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The nature of the active surface of supported metal catalysts
for the clean combustion of ammonia-containing simulated biogas
has been investigated to understand the very high N2 selectivity of
some catalysts. A comparison of the activities of Al2O3-supported
precious group metals has shown that under conventional oper-
ating conditions the fuel is fully combusted but NH3 is converted
predominantly into NOx. In contrast, it is shown that it is possible
by operating under O2-deficient conditions to attain essentially zero
emissions of NOx with Rh- or Ir-based catalysts, whereas Pt or Pd
gave markedly lower selectivities to N2. These variations in selectiv-
ity are attributed to the differences in the state of the metal surface
during reaction. For Rh- and Ir-based catalysts it has been shown
that under fuel-rich conditions, surface carbon, derived from the
dissociative adsorption of CO, results in self-poisoning toward CO
and H2 oxidation at low temperatures. However, at higher tempera-
tures a preference toward methanation of the Cads is observed. It is
thought that this surface reaction between the Cads and Hads scav-
enges both reductants so that Oads can react with NH3 in a highly
specific manner, to give NOx. The NOx thus formed is subsequently
reduced by reaction with excess CO to give N2. A model is presented
that shows the way in which the chemistry of the surface of the ac-
tive metal changes as the reaction parameters are varied. c© 2001
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INTRODUCTION

Potential problems with CO2 emissions and the associ-
ated “Greenhouse Effect” are well documented (1) and
have resulted in a growing interest in developing cleaner,
renewable energy sources (2, 3). Biomass represents an in-
teresting alternative energy source and work is in progress
to try to commercialize gasified biomass (biogas), produced
from partial oxidation/pyrolysis of biosolids, as a primary
fuel for combined heat and power generation (CHP) (4–
19). The fuel component of this biogas comprises about
9.8–17.2% CO and 9.8–13.2% H2 and additional light hy-
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drocarbons, e.g., CH4 (4). However, biogas also contains
significant quantities of NH3 (600–4000 ppm), derived from
biogenic organonitrogen compounds (4). The NH3, formed
during the gasification of these species, presents a particular
challenge since its combustion in a conventional suspended
flame burner results in the formation of a significant amount
of nitrogen oxides (NOx) which are also subject to emissions
legislation (20–22).

Eliminating NOx emissions from the combustion of bio-
gas poses significant technical challenges. A range of ap-
proaches have been proposed, including: water scrubbing of
the gasification stream (23); in situ catalytic methods of se-
lective oxidation to N2 (5–16); NH3 decomposition (by con-
ventional and membrane reactors) (17–19); and selective
noncatalytic or catalytic reduction of the tail gas postcom-
bustion (24, 25). However, all these methods have signifi-
cant drawbacks. Water scrubbing is effective for ammonia
removal but creates a wastewater disposal problem. Simi-
larly, treatment of the NOx-containing exhaust gas with NH3

in a conventional NH3-selective catalytic reduction (SCR)
reactor is effective but has high associated costs and pro-
cess limitations. In contrast, while both in situ catalytic and
noncatalytic methods are less expensive and do not require
secondary disposal or cleanup systems, they provide only
limited N2 selectivities even under idealized laboratory con-
ditions, i.e., comparatively low gas hourly space velocities
(GHSVs) and CO/H2 levels (6–11).

In addition, the mechanism of N2 formation in these pro-
cesses is still uncertain. Various authors have claimed that
N2 formation arises as a result of the condensation of an
oxidized N species with a reduced N species (12, 13, 15, 16,
26–32). This reaction has recently been dubbed internal se-
lective catalytic reduction (iSCR) and has been shown to
occur on metal oxides, heteropoly acids, and zeolitic cata-
lysts, giving very high N2 selectivities (12, 13, 15, 16, 32).
In contrast, Ramis and co-workers (33, 34) have suggested,
based on FTIR studies, that NH3 oxidation to N2 involves
a hydrazinium-type intermediate. More recently it has also
been claimed that N2 formation during biogas oxidation
is in fact a homogeneous gas-phase reaction, involving a
selective noncatalytic reduction (SNCR) of NO by NH3
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(7, 9). Conversely, Johansson and Järås ascribed high N2

production over a Ni–Al2O3 catalyst to gas-phase reduction
of NO by the hydrocarbons present in the fuel. However,
the same study reported identical activity for the blank re-
actor system, again indicating that the contribution of ho-
mogeneous chemistry may be significant (8).

