants (H2, He, O2, CH4) have
been supplied from cylinders into different lines each
equipped with a mass flow-meter and a controller.
The composition of the output gas has been moni-
tored with two HP gas chromatographs equipped with
FID and TCD.

2.4. Bench-scale plant description

Main features of the experimental set-up are
schematized in Fig. 2. The apparatus can be divided
into four main sections: (1) a preheating/mixing sec-
tion, (2) a reaction section (3) a gas cooling section
and (4) a gas analysis section. NG and steam flows
are mixed inside a pre-heater and subsequently with

oxygen. CO2 may be added to the NG as well as to
the O2 containing streams. The premixed feedstock
enters a reactor made with steel walls (Incoloy 800H)
with a thickness of 1 cm and with an internal re-
fractory ceramic lining. Gaseous products have been
bubbled inside a water filled tank cooled with a water
jacket. Before entering the tank a small fraction of
the product gases has been sampled. After condensa-
tion of water, the gas is sent to the sampling valve
of the gas chromatographs (HP 5890) for the quan-
titative analysis of products. The exit streams from
the quench barrel and from the GC analysis have
been joined again and collected into a flow-meter and
then into a vent line. The operating pressure has been
kept constant by means of two control-valves placed
downstream from the reactor.

The equipment, that contained between 10 and
30 ml of catalyst, has been used to perform reactivity
tests at pressures between 1 and 20 atm and contact
times between 5.0 × 10−3 and 3.5 × 10−2 s.

2.5. Thermodynamic calculation and estimates of
adiabatic temperatures

The equilibrium temperatures of the water gas shift
reaction (TWGS) (1) the steam reforming reaction
(TSR) (2), and the CO2 reforming reaction (TCR) (3)

CO+ H2O = CO2 + H2 (1)

H2O + CH4 = CO+ 3H2 (2)

CO2 + CH4 = 2CO+ 2H2 (3)

have been estimated according to the procedures of
[16]. With Eqs. (4)–(6).

TWGS = −1GWGS

ln(PCO2PH2/PCOPH2O)
(4)

TSR = −1GSR

ln(PCOP 3
H2

/PCH4PH2O)
(5)

TCR = −1GCR

ln(P 2
COP 2

H2
/PCH4PCO2)

(6)

Adiabatic exit temperatures for chemical systems
at the thermodynamic equilibrium (Tad.eq.) have been
estimated using the Aspen Technology software Aspen
Release 9.2.
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Fig. 2. Scheme of the bench-scale equipment constituted by a preheating-mixing, reaction and gas cooling sections.

Adiabatic exit temperatures corresponding to the
experimental product compositions (Tad.exp.) have also
been calculated using procedures, enthalpy and heat
capacity values given in [16].

3. Results

3.1. Molecular reactivity aspects

Fourteen experiments (schematized in Fig. 3) have
been performed within an extensive research program,

in order to investigate the molecular surface chem-
istry of Rh species with DRIFT and mass spectrom-
etry. The detailed description of the experiments has
already been given in [11–15]; here we will provide a
synthesis of the results that have lead to a molecular
description of some aspects of partial and total oxida-
tion processes.

A number of reactions participate to CPO phenom-
ena and the following ones have been investigated: (i)
CO and CO2 methanation (Experiments 1–8) [11,12],
(ii) CO2 reforming and water gas shift (Experiments
9 and 10) [13] and (iii) reactions between CH4 and
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Fig. 3. Schemes of the experimental sequences performed to investigate aspects of surface Rh cluster chemistry.
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gaseous or surface oxygen species (Experiments
11–14) [14,15].

In synthesis five Rh containing surface species
have been identified; these are constituted by: (a) bare
metallic clusters, (b) clusters containing highly reac-
tive oxidic species, (c) clusters containing carbidic
species, (d) carbonyl clusters and (e) hydridocarbonyl
clusters.

The Rh clusters containing the highly reactive oxy-
gen species could react with gaseous CH4 producing
hydridocarbonyl clusters. These could be subsequently
thermally decomposed originating H2 and CO with se-
lectivity close to 100% [15]. H2O and CO2 could also
be obtained as main reaction products by reacting the
hydridocarbonyl clusters with oxygen.

