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a  b  s  t  r  a  c  t

An  extensive  experimental  campaign  was  carried  out  on  a  prototype  hybrid  radiant  burner  with  ultra  low
emissions  based  on the  novel  concept  of fuel-rich  catalytic  +  homogeneous  flame  combustion  with  inter-
stage  heat  transfer.  Special  attention  was  paid  to the  impact  of  two  alternative  active  formulations  for  the
catalytic  partial  oxidation  stage  (0.5%  Rh  and  0.25–0.25%  Rh–Pt  on �-Al2O3)  on the  general  performance
of  the  burner,  and  particularly  on its NOx emissions.  The  hybrid  burner  was  operated  with  methane  in
the  4–30  kW  power  range,  at varying  the  feed  equivalence  ratio  � from  2.0  to 3.6.  InfraRed  thermography
was  used  to  simultaneously  investigate  the  catalytic  surfaces  and  the  corresponding  subsequent  diffusion
atalytic partial oxidation
adiative heat transfer
iffusive flame
Ox emissions
atural gas
tructured catalyst

flames.  Moreover  this  work  attempts  to correlate  detailed  experimental  data  on  syn-gas  compositions
at  the  exit  of  the  CPO  reactor  with  emissions  in  the  exhaust.  Experimental  evidence  of  the  reduction  of
both  thermal  and  prompt  NOx formation  mechanism  is presented.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

An increasing concern regarding environmental pollution dur-
ng the last years has resulted in stricter emission regulations for
Ox, CO and greenhouse gases form combustion processes. In par-

icular, due to the increasing use of natural gas (NG) to meet the
orld’s energy demand, large research efforts are devoted to the

eduction of NOx emissions and increase of safety and efficiency in
G combustion appliances at both industrial and domestic level

1–3]. Currently, both industrial and utility gas turbine manu-
acturers prefer lean-premixed combustion technology which has
emonstrated the ability to achieve an impressive reduction in NOx

missions during operation on natural gas [1].  A similar picture
s also valid for non-adiabatic (radiant) burners for domestic and
ndustrial applications [2].  As flame temperatures are reduced to
chieve these levels of emission performance, flame stability and

afety issues may  arise [1].

Premixed catalytic combustion technology can guarantee the
owest NOx emissions compared to other combustion options [2,4],
ut it has not reached a widespread use mainly due to the lack of

∗ Corresponding author at: P. le V. Tecchio 80, 80125 Napoli, Italy.
el.: +39 081 7682233; fax: +39 081 5936936.

E-mail address: stefano.cimino@cnr.it (S. Cimino).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.02.018
a single catalyst capable to fulfil all the requirements in terms of
high activity, thermal and mechanically stability, long term dura-
bility and low cost [4].  A novel approach has been proposed for
gas turbine burners based on a fuel-rich catalytic/lean homoge-
neous combustion technology [1],  which offers benefits in terms of
improved safety and stability of operation with respect to lean pre-
mixed catalytic and non-catalytic combustion, associated to ultra
low pollutants emissions [1,5].

Recently we  have extended the concept of fuel-rich catalytic
combustion proposing a novel staged hybrid catalytic gas burner,
with integrated interstage heat removal by IR radiation from the hot
catalytic reactor/radiator [6].  A first prototype burner with a struc-
tured Rh/Al2O3 catalytic partial oxidation (CPO) stage followed
by a purely diffusive flame has proved to guarantee significant
enhancements with respect to the state-of-the-art fully premixed
or blue-flame diffusive gas burners for domestic condensing boilers
[6].

In fact, a number of catalysts have been tested for the CPO of
hydrocarbons from methane up to diesel and jet-fuels and Rh-based
catalysts have shown the highest activity and selectivity to syn-

gas [7–9]. However, the presence of sulphur bearing compounds
added as odorants to pipe-line natural gas, was shown to reduce
the CPO activity by partial inhibition of steam reforming reaction
path [10,11].  The partial substitution of Rh with Pt was  reported
as effective both at reducing the cost and limiting the detrimen-

dx.doi.org/10.1016/j.cattod.2011.02.018
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:stefano.cimino@cnr.it
dx.doi.org/10.1016/j.cattod.2011.02.018
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al impact of S on monometallic Rh catalyst [12]. The improved
-tolerance of the bimetallic Rh–Pt catalyst is due to its higher
perating temperature all conditions being equal [12]; such feature
ould be advantageous also for the specific application in hybrid
atalytic combustion, whose effectiveness relies on the transfer of
eaction heat by radiation from the hot catalytic surface.