Under real commercial conditions the problem is even
more intractable because it has also been found that the
efficiency of many of the laboratory-based in situ catalytic
systems is further compromised by the presence of sulfur,
alkalis, and other contaminants in the biogas stream (10, 11,
17). Moreover, catalytic activity for the selective oxidation
of NH3 is also inhibited in the presence of high concentra-
tions of the fuel components (CO and H2) (16).

In the present work we have adopted a novel approach
to the problem of selective oxidation. The basic challenge
is to achieve a double selectivity in oxidation of a typical
simulated biogas mixture under a variety of reaction condi-
tions. It is necessary to achieve selective oxidation of NH3

in the presence of large excesses of CO and H2. However,
it is also necessary to achieve selective conversion of the
NH3 to N2 rather than to NOx. Thus the aim of our work
has been to develop materials and methodologies capable
of meeting the low NOx emissions targets required for a
biogas-driven CHP turbine, i.e., operation at high GHSV
in the presence of high concentrations of CO/H2.

EXPERIMENTAL

Catalyst Preparation

All catalysts were prepared by incipient wetness impreg-
nation of the dried support (Akzo CK300, Al2O3 surface
area 195 m2 g−1) using nitrate (Ag, Cu, and Rh), DNDA
(Pt), and Ir(CH3COCH==C(O)CH3)3 precursors to give the
nominal loadings indicated. All samples were dried at room
temperature (24 h), then at 120◦C (24 h) prior to calcination
at 700◦C (12 h) in static air.

Performance Evaluation

Catalyst testing was performed using a standard plug-
flow microreactor described previously (12). The sample
(60 mg, 425–800µm) was held between plugs of quartz wool
in a quartz tubular horizontal flow reactor (i.d. 5 mm) and
supported by a hollow quartz rod. The reactor was heated in
a furnace with temperatures being maintained to±1◦C by a
Eurotherm 818p controller. The reactant gases, 1% NH3 in
He, 60 : 40 CO/H2, 100% CO, 100% H2, 1% O2 in He, 20%
O2 in He, pure O2, 5000 ppm NO in He, and He, were sup-
plied through electronic mass flow controllers. Water was
added using an Instech Model 2000 syringe pump. Unless
otherwise stated, total flow was 300 cm3 min−1 (correspond-

−1
ing to a GHSV of ca. 240,000 h ) with a feed composition of
1000 ppm NH3 and fuel and O2 levels as indicated.
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Product analysis was performed by mass spectrometry
(Hiden DSMS) and by an external NH3 oxidation reactor
(equipped with a Pt–Al2O3 catalyst and independent O2

supply) coupled to a Signal Series 4000 chemiluminescence
detector for determination of NO, total NOx (defined as
NO+NO2), and residual NH3 emissions.

Temperature-programmed oxidation (TPO), reduction
(TPR), desorption (TPD), and reaction (TPRe), were per-
formed in situ using the equipment described above, at a
ramp of 12◦C min−1 and total gas flow of 300 cm3 min−1.
All samples were purged for 30 min in He prior to analysis.
BET surface areas were determined by N2 adsorption using
apparatus built in-house.