Moreover, it has been found that a sequence of
oxidative treatments and interactions with CH4, per-
formed at temperatures below 300◦C, could generate
a catalytic loop that consumed CH4 and O2 in separate
steps producing only CO and H2.

Fig. 4 schematically represents these reactivity fea-
tures particularly showing that a common carbonyl

Fig. 4. Scheme of the reactivity characteristics detected with the
DRIFT and mass spectrometry experiments indicating that a com-
mon hydridocarbonyl intermediate can originate partial and total
oxidation products.

complex can originate both total and partial oxidation
products.

3.2. Thermochemical properties of the reaction
environment

Reaction temperatures of the catalyst surfaces and
of the gas phase have been investigated by performing
the CPO reactions in a quartz PFR that contained 275
spherical pellets with a diameter of ca. 1 mm and with
an overall Rh loading corresponding to 0.32 wt.%. The
reactivity tests have been made with air as oxidant at
O2/CH4 = 0.50–0.55 v/v.

Reaction ignition has been achieved by heating the
external wall of the catalytic bed with a hot air beam.
After ignition the hot air beam has been switched off
and the reactions remained self-sustained.

The sequence of images of Fig. 5 shows how the
ignition takes place using a premixed flow of air and
CH4 with O2/CH4 = 0.1 v/v. Only few spheres ignite
initially and subsequently the reaction extends to the
whole catalytic bed in about 1 min.

After this ignition step the O2 flow has been grad-
ually increased in order to achieve an O2/C ratio of
0.50 v/v. Fig. 6 shows different IR thermography im-
ages taken at increasing O2/CH4 ratios.

Reactivity characteristics obtained under steady
state conditions at two space velocity values are given
in Table 1. Fig. 7 shows the surface temperature
profile recorded for the two experimental conditions.

It is noted that surface temperatures have a steep
increase at the beginning of the bed to values around
1100◦C. The temperature increase is followed by a
“plateau” whose extension is higher at the higher space
velocity, then temperatures gradually decrease towards
the end of the bed. In contrast, gas temperatures grad-
ually increase from the entrance towards the end of
the bed.

Table 1 also includes the measured surface and
gas temperatures (Tsurf. and Tgas), the calculated
equilibrium temperatures (TWGS, TSR, TCR) and the
calculated adiabatic temperatures (Tad.exp., Tad.eq.)
corresponding to the experimental and equilibrium
product mixtures (see also Section 2). Interestingly,
the comparison between calculated and experimental
values shows that surface temperatures (Tsurf.) have
been higher than adiabatic temperatures that, in turn,
have been higher than gas temperatures (Tgas).
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Fig. 5. Sequence of IR thermography images taken during the reaction ignition procedure at O2/CH4 = 0.1 v/v. The sequence shows that
the reaction is ignited within a few particles and then is gradually propagated to the confining ones in about 60 s.

Moreover, it has been found that the equilibrium
temperaturesTWGS, TSR, TCR are higher thanTgasbut
lower thanTsurf.. It should also be noted that the adia-
batic temperature is much higher than the exit gas tem-
perature illustrating that a significant heat loss from
the reactor has occurred. This is not surprising, since
the reactor is a non-insulated quartz reactor with a

Fig. 6. Surface (Tsurf.) and gas temperature (Tgas) values measured at increasing O2/CH4 during the start-up procedure (final
GHSV = 199,444 Nl/kg/h).

very high external surface-to-volume ratio. In conclu-
sion the experimental and calculated temperature val-
ues are ordered as follows:

Tsurf. > TWGS ∼= Tad. exp. > TSR,

TCR ∼= Tad. exp. > Tgas
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Table 1
Operation parameters and reactivity features obtained under steady state conditions at two space velocity values in a quartz PFR equipped
with IR thermography and thermocouples (Tsurf. surface temperature,Tgas gas temperature,TWGS, TSR, TCR, water gas shift, steam reforming
and CO2 reforming equilibrium temperatures,Tad.exp. adiabatic temperature determined with inlet temperature and experimental inlet and
outlet compositions,Tad.eq. adiabatic temperature calculated assuming equilibrium reactivity features)

O2/C (v/v) GHSV (Nl/kg/h) CH4 conv. (%) O2 conv. (%) CO sel. (%) H2 sel. (%) H2/CO (v/v) Run No.