Accordingly, we set out to study the impact of two  catalytic for-
ulations (namely 0.5% Rh and 0.25–0.25% Rh–Pt on �-Al2O3) on

he main features and NOx emissions performance of the prototype
atalytic hybrid burner in its simplest configuration with a purely
iffusive secondary flame. The burner was operated at atmospheric
ressure on methane (main component of NG and most difficult
ydrocarbon to oxidize catalytically) in the 4–30 kWth power (P)
ange, at varying the feed equivalence ratio � from 2.0 to 3.6. In
articular this work used InfraRed thermography to simultane-
usly investigate the catalytic surface and the characteristics of the
orresponding flame, and makes an attempt to correlate detailed
xperimental data on gas compositions at the exit of the CPO reactor
ith the emissions in the exhaust from the flame.

. Experimental

.1. Catalyst preparation and characterization

Structured catalytic elements were prepared starting from a
etallic gauze made of a high temperature FeCrAlloy knitted wire

d ≈ 120 �m)  produced by Riello in the form of flexible cylindri-
al sockets [13] (external diameter D = 80 mm,  effective height

 = 80 mm,  thickness 2 mm,  apparent density 0.38 g/cm2). The sub-
trates were accurately cleaned, oxidized in air at 800 ◦C to start to
evelop the characteristic superficial protective alumina layer on
he alloy, and finally washcoated with 3% La2O3-stabilized �-Al2O3
SCFa140-L3 Sasol, 140m2/g,) applied by a dip-coating procedure
6]; the target alumina loading of ∼7 wt.% was obtained with two
eposition cycles followed by calcination in air at 800 ◦C for 3 h.

Fig. 1a and b presents SEM images of the coated FeCrAlloy gauze
t different magnifications, revealing the presence of a well adher-
ng porous layer on the metallic wire with an average thickness in
he range 7–14 �m;  some washcoat accumulation was also noticed
n correspondence of bundles of closely packed wires, whereas lim-
ted uncoated areas could be found in correspondence of strong
ending.

Monometallic Rh catalysts were prepared via incipient wetness
mpregnation onto washcoated FeCrAlloy gauzes using an aqueous
olution of Rh(NO3)3 (Aldrich) to achieve the desired loading of
.5 wt.% (metallic substrate excluded). After impregnation, the cat-
lysts were dried at 120 ◦C and calcined in air at 550 ◦C. Bimetallic
h–Pt catalysts were prepared by sequentially impregnating cal-
ined Rh samples (with Rh loading 0.25 wt.%) with a solution of
2PtCl6. The target Rh/Pt weight ratio was 1 and the total nomi-
al metal loading was 0.5 wt.% with respect to the applied alumina

ayer.

.2. Burner configuration and combustion tests

The hybrid catalytic burner under typical operation together
ith a rendering of its longitudinal section is presented in Fig. 2:

he fresh gas mixture flowed radially through a distributor, the CPO
auze reactor and then into the flame [6].  The hybrid burner was
ested in upward position and secondary air for flame combustion

as withdrawn by natural convection from the surroundings.

Pure methane and compressed air flows were regulated by two
ndependent mass flow controllers and mixed at atmospheric pres-
ure. Combustion tests were always performed with a fuel rich
ixture fed to the burner at an equivalence ratio � variable in the
Fig. 1. SEM images at increasing magnifications of the FeCrAlloy knitted gauze sub-
strate (a) after deposition of the �-Al2O3 layer, and close-up view of the washcoated
metallic wire (b).

range 2.0–3.6 (i.e. above upper flammability limit). The nominal
thermal power was  varied between 3.8 and 29 kW based on the
lower heating value of methane. The resulting gas hourly space
velocity (GHSV) at room temperature was comprised between
0.1 × 106 and 1.0 × 106 h−1, referred to the empty volume of the
catalytic mesh, corresponding to a contact time between 0.9 and
10 ms  at the reaction temperature.