RESULTS

Lean Oxidation of NH3 and NH3/CO/H2 Mixtures

The problem in obtaining high selectivity for the oxi-
dation of NH3 to N2 under lean (oxygen rich) conditions
has been noted in the Introduction. Figure 1, which com-
pares the oxidation of NH3 over a range of Al2O3-supported
metal catalysts, illustrates this point. In all cases the N2 se-
lectivity decreased markedly with temperature, with paral-
lel increases in NOx production. Of the various materials
tested 1% Cu–Al2O3 displayed the highest N2 yield (>90%
at 450◦C). This was expected because under these condi-
tions N2 production has been shown to arise via an iSCR
mechanism (8–10, 26–32) and Cu-based catalysts are known
to be effective for the NH3/NO SCR reaction (23, 24). How-
ever, as has been noted already for both Al2O3-supported
base and precious metal catalysts (9, 12, 26) the temperature

FIG. 1. N2 yields for the selective catalytic oxidation of NH3 over

1% metal–Al2O3 catalysts (1000 ppm NH3, 18% O2, balance He). j, Ag;
d, Cu; ., Pd; r, Pt; m, Rh.
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range over which high N2 selectivity is observed is very lim-
ited. This may be a consequence of the iSCR mechanism in
which oxidation of NH3 to NOx has to be carefully balanced
by reduction of the NOx with unreacted NH3 (9, 10, 24).

The corresponding lean oxidation reactions of a
NH3/CO/H2 mixture (1000 ppm NH3, 1.02% CO, 0.68%
H2, 18% O2) revealed similar trends with reduced N2 yields
so the results are not reproduced here. The reduction in
N2 selectivity and the increase in the formation of NO are
ascribed to competition for surface sites, with the CO and
H2 competing for Oads. In addition, exothermic effects due
to the combustion of the CO and H2 can cause the surface
temperature to be significantly raised. Figure 1 shows that
this would also result in a loss of selectivity to N2 (12, 13,
15, 16, 26–32). These results, and those of other studies (6–
10, 17, 18) emphasize the problems with the conventional
approach to NH3 oxidation in biogas streams.

Rich Oxidation of NH3/CO/H2 and NO/CO Mixtures

The limited success of the conventional oxidation re-
action described above led us to propose an alternative
strategy to overcome NOx production. We adopted an inte-
grated solution in which the fuel components of the reaction
mixture were used, in conjunction with process control, to
overcome NOx formation. Thus we investigated catalysts
that could completely oxidize NH3 to NOx under fuel-rich
conditions. In this approach we anticipated that the NOx

thus formed could be reduced very easily by residual CO,
H2, or even NH3 all of which have previously been demon-
strated (24, 25, 35–37). Thus the challenge was to selec-
tively oxidize NH3 in the presence of a large excess of CO
and H2.

To investigate this possibility, the activity of 2% Rh–
Al2O3 for NH3 oxidation (1000 ppm NH3, 2175 ppm O2,
at 400◦C) was examined in the absence and presence of
CO (10,000 ppm). Figure 2 shows that under CO-free con-
ditions NH3 conversion was 100% (trace d), but only at
the expense of high NO production (trace 1), which was
approximately 240 ppm, i.e., ca. 24% yield of NOx. When
CO was introduced, NO was no longer detected by MS
or NOx measurements. However, the NH3 conversion was
unaffected by the presence of CO, and since no NOx was
detected, we can conclude that we have achieved quanti-
tative conversion of NH3 into N2. Finally, when CO was
replaced by He, the catalyst rapidly reattained its previous
steady-state activity with high NOx (>95% as NO) produc-
tion again being observed.

These results may be contrasted with those obtained
using 1% Pt–Al2O3 (data not shown). In this case the in-
troduction of CO resulted in a significant amount of NH3

slipping through unreacted. Presumably, although the Pt
can oxidize NH3 rapidly in the absence of CO, this reac-

tion is not as competitive with CO oxidation on Pt as it
is on Rh. On removal of the CO, catalyst activity was re-
OUTHWARD

FIG. 2. Effect of CO/He switches on the activity of a 2% Rh–Al2O3

catalyst for the selective catalytic oxidation of NH3 (400◦C, 1000 ppm
NH3, 2175 ppm O2, 10,000 ppm CO switched in/out, balance He). h, m/z
44 (CO2, N2O); s, m/z 32 (O2); 4, m/z 30 (NO); 5, m/z 28 (CO/N2);
e, m/z 18 (H2O); d, m/z 16 (NH3).

stored to original levels, i.e., ca. 100% NH3 conversion and
a high selectivity for NO formation (ca. 700 ppm, i.e., 70%
yield).