0.5 200,556 80.1 99.9 91.5 87.3 1.91 1
0.5 500,000 85.0 99.6 94.2 88.5 1.88 2

Tgas (◦C) in–out Tsurf. max (◦C) TWGS (◦C) TSR (◦C) TCR (◦C) Tad.exp. (◦C) Tad.eq. (◦C) Run No.

26–586 1012 858 705 723 942 753 1
27–699 1087 912 737 756 841 757 2

Fig. 7. Surface (continuous lines) and gas (dotted lines) temperature
profiles measured under stationary reaction conditions at two space
velocities. The two vertical lines delimit the positioning of the
catalytic bed.

Turnover frequency (TF) values have also been es-
timated under these conditions and it has been found
that TFCH4 and TFO2 have reached values, respec-
tively, close to 200 and 100 s−1.

These values have been calculated by determin-
ing the percentage (65%) of exposed Rh atoms on
a sample discharged after 100 h of reaction with H2
chemisorption. Moreover, it is noted that HRTEM
analysis has not revealed the presence of Rh clusters
on the fresh samples; but the same analysis performed
on the spent catalyst, revealed the presence of a large
number of Rh clusters whose diameters have been
comprised between 10 and 60 Å.

3.3. HT–HP reactivity in the bench-scale plant

The high-pressure–high-temperature tests have
been performed with oxygen and natural gas (NG)

Table 2
Composition of natural gas used in the bench-scale experiments

Species % v/v

CH4 91.1
C2H6 2.8
C3H8 0.6
H2 2.2
N2 3.4

reactants. The NG source has had the composition
given in Table 2. Start-up has been performed by
pre-heating the NG and subsequently injecting the
O2 flow into the reaction environment with a O2/C
ratios determined in order to avoid the formation of
a flammable mixture. Table 3 reports the reactivity

Table 3
A and B reactivity features obtained in the bench-scale reactor at
20 atm and GHSV= 200,000 Nl/kg/h at two different steam/carbon
(S/C) values and comparison with the equilibrium reactivity char-
acteristics calculated for an adiabatic reactor

Experimental Adiabatic equilibrium

A B C D

P (atm) 20 20 20 20
T in (◦C) 115 115 115 115
O2/C (v/v) 0.58 0.5 0.58 0.58
S/C (v/v) 0.20 0.26 0.20 0.26
CO2/C (v/v) 0.11 0.11 0.11 0.11
CH4 conv. (%) 96.8 97.0 90.9 91.9
H2 sel. (%) 83.3 84.8 90.8 88.8
CH4 res. (%) 0.95 0.85 2.4 2.6
O2 cons. (O2 in/

(H2 + CO))
0.23 0.22 0.23 0.23

H2/CO (v/v) 1.74 1.78 1.83 1.88
H2/CO (v/v) 1.74 1.78 1.83 1.88
Tout ad. (◦C) 941 989 948 966



L. Basini et al. / Catalysis Today 64 (2001) 9–20 17

Fig. 8. Methane conversion (A) and selectivity towards synthesis gas (B) determined during a 500 h CPO reactivity test performed at
15 atm, GHSV= 120,000 h−1, O2/C = 0.56 v/v, S/C = 0.3 v/v, CO2/C = 0.13 v/v.

characteristics of two experiments performed at
20 atm. Moreover, Table 3 compares the experimen-
tal results with the ones estimated for an equilibrium
adiabatic reactor.

One 500 h reactivity test has also been performed at
15 atm, GHSV= 180,000 Nl/kg/h, O2/C = 0.56 v/v,
S/C = 0.30 v/v, CO2/C = 0.26 v/v. Fig. 8A
and B shows that constant selectivity towards H2
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and CO and methane conversion values have been
obtained.