InfraRed thermography was selected as a fast, not-intrusive,
flexible measurement tool to investigate the hybrid burner and to
obtain simultaneously the temperature profile on the catalytic sur-
face and an estimation of the flame temperature and structure. Two
FLIR thermocameras were employed: a Phoenix with digital acqui-
sition system, and a SC500, respectively, with spectral sensitivities
in the range 1.5–5 �m and 7.5–12 �m.  Independent thermocou-
ple measurements were preliminary performed to set appropriate
emissivity factors, which were checked against literature ranges
[14–19]. Further calibration tests were performed for the Phoenix
camera using a black body up to 1700 K. In particular, two opti-
cal spectral filters centred at 3.4 or 3.9 �m were applied on the
Phoenix camera in order to eliminate flame (gas) emissivity when
measuring the surface temperature of the catalyst; a further fil-
ter at 4.25 �m was used to estimate CO2 (flame) temperature [19].
Moreover, the flame images filtered at 3.9 �m allowed us to identify
the possible presence of soot formation. All the IR pictures pre-

sented hereafter represent a 5 s-average of the images collected at
340 frames/s.

The temperature of the syn-gas emerging from the catalytic
stage was also measured with a shielded (Inconel 600, d = 0.5 mm)
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ig. 2. Picture of the catalytic combustion head (D × L = 80 mm × 80 mm)  under t
xperimental set-up for IR thermography (right).

-type thermocouple placed 1 mm downstream from the catalyst
urface and parallel to it.

Gas analysis was performed in real time with ABB Advance
ptima instruments equipped with ND-IR/-UV, TC and paramag-
etic detectors (respectively, for CH4, CO, CO2; NO, NO2; H2; O2).
he effluent gas from the catalytic partial oxidation stage was sam-
led with a cooled stainless steel probe in close contact with the
urface of the catalytic gauze.

Methane conversion and selectivities to CO and H2 were calcu-
ated according to the definitions:

CH4 = 100

(
1 − CHout

4

CHout
4 + COout

2 + COout

)

CO = 100

(
COout

COout
2 + COout

)

H2 = 100
2

(
Hout

2

COout
2 + COout

)

ased on exit dry-gas mol  fractions of CH4, CO, CO2, and H2 from
he CPO reactor.

Exhaust gases from the burner were collected by a hood and the
missions of CO, NOx and CH4 were corrected to 0% O2 conditions.

Adiabatic flame temperatures were calculated using CHEMKIN
.1.1 software [20] assuming a stoichiometric flame, based on
he measured compositions and temperatures of the effluent gas
treams from the CPO stage with both catalytic formulations.

. Results and discussion

IR analysis of the hybrid burner (Fig. 3) showed the presence
f an axial-symmetric laminar diffusive flame structure surround-
ng the hot radiating catalytic reactor, which had a very uniform
emperature distribution on the whole outer surface. The flame
tself, which appeared blue and had a low-luminosity, was  found
o be non-sooting, as confirmed by careful inspection of IR images
ollected at F = 3.9 �m in the gas phase surrounding the burner
Fig. 3b).

Hot gas leaving the combustion head through the catalytic gauze
as slightly colder than the catalyst itself. This was  also confirmed

y the thermocouple measurements [6] and implies that, inside the
tructured catalytic layer, heat generation occurs through surface
xidation reactions and the flowing gases are only heated by con-
ection. Moving away from the catalytic surface along the radial

oordinate we observed an initially flat temperature profile in the
as phase due to the absence of oxidation reactions close to the
ead: all of the oxygen from primary air was consumed by cat-
lytic oxidation reactions (see next section), and more O2 from the
urrounding air had to diffuse to complete combustion. Thereafter
 operation (left), rendering of its longitudinal section (centre), and a view of the

