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The presence of sulphur bearing compounds naturally occurring in the fuel, or 
added as odorants to pipe-line natural gas (approximately up to 10 ppm), can have 
a detrimental effect on the CPO activity of Rh based catalysts. 
Although desulphurisation units can be used to significantly reduce the sulphur 
content in the feed, its inclusion increases the complexity, size and cost of the fuel 
processing system. Therefore it will be more desirable to develop catalysts that are 
intrinsically sulphur tolerant. Accordingly, we set out to investigate the 
enhancement in sulphur tolerance of Rh-based catalyst by partially substituting Rh 
with either Pt or Pd, which will be highly economical due to high cost of Rh metal. 
The effect of partial substitution of Rh/La-Al2O3 monolith catalysts with either Pt 
or Pd during the CPO of methane in the presence of H2S under self-sustained high 
temperature conditions was investigated. The catalysts were fully characterized by 
BET, SEM-EDS, SO2-TPD and in situ DRIFTS of adsorbed CO at room 
temperature, which was used to investigate changes on the surface state of Rh 
before and after exposures to S species at high T and reducing conditions close to 
actual CPO. Both steady state and transient operation of the CPO reactor were 
investigated with regards to poisoning/regeneration cycles and light-off phase. 
 
 
Abstract 
The effect of partial substitution of Rh/La-Al2O3 monolith catalysts with either Pt 
or Pd during the CPO of methane in the presence of H2S under self-sustained high 
temperature conditions was investigated. The catalysts were fully characterized by 
BET, SEM-EDS, SO2-TPD and in situ DRIFTS of adsorbed CO at room 
temperature, which was used to investigate changes on the surface state of Rh 
before and after exposures to S species at high T and reducing conditions close to 
actual CPO. Both steady state and transient operation of the CPO reactor were 
investigated with regards to poisoning/regeneration cycles and light-off phase. 
 
Introduction 
The production of syngas via the catalytic partial oxidation (CPO) of methane is an 
attractive and feasible alternative to steam reforming reaction in the utilisation of 
the world’s abundant natural gas reserves. The syngas can then be converted to 
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clean fuels such as sulphur-free diesel or gasoline by Fischer-Tropsch synthesis. 
Furthermore, CPO of various hydrocarbons has been proposed as a preliminary 
conversion stage for hybrid catalytic burners [1-2]. 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 syngas 
[1]. However, the presence of sulphur bearing compounds naturally occurring in 
the fuel, or added as odorants to pipe-line natural gas (approximately up to 10 
ppm), can have a detrimental effect on the CPO activity. Recent results on the CPO 
of methane over Rh based honeycomb catalysts [3-4] demonstrated that sulphur 
inhibits the steam reforming (SR) reaction by directly poisoning the active Rh sites.  
Furthermore, under the typical operating conditions of methane CPO i.e. at high 
temperatures (>800ºC) and short contact times, the sulphur storage capacity of the 
support did not show any beneficial effect on the S- tolerance of the catalyst [4].  
Although desulphurisation units can be used to significantly reduce the sulphur 
content in the feed, its inclusion increases the complexity, size and cost of the fuel 
processing system. Therefore it will be more desirable to develop catalysts that are 
intrinsically sulphur tolerant and are not readily poisoned by the amounts of 
sulphur commonly found in fuels such as natural gas. 
Accordingly, we set out to investigate the enhancement in sulphur tolerance of Rh-
based catalyst by partially substituting Rh with either Pt or Pd, which will be 
highly economical due to high cost of Rh metal.  
 
Experimental Results 
CPO of methane to syngas was investigated over monometallic 1% wt. Rh and 
bimetallic Rh-Pt and Rh-Pd catalysts (0.5 -0.5 wt.%) prepared by sequential 
impregnations on commercial La-γ-Al2O3 (Sasol SCFa140-L3) and anchored as a 
washcoat layer onto honeycomb monoliths with straight and parallel channels of 
roughly square section (cordierite, 600cpsi by NGK). 
The impact of sulphur addition (2-58 ppmv H2S) was studied at CH4/O2 feed ratios 
in the range 1.6 – 2 under both transient and steady state conditions, using air as 
oxidant, or oxygen with N2 added to obtain a 10 % vol. dilution of the feed. It was 
found that sulphur poisoning on Rh based catalysts is rapid, completely reversible 
and is dependent on sulphur concentration in the feed but not on the type of S-
bearing compound (as H2S or SO2) [4]. 
 