We conclude from these experiments that Rh and Pt
are fundamentally different in the way they interact with
NH3/CO mixtures. A crucial feature of the Rh is that it
seems to be able to differentiate between NH3 and CO so
that the NH3 is selectively oxidized, with respect to CO,
even in the presence of excess of CO. Subsequently, the
NO/CO or NO/NH3 reactions, or a combination of both,
can account for the high selectivity to N2. This was con-
firmed by examining the activity of the 2% Rh–Al2O3 cata-
lyst for the reduction of NO by a combination of CO and
H2 under rich conditions (1000 ppm NO, 1.02% CO, 0.68%
H2, 0.275% O2, data not shown). In this case the NO/CO/H2

reaction was found to be facile, with 100% NO conversion
to N2 observed at T≥ 210◦C, in agreement with previously
published data (24, 35, 37, 38). Thus, we conclude that the
oxidation of NH3 to NO, rather than the reduction of NO

by CO, H2, and/or residual NH3, is the limiting factor in our
coupled reaction method.
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FIG. 3. NH3-to-N2 conversion profiles for the O2 lean combustion of
simulated biogas over 1% metal–Al2O3 catalysts (1000 ppm NH3, 0.275%
O2, 1.02% CO, 0.68% H2, balance He). j, Ag; d, Cu; +, Ir; ., Pd; r, Pt;
m, Rh.

To follow up the observed differences in performance be-
tween Rh and Pt we have examined other supported metal
catalysts. Fig. 3 shows that quantitative production of N2

was possible using the coupled reaction method with Rh-
or Ir-based materials. Conversely, N2 yields over Pt- and Pd-
based materials were low, while Cu gave an increasing yield
at higher temperatures and Ag produced ca. 50% N2 at 400–
475◦C. Clearly, Ir has properties comparable to those of Rh
whereas Pd is similar to Pt. This may reflect the inherent
affinity of Rh and Ir for CO, compared with Pt or Pd, with
a concomitant tendency for dissociative adsorption.

MS analysis of the reaction over 1% Rh–Al2O3 (Fig. 4)
corroborates the NOx results regarding NH3 conversion
(traces ., Fig. 4a and 4b without NO formation (trace m,
Fig. 4b). Analysis of the data also revealed a complex inter-
play between CO, H2, and O2. For example, initial H2 com-
bustion increased in the region from 450 to 525◦C before
decreasing. Significantly the sharp decrease in H2 combus-
tion, starting at ca. 525◦C, occurred simultaneously with the
onset of NH3 conversion, suggesting there is competition
between H2 and NH3 for the available O2. Conversely, the
initial amount of CO2 produced was approximately equal
to that of H2O below 500◦C but increased markedly at
T> 500◦C. The low-temperature feature is ascribed to a
combination of CO oxidation and CO disproportion (39),
and the high-temperature reaction to the oxidation of CH4

(see below) and reduction of CO by NO, the latter being
formed from NH3 oxidation. Finally, above 525◦C, the curve
for m/z 16 (CH4/80% of NH3, trace .) revealed a temper-
ature response different from that for m/z 17 (NH3), this
difference being ascribed to methanation of CO-derived

◦
species by H2 with a distinct maximum at 600 C. Again it
should be noted that onset of CH4 formation, i.e., the prefer-
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ence of H2 for CO-derived species rather than for oxidation
by Oads, occurred at the same temperature as the onset of
N2 formation.