Tgas raised to a maximum in correspondence of a symmetric lam-
inar diffusion flame front developed around the burner and above
it, which was  well captured by CO2 profiles (F 4.25 �m).  However,
it should be underlined that temperature profiles in the gas phase
were obtained by measuring the characteristic emission of CO2 at
4.25 �m,  therefore they are only qualitative due to: varying CO2
concentration, spatial integration of the emission, flame thickness,
presence of an emitting/adsorbing/reflecting surface behind the
flame [19] (which was  particularly evident for low values of � as in
Fig. 3c, i.e. when the catalyst ran hotter).

The laminar flame envelope expanded at higher input power
(and lower �), due to the corresponding higher flow rate and exit
velocity of the gas leaving the catalytic head in the radial direc-
tion, which pushed the diffusive flame front away from the catalyst.
Since the catalyst was hotter at lower values of �, it also preheated
the reformed exit gas to a large extent. It is also clear that the flame
front extended well above the catalytic head, due to the relatively
slow diffusion of oxygen from the surroundings and to poor mixing
effectiveness with secondary air achieved by natural convection.

The hybrid catalytic burner performs a staged combustion, and
is characterized by interstage heat transfer by IR radiation from the
hot catalytic head to a heat sink. By this way the peak tempera-
ture reached at the diffusion flame front can be strongly reduced.
This is shown in Fig. 4a and b which reports the temperatures
measured on the outer surface of the two catalytic gauzes as a
function of � and for 3 nominal power levels, together with the
corresponding adiabatic flame temperatures calculated from the
measured composition of the syn-gas leaving the catalytic stage.
For both catalysts the outer surface temperatures were comprised
in the range 650–1050 ◦C, strongly increasing with decreasing �,
due to a larger availability of the limiting reactant (oxygen) for the
heterogeneous oxidation reactions. Higher temperatures were also
measured at constant � for a higher nominal power (i.e. flow rate)
to the burner: this is a well recognized feature of non-adiabatic
CPO reactors, because heat loss does not scale with flow rate as
long as the contact times are adequately long to maintain full O2
conversion [9].

Moreover a temperature profile (not shown) developed in the
very short (2 mm)  catalytic reactors, with peak temperatures (con-
trolled by �) located in the entrance (oxidation) zone of the gauze,
which progressively moved downstream towards the outer radiat-
ing face at increasing gas flow rates [6].

From Fig. 4 it appears that the bimetallic catalyst always ran
50–100 ◦C hotter than its monometallic Rh counterpart at any fixed
P level, which also precluded to explore very low � values in order
to prevent catalyst overheating and deactivation. It was  already

reported that substitution of half of the Rh loading with same
weight amount of Pt entails a significant increase in the operating
temperatures of methane CPO monoliths, since reactions leading
to total oxidation products become more important on Pt [12].
In fact the higher syn-gas yield on Rh catalyst is strictly asso-
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Fig. 3. InfraRed images of the flame structure (CO2) and of the catalytic surface collected at 4.25 �m and 3.9 �m,  respectively, together with the corresponding temperature
profiles  at fixed height along the line shown in figure. Rh catalyst operated at � = 2.2: (a) P = 9.6 kW,  F = 4.25 �m;  (b) P = 9.6 kW,  F = 3.9 �m;  (c) P = 19.2 kW,  F = 4.25 �m.
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ig. 4. Temperature of the outer catalytic surface and corresponding adiabatic flam
 at different power levels.

iated to its higher activity for the endothermic methane steam
eforming reaction whose contribution is significant even at very
hort contact times [8,10],  and strongly non-adiabatic conditions
6,11].

As shown in the upper part of Fig. 4a,b, the adiabatic flame tem-
erature of the syn-gas follows an opposite trend with respect to
he catalyst temperature, progressively decreasing for lower � val-
es, as a consequence of the larger quantity of heat transferred by
adiation from the hotter catalytic surfaces. However, at fixed �,
he adiabatic flame temperature increases with the nominal input
ower due to a reduction in the percentage of heat loss from the
PO reactor. In fact, the fraction of thermal power emitted by the
ot radiating catalyst decreased progressively for higher values of
he input power, although its absolute value increased due to higher
urface temperatures [6].