CPO Activity measurement 
Figure 1 compares the catalytic activities of La-γ-Al2O3 supported Rh, Rh-Pt and 
Rh-Pd catalysts under pseudo-adiabatic conditions at a fixed CH4/O2 feed ratio, 
using 10% N2 dilution, in the absence or presence of 20 ppm H2S.  
In the absence of sulphur monometallic Rh catalyst showed the best performance in 
terms of methane conversion and CO and H2 yields. Substitution of half of the Rh 
loading with same weight amount of Pt and even more with Pd entails a reduction 
in fuel conversion and yield to syngas. This is accompanied by a significant 
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increase in the operating temperatures measured on bimetallic monoliths. Among 
bimetallic catalysts, Rh-Pt performs better than Rh-Pd. Such results confirm that 
Rh is the most active and selective metal for methane CPO, whereas on both Pt and 
Pd reactions leading to total oxidation products become more important. 
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Figure 1. Comparison of the catalyst temperature, CH4 conversion, CO and H2 
yield on Rh, Rh-Pt and Rh-Pd monoliths in the absence and presence of 20 ppm 

H2S. CH4/O2 = 2, Gas Hourly Space Velocity GHSV = 6.1 x 104 h-1 and N2 = 10%. 
  
The presence of 20 ppm H2S in the reaction feed resulted in a loss in the activities 
and an increase in the surface temperature by ≥ 100°C of all the catalysts, the effect 
being more pronounced over the Rh-Pd system. The decrease in methane 
conversions in the presence of sulphur was accompanied by a decrease in CO yield 
of similar magnitude (except for Rh-Pt) while in comparison the drop in H2 yield 
was always larger. The decrease in the catalytic performances and the rise in the 
catalyst temperature in the presence of H2S is an indication of the inhibition of the 
steam reforming reaction, as shown in previous studies [3,4]. Unlike the Rh-Pd 
system, however, the bimetallic Rh-Pt catalyst with only half the amount of 
rhodium content by weight (2:1 Rh:Pt molar ratio) showed a better specific 
tolerance to sulphur inhibition since the overall catalytic performance is close to 
the monometallic Rh catalyst.  
The enhanced sulphur tolerance is particularly evident when looking at CPO 
experiments carried out in air (i.e. at higher dilution). Figure 2 shows that  in the 
absence of sulphur both samples display similar activities in methane conversion 
and yield to CO while Rh only catalyst forms slightly more H2. However, upon 
addition of S the rate of deactivation of Rh-Pt catalyst is slower than its 
monometallic counterpart, showing higher methane conversions and yields to CO 
and also H2. Furthermore, in the absence of sulphur in the reaction feed, the 
bimetallic system operates at approximately 70ºC higher than its monometallic 
counterpart whilst the difference diminishes when adding small amounts of sulphur 
(2 ppm) to the reaction feed. In the presence of sulphur, the Rh only catalyst shows 
a bigger jump in the catalyst temperature and a greater loss in CH4 conversion 
compared to the Rh-Pt system, thus indicating a higher sensitivity to sulphur 
poisoning when operating at lower initial reaction temperatures.  
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Figure 2. Effect of H2S addition on CH4 conversion, yields to CO and H2, and the 

catalyst temperature, during the CPO of methane in air over Rh and Rh-Pt 
monoliths. CH4/O2 = 2,  GHSV = 8.1 x 104 h-1. 

 
Mechanism of S-poisoning at high T 
Figure 3 compares the temperature rise measured on the two catalysts upon S 
addition as a function of the corresponding change in methane conversion with 
respect to the sulphur free reaction feed. The data for CPO reaction tests carried out 
over both catalysts in air follow single straight lines in the whole range explored 
(0-58 ppm S).  In an adiabatic reactor operation, by assuming a thermal equilibrium 
between gas and solid (i.e. exit gas temperature is equal to the measured catalyst 
temperature), a simple heat balance on the gas phase can be written [4]: 
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which relates the variation of temperature ΔT (°C) and methane fractional 
conversion ΔxCH4 to a heat of reaction ΔHr

T0 (kJ/mol) at the initial temperature T0 
(700°C and 760°C, for CPO in air over Rh and Rh-Pt respectively) through the 
specific heat of the gas mixture Cp, its total flow rate W and methane feed flow rate 
FCH4. By substituting the values of ΔT/ΔxCH4 obtained from the slopes of the lines 
in Figure 3 into eq. 1, it results that ΔHr

700°C = +225 kJ/mol for Rh catalyst and 
ΔHr

760°C = +205 kJ/mol for Rh-Pt sample, which corresponds well to the heat of 
reaction of methane steam reforming at those temperatures. These findings confirm 
that sulphur mainly inhibits the steam reforming reaction, which proceeds under 
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kinetic controlled regime in both catalysts [5,6]. The small differences in the values 
of ΔHr

T0 obtained are in agreement with the larger increase in H2O production (i.e. 
lower H2 selectivity) observed over bimetallic Rh-Pt catalyst. 
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Figure 3. Increase in catalyst temperature as a function of the variation of methane 
conversion measured upon the addition of increasing levels of H2S (0-58ppm) over 

Rh and Rh-Pt monoliths. CH4/O2 = 2, air as oxidant, GHSV = 8.1 x 104 h-1. 
 