4. Discussion

The formation of surface hydridocarbonyl com-
plexes and of gaseous CO and H2 and not of CO2 and
H2O, when gaseous CH4 has been made interact with
surface sites previously exposed to oxygen molecules
sustains the possibility to obtain partial oxidation of
methane with a direct mechanism.

The formation of CO2 and H2O is observed only
when the surface hydridocarbonyl clusters are exposed
to gaseous oxygen. This suggests that total and partial
oxidation products can be obtained by the same surface
intermediate.

The prevailing of partial versus total oxidation prod-
ucts, under stationary reaction conditions and using
premixed reactant flows, should depend on the results
of the competition between thermal decomposition of
the hydridocarbonyl clusters and their reaction with
gaseous oxygen.

It is worth briefly to mention that the direct for-
mation of CO and H2 is also observed with molecu-
lar dynamics studies performed under nearly collision
free conditions. These studies were aimed at generat-
ing primary product molecules (at an equivalent pres-
sure of∼=0.1 Pa) desorbing from the surfaces without
suffering of collisions with incoming reactants.

Kunimori et al. [17–19] studied, with this exper-
imental approach, the oxidation of C2–C4 hydrocar-
bons. They found that CO and H2 are formed as
primary products with an extremely high selectivity at
surface temperatures higher than 750◦C, when ther-
mally activated desorption of primary reaction prod-
ucts is favored versus not thermally activated total
oxidation. We obtained analogous results by studying
the partial oxidation of CH4 4 even at extremely high
O2/CH4 molar ratios (O2/CH4 = 0.5–5 v/v). These
indications are in agreement with the observation of
other authors reported in [9].

It worth also to mention that several kinetic analy-
sis performed with temporal analysis of the reaction

4 Experiments were performed with G.L. Haller and C. Wey at
the Department of Physical Chemistry of Yale University.

products (TAP) have investigated if CO and H2 can
be directly produced from CH4 and O2.

However, these analysis have not always reached
the same conclusions.

For instance Mollens et al. [20,21] have performed
a very detailed experimental study on the reactivity
features produced on Pt and Rh sponges, conclud-
ing that CO and H2 can be desorbed as primary
products with a Mars–van Krevelen mechanism in-
cluding the reduction of noble metal oxide surface
species with gaseous CH4 and reoxidation with
O2.

Instead Buyevskaya et al. [22] studying the same
reactions on 1 wt.% Rh/g-Al2O3 concluded that CO is
a secondary reaction product formed by surface reac-
tion between carbon deposits and CO2, which are the
primary reaction products. In situ DRIFT studies per-
formed by the same authors [23] also concluded that
surface OH groups are involved in the CH4 conversion
to CO via reforming reactions.

Despite these discrepancies on the results of the
TAP experiments there are a number of results indi-
cating that high surface temperature values are crucial
for the fast achievement of partial oxidation products
with a direct mechanism. Among these we mention the
experimental observation made with optical pyrome-
ters revealing the occurrence of hot spot phenomena
that generated reaction environments with high local
temperatures [24–27] and non-equilibrium reactivity
features.

Accordingly, the experiments performed in the PFR
reactor equipped with IR thermography have detected
surface temperatures higher than the gas temperatures
and than the adiabatic equilibrium temperatures all
along the catalytic bed.

This condition could be due to the fact that mass
transfer proceeds more rapidly than heat transfer.
However, in our experiments, Lewis number values
(ratio between heat transfer to mass transfer) have
been above 1. This should exclude that heat transfer
limitation could explain the temperature rise.

Instead, we believe that: (i) the temperature
difference between the gas and the solid phase, (ii)
the occurrence of surface temperatures higher than
the adiabatic ones all along the catalytic bed and
(iii) the characteristics of the observed axial temper-
ature profiles could be explained with two kinds of
phenomena that we introduce in a qualitative manner.
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These phenomena have a chemical and a physical
nature and particularly they are related to the occur-
rence of: (i) a non-homogeneous chemical reactivity
along the catalytic bed and (ii) an uneven distribution
of the radiative reaction heat between the solid and the
gaseous phase.