.1. Catalytic partial oxidation stage

Fig. 5a–e compares the catalytic activities of supported Rh and

h–Pt catalysts during the CPO of methane as a function of the feed
quivalence ratio � for several Power levels. Gas analysis at the exit
f the CPO reactor confirmed that O2 conversion was  always com-
lete on both catalysts for all conditions explored [6,8–12], whereas
o sign of NOx formation could be found.
φ

perature of the emerging syn-gas for Rh (a) and Rh–Pt (b) catalysts as a function of

Methane conversion and selectivities to CO and H2 followed the
general trends predicted by thermodynamic equilibrium calcula-
tions (solid lines in Fig. 5) under adiabatic conditions, departing
from them in a measure depending on both the active phase com-
position and the specific input power level (P).

Monometallic Rh catalyst showed the best performance in terms
of methane conversion, which increased steadily with decreasing �,
respectively, exceeding 90% for � ≤ 3.0 and 99% for � ≤ 2.2, whereas
it was  almost unaffected by the value of P in the range explored. Par-
tial substitution of Rh with Pt entailed a reduction in fuel conversion
by roughly 5 percentage points for values of � down to 2.4, leaving
about 2–3% of unconverted methane also at � = 2.2. Moreover Rh
catalyst showed a higher selectivity to both CO and H2, which is par-
ticularly evident when comparing the relevant plots at lower values
of power. However, similar selectivities to syn-gas were measured
on the two catalysts at the highest values of P, as a consequence of
the higher associated operating temperatures (Fig. 4) leading to a
closer approach to thermodynamic equilibrium values.

To sum up, the fuel for the second stage of homogeneous com-

bustion was constituted by a hot, low-heating value syn-gas stream,
whose typical composition is reported in Table 1 for each catalyst
and for two  values of � (P = 9.6 kW). The relatively high content
of H2 in the syn-gas peaked at � = 2.8 with both catalysts, and the
H2/CO ratio increased with � in the range 1.55–1.75. Lower � values
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Fig. 5. Methane conversion (a, b), CO (c, d) and H2 (e, f) selectivities as a function of � at several nominal power levels. Rh (left panels) and Rh–Pt (right panel). Solid lines
represent thermodynamic (p, H = constant) equilibrium values.

Table 1
Comparison of the compositions (mol.%) of syn-gases produced by CPO of methane
on  0.5% Rh and 0.25–0.25% Rh–Pt catalysts.

P = 9.6 kW � = 2.8 � = 2.2

Rh Rh–Pt Rh Rh–Pt

CH4 (%) 0.85 0.61 0.04 1.65
H2 (%) 23.58 18.26 18.66 22.43
CO  (%) 13.58 11.32 11.51 12.96
H O (%) 10.38 11.95 12.34 10.81
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2

CO2 (%) 3.40 3.79 3.99 3.50
N2 (%) 48.21 54.08 53.47 48.97
Tout (◦C) 581 695 655 618

llowed a reduction of the differences between syn-gas composi-
ions from the two catalysts and also increased the dilution level,
ith N2 from primary combustion air accounting for more than 50%

f the mixture, steam for 10–12% and CO2 for 3–4%.

.2. CO and CH4 emissions

Fig. 6 reports CO emissions measured for the hybrid burner
ith bimetallic catalyst, which are also representative of the
onometallic Rh system. CO concentration was always ≤60 ppm

corrected @0% O2), and was weakly affected by � only at low-mid
nput power levels, where it slightly decreased if more primary air

as fed to the catalyst. At the same time, unburned CO decreased

trongly at higher power levels (6–7 ppm at 19.2 kW), suggesting
hat most of the emissions were due to local quenching effects pos-
ible at low flow rates, when the diffusive laminar flame front was
laced very close to the catalytic combustion head. Moreover CH4
missions in the exhaust were always below the detection limit
Fig. 6. CO emissions corrected @0%  O2 from the hybrid burner with bimetallic Rh–Pt
catalyst as a function of � at different power levels.