The origin of  S-poisoning of Rh active sites during the CPO of methane was 
investigated by diffuse reflectance infrared Fourier transform (DRIFT) 
spectroscopy using CO as a probe molecule. DRIFT spectra of adsorbed CO before 
and after sulphur poisoning, show that sulphur acts as a selective poison by 
preferentially adsorbing on smaller well dispersed Rh crystallites characterised by 
Rh-(CO)2 bands whilst the metallic Rh sites in larger aggregates are mostly 
unaffected. Moreover the formation of surface Rh sulphide species on isolated Rh 
sites is not directly affected by the simultaneous presence of Pt on the surface of 
the catalyst. However the equilibrium coverage of Rh by sulphur depends on 
temperature and partial pressure of H2 and H2S [4]. Therefore the higher sulphur 
tolerance of the bimetallic catalyst, in particular under dilute reaction environment, 
appears to be strictly connected to both the higher self sustained catalyst 
temperature, which tends to reduce the impact of S on Rh sites favouring surface 
sulphide decomposition [4], and to the simultaneous presence of Pt sites, whose 
activity is almost unaffected by S-poisoning [3].  
 
CPO Light-off  
The presence of sulphur in the reaction feed on Rh based catalysts shifts the 
minimum light-off for CPO to higher temperatures due to a reduced availability of 
active metal sites. It can be seen from Table 1 that both in the absence and presence 
of sulphur, the monometallic Rh sample which has the highest Rh content shows 
the lowest light-off temperature (270°C and 302°C, respectively). In fact the 
substitution of half of the Rh loading with either Pt or Pd causes a rise of the 
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minimum light-off temperature to about 290°C regardless of the nature of the 
second precious metal. However, the increase in the catalyst light-off temperature 
due to the presence of S is smallest over the bimetallic Rh-Pt catalyst and largest 
over the Rh-Pd sample.  
Therefore, Pt appears able to limit the poisoning effect of sulphur towards Rh sites 
also during light-off phase. In fact the higher oxidation activity of Pt, which more 
readily oxidises SO2 to SO3 rather than Rh and Pd [7] favours the storage of 
sulphur species on the catalyst support as Al2(SO4)3 thus minimising the build-up 
of S on or close to the most active Rh sites. 
  

Table 1. Effect of H2S addition on light-off temperature during CPO of methane 
over Rh, Rh-Pt and Rh-Pd monoliths. CH4/O2 = 1.8 in air, GHSV = 8 x 104 h-1. 

 
Catalyst Light-off  

H2S = 0 ppm H2S = 20 ppm ∆T Light-off 
 °C °C °C 
Rh 270 302 32 
Rh-Pt 290 309 19 
Rh-Pd 289 333 44 

 
Conclusions 
The effect of partial substitution of Rh/La-Al2O3 monolith catalysts with either Pt 
or Pd during the CPO of methane in the presence of H2S under self-sustained high 
temperature conditions was investigated with the aim of improving the S-tolerance 
of the catalyst whilst reducing its cost by decreasing the Rh content. 
Results of CPO light-off, steady state and transient operation demonstrated that Rh 
is always the most active and selective element for syngas production from 
methane in sulphur free conditions, due to its unique ability to catalyze the steam 
reforming reaction. However it was shown by DRIFT experiments that sulphur acts 
as a selective poison by preferentially adsorbing on smaller well dispersed Rh 
crystallites whilst the larger metallic Rh aggregates are mostly unaffected. The 
presence of Pt or Pd does not modify the way S interacts and adsorbs on well 
dispersed Rh sites. However the partial substitution of Rh with Pt was shown to be 
effective at reducing and limiting the detrimental impact of S on monometallic Rh 
catalyst. The improved tolerance against sulphur of the bimetallic Rh-Pt catalyst is 
mainly due to its higher operating temperature which facilitates sulphur desorption 
from the catalyst and reduces its accumulation, thus resulting in higher catalytic 
activity. 
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