The characteristics of the non-homogeneous reac-
tion environment can be discussed considering the sys-
tem composed by the chemical equations including
the WGS (1) the steam and CO2 reforming (2) and (3)
and the total (7) and partial oxidation (8)

CH4 + 2O2 → CO2 + 2H2O,

1H 0 = −191.8 kcal/mole (7)

CH4 + 1
2O2 → CO+ 2H2,

1H 0 = −8.5 kcal/mole (8)

This system comprises strongly exothermic and en-
dothermic reactions that can be localized in different
zones of the catalytic bed. Total combustion (7) is the
most competitive reaction at the very beginning of the
catalytic bed in conditions of “low temperature” and
high oxygen partial pressure. Total combustion deter-
mines a strong energy release and a fast temperature
rise. WGS, steam and CO2 reforming (1)–(3) are sec-
ondary reactions and are preferentially localized in the
tail section of the bed determining a temperature re-
duction.

However, it is noted that the initial contribution of
total oxidation could be reduced at very short contact
time conditions under a mass transfer limited regime.
This would allow to a portion of the incoming reactants
to pass unconverted throughout the total combustion
zone reaching a high temperature environment with a
relatively low partial pressure of oxygen where direct
partial oxidation would be favored.

The temperature difference between the solid and
the gaseous phase could be instead explained by con-
sidering that: (i) chemical reactions remain largely
confined to the gas–solid inter-phase zone, while
the gas phase remains chemically cool, (ii) the solid
absorbs the reaction heat much better than the gas
phase.

The heat absorption characteristics of the solid
could also determine the achievement of excess en-
thalpy conditions and of surface temperature values

higher than the adiabatic values. The gas should
instead be gradually heated along the bed due to
desorption of hot reaction products and due to the
collisions with the hot surfaces.

The occurrence of excess enthalpy conditions at the
solid–gas inter-phases have been initially proposed by
Weinberg et al. [28–31] in the late sixties. Lately, these
phenomena were experimentally verified in flameless
ceramic combustors and described with physical and
mathematical models. The experimental and modeling
issues are reviewed in [32,33].

In conclusion it is noted that Table 1 shows that the
equilibrium temperature of the water gas shift (TWGS)
reaction has a higher value than the steam reform-
ing (TSR) and the CO2 reforming (TCR) equilibrium
temperatures. This indicates that the short residence
time CPO process has occurred under kinetically con-
trolled conditions where steam and CO2 reforming
have played a minor role in comparison to water gas
shift.

The results of the bench-scale experiments indicate
that these reactivity features can also be maintained
for a reasonable time without catalyst deactivation in
high-pressure conditions.

In particular, it is noted that in the cases reported
in Table 3, the experimental conversion of methane
is above the equilibrium conversion estimated for an
adiabatic reactor. Furthermore, the selectivity of CO is
close to the one predicted for equilibrium conditions
while the H2 selectivity remains lower. However, it
cannot be excluded that this surprising observation
is caused by experimental uncertainties and further
work is in progress to ascertain the veridicality of the
result.

5. Conclusions

Experiments performed in a reaction chamber
equipped with IR and mass spectrometry have shown
that CO and H2 are produced as primary reaction
products through thermal decomposition of surface
carbonyl species with a selectivity close to 100%. The
same surface species could also originate H2O and
CO2 by interacting with gaseous oxygen molecules.
CO2 and H2O formation has been reduced at high
surface temperatures, suggesting that at high tem-
peratures thermally activated desorption of primary
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reaction products (CO, H2) has been prevailing versus
total oxidation.

IR thermography and thermocouple measurements
have shown large temperature gradients between
surfaces and gaseous phases. Comparisons between
experimental temperatures and calculated adiabatic
temperatures have shown that short residence time
CPO is occurring in an excess enthalpy inter-phase
environment. The occurrence of this environment is
probably responsible for the high reaction rates.

Bench-scale experiments have demonstrated the
possibility to perform the SCT–CPO of NG at pres-
sures till 20 atm and to sustain the reactions without
deactivation for 500 h at 15 atm.
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