(10 ppm) with both catalysts and for the whole range of conditions
explored, confirming our previously reported results [6].  Syn-gases
with dominant carbon monoxide and hydrogen fractions present
a much wider ignition range than those of conventional hydrocar-
bon fuels of natural gas [21]. In the hybrid burner the operational
range for homogeneous combustion is further expanded by the
high preheating of the fuel produced in the catalytic stage and
by its high H2 content, which facilitates the oxidation of other
organic fuel fractions. Both circumstances effectively lower the

probability of unburned gas eddies of improper mixing, resulting
in low emissions of unburned CO and methane, even in systems
with poor mixing judged by the standard of conventional design
[21].
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h–Pt  (b) catalyst as a function of � at different power levels.

.3. NOx emissions

Since no evidence of NOx formation could be detected at the
xit of the catalytic partial oxidation stage, NOx emissions from the
ybrid burner are only due to the homogeneous flame combus-
ion stage: in the simple current configuration, syn-gases emerging
rom the catalytic gauze were burned under purely diffusive and
aminar conditions.

Fig. 7a–b reports the emissions of NOx (@0% O2) as a function
f � at different power levels for the two catalytic formulations
ested. In both cases NOx concentrations in the exhaust decreased
lmost linearly with decreasing �, following the same trend of the
diabatic flame temperature of the syn-gas, which was progres-
ively lowered by the increase of interstage heat removal through
adiation. Moreover, along with the general increase in the flame
emperature levels with the nominal power, also NOx emissions
ncreased, ranging from 10 to 60 ppm and from 10 to 80 ppm for Rh
nd Rh–Pt catalysts, respectively. In fact, at any fixed power level,
onometallic Rh catalyst guaranteed a significant reduction in NOx

missions over its bimetallic counterpart.
As a general figure, emissions of NO measured at the exhaust of

wo commercial burners, a fully premixed lean surface stabilized
evice and a blue-diffusive turbulent flame one, ranged, respec-
ively, between 20–60 ppm and 80–120 ppm, when operated with
heir optimal excess of air between 20 and 30% [6].  It came out
hat both prototypes of the hybrid catalytic burner were able to
utperform state-of-the-art premixed burner in terms of NOx emis-
ions for � values below 3 (Rh) and 2.8 (Rh–Pt), while a maximum
f 40–50% reduction in NOx was achieved with the monometallic
h-based catalyst operated at the lowest values of �. This result
ecomes more impressive considering the purely diffusive and

aminar nature of the secondary flame under the current burner
onfiguration.

Previous studies on syn-gas combustion in non-premixed

ames reported that the contributions of thermal and prompt
echanisms to total NOx are comparable while that of N2O-

ntermediate and NNH mechanisms were found to be relatively
mall and negligible [22 and ref. therein]. In line with those find-
ngs, we showed that the strong NOx reduction achieved by the
with Rh and Rh–Pt catalysts as a function of the adiabatic flame temperature of
the  syn-gas produced. (b) Comparison of the residual methane mol  fractions in the
syn-gas from the two catalysts for two nominal power levels.

hybrid burner with integrated heat removal from the catalytic head
is largely due to the reduction of the peak flame temperatures
responsible for thermal NOx formation. However, NOx formation
through the prompt mechanism is less affected by temperature
due to the relatively low activation energy of the initiation reac-
tion step involving CH radical (CH + N2 ↔ HCN + N) [21,22]. In order
to separate the thermal and chemical effects, the NOx mole frac-
tions in the exhaust from the two catalytic burners are presented
in Fig. 8a as a function of the stoichiometric adiabatic flame temper-
ature of the syn-gas from the CPO stage calculated from measured
compositions and temperatures (Table 1). When plotted against
the adiabatic flame temperature, all of the scattered emission data
reported in Fig. 7 collapse in single curves for each catalyst for-
mulation, showing a relatively weak exponential growth with Tad,
suggesting a minor role played under such conditions by thermal
NOx with respect to prompt formation mechanism.

For the same adiabatic flame temperature of the syn-gas,
monometallic Rh catalyst constantly guaranteed a further 20–25%
NOx reduction with respect to its bimetallic counterpart. In order
to explain this behaviour Fig. 8b compares the residual CH4 mole
fractions in the syn-gas produced on each of the two  catalysts
as a function of the adiabatic flame temperature at two power
levels. Since a lower fuel conversion in the CPO stage entails an
increase in the adiabatic temperature of the subsequent flame,
it follows that methane concentration in syn-gas increases pro-
gressively along with Tad. From Fig. 8a and b it appears that the
superior performance of Rh catalyst in terms of lower unconverted
methane reflects in a lower formation of prompt NOx in the flame. In
fact it was  demonstrated [22] that the presence of relatively small
amounts of methane in CO–H2 mixtures increases the formation

of acetylene considerably, which causes a significant increase in
CH concentration and thereby in prompt NOx. A higher residual
methane concentration in the syn-gas mixture might also adversely
affect soot emissions as a consequence of a predicted increase in
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cetylene concentration (soot precursor) at high temperature in
he flame front [22]. However, non-sooting flames were observed
o surround each of the two catalysts. In fact, the large concen-
ration of diluents (N2, H2O, CO2, see Table 1) in the syn-gas fuel
repared by the CPO stage also entailed a beneficial effect for fur-
her prompt NOx, as well as soot, suppression. H2O, and to a lower
xtent CO2, were reported to have a chemical effect that, for the
ame peak flame temperature, reduces the concentrations of CH
nd C2H2 [23,24].

. Conclusions

Hybrid catalytic combustion technology is based on a short
ontact time catalytic partial oxidation reactor operating at high
emperature (600–1050 ◦C): the structured catalyst directly trans-
ers a significant portion of the heat of reaction by radiation while
reparing a syn-gas fuel for the subsequent flame combustion.
o reach this goal, monometallic Rh and bimetallic Rh–Pt on �-
lumina catalysts were anchored onto structured substrates made
f a FeCrAlloy knitted wire gauze and tested in a radial flow radi-
nt burner operated on methane with a purely diffusive secondary
ame. Both catalysts were able to steadily convert methane with
igh fuel conversion and selectivities to H2 and CO under strongly
on-adiabatic conditions. The higher (reforming) activity of Rh
etermined a higher conversion to syn-gas on the monometallic
atalyst, whereas the partial substitution with Pt slightly favoured
otal oxidation products, therefore sustaining higher surface tem-
eratures (and radiative heat transfer) for the same value of the
quivalence ratio �. Indeed, it was possible to finely control the
aximum temperature of the catalysts by simply acting on �.
oreover, the adiabatic flame temperature of the produced syn-

as was significantly reduced and followed an opposite trend with
espect to the temperature of the catalyst, progressively decreas-
ng for lower � values. The hot, diluted, and highly reactive syn-gas
rom the CPO stage was finally burned in a laminar diffusive flame,
hich was found to be non-sooting and to produce very low emis-

ions of CO and CH4, even in a systems with poor mixing. Regarding
Ox emissions, the contribution from thermal formation mecha-
ism was strongly limited due to the significant reduction of the
eak flame temperature. Prompt NOx were also limited due to the

igh dilution of the syn-gas, which contained low amounts of un-
eacted hydrocarbons and high concentrations of H2O and CO2.
t came out that the prototype hybrid catalytic burner was  able
o outperform state-of-the-art lean premixed burners in terms of
Ox emissions with as much as 50% reduction achieved with the

[

[
[
[

ay 171 (2011) 72– 78

monometallic Rh catalyst operated at the lowest values of �. For the
same adiabatic flame temperature of the syn-gas, the monometal-
lic Rh catalyst always guaranteed a 20–25% NOx reduction with
respect to its bimetallic counterpart, because of a lower contri-
bution from prompt NOx formation mechanism due to the lower
concentration of residual methane in the syn-gas.
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