Temperature-Programmed Studies

To further examine the role of competitive adsorption in
biogas oxidation, temperature-programmed studies were
performed (Figs. 5–7). These may be summarized as fol-
lows. First, it was found that the adsorption and reactivity of
NH3 were strongly influenced by the presence of O2. Thus,
in TPO (Fig. 5, filled symbols) there was concomitant pro-
duction/desorption of N2, N2O, and NO at ca. 300◦C, con-
sistent with the proposed iSCR (8–10, 26–32). Conversely,
in TPD (reducing conditions) (Fig. 5, open symbols) there
was no production/desorption of NO or N2O over the entire
temperature range and N2 production was lower with a des-
orption maximum some 75◦C higher. These observations

FIG. 4. Conversion profiles for the O2 lean combustion of simulated
biogas over 1% Rh–Al2O3 (1000 ppm NH3, 0.275% O2, 1.02% CO, 0.68%
H2, balance He). (a) Major products: j, m/z 44; 5, m/z 28; r, m/z 18;

., m/z 17; d, m/z 16; s, m/z 2. (b) Minor products: e, m/z 32; m, m/z
30 ∗ 10; ., m/z 17; d, m/z 16.
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FIG. 5. Temperature-programmed oxidation/desorption from 2%
Rh–Al2O3. (catalysts dosed at 100◦C with either 1000 ppm NH3 or
1000 ppm NH3, 0.275% O2, balance He and ramped in He or 0.275% O2 in
He). h, m/z 44/N2O (TPD); s, m/z 30/NO (TPD); 4, m/z 28/N2 (TPD);
5, m/z 17/NH3 (TPD); j, m/z 44/N2O (TPO); d, m/z 30/NO (TPO);
m, m/z 28/N2 (TPO); ., m/z 17/NH3 (TPO).

are consistent with a process in which NH3 reacts with the
limited amount of O2 on the catalyst (26–30).

The adsorptive properties of the 2% Rh–Al2O3 were
completely altered by the presence of CO and H2 during
dosing (Fig. 6), with these changes paralleling the differ-
ences seen in steady-state kinetic studies. Hence when CO
and H2 were present during dosing, NO was not detected
over the entire temperature range, consistent with the pref-
erential reduction of the catalyst by CO or H2 and the con-
sequent blocking of the “typical” iSCR process for the for-
mation of N2.

FIG. 6. Temperature-programmed desorption of CO/H2/NH3 mix-
ture from 2% Rh–Al2O3 (catalyst dosed at 100◦C with 1000 ppm NH3,
1.02% CO, 0.68% H , balance He). h, m/z 44/N O/CO ; s, m/z 30/NO;
2 2 2

4, m/z 28/CO/N2;5, m/z 17/NH3.
OUTHWARD

The possible blockage of some of the Rh surface by CO-
derived species was further investigated by TPR analysis
of catalysts removed from the reaction (ex-reactor cata-
lysts). Separate samples of 1% Rh–Al2O3 were used to cata-
lyze the NH3/CO/H2/O2 reaction (1000 ppm NH3, 5.1% CO,
3.4% H2, 0.26% O2) at 400, 615, and 750◦C. Effluent analy-
sis after 1 h on-line gave NH3 to N2 yields of ca. 5, 25, and
98%, respectively. The samples were then cooled to 200◦C
in a He purge and subsequently heated in flowing H2 (5%
in He) and the production of CH4 was monitored, giving
the results shown in Fig. 7a.

For the ex-400◦C reaction case, substantial amounts of
CH4 were recorded in peaks at 440 and 500◦C. However,
for the ex-615◦C case the lower-temperature features in the
TPR were lost and the high-temperature CH4 peak was sig-
nificantly reduced in size, while the ex-750◦C sample exhib-
ited no CH4 production. The presence of a C-containing

FIG. 7. Temperature-programmed reduction of 1% Rh–Al2O3 and
1% Pt–Al2O3 ex-NH3/CO/H2/O2 reaction (1000 ppm NH3, 0.26% O2,
5.1% CO, 3.4% H2, balance He). (a) CH4 peaks: s, Rh ex 400◦C; 4,
Rh ex 615◦C; h, Rh ex 750◦C; d, Pt ex 400◦C; m, Pt ex 615◦C. (b) H O
2

peaks: s, Rh ex 400◦C;4, Rh ex 615◦C; h, Rh ex 750◦C; m, Pt ex 615◦C.
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species was corroborated by TPO of an ex-615◦C cata-
lyst which exhibited a corresponding CO2 peak at approxi-
mately 500◦C (not shown). Collectively these results show
that the surface of the Rh is modified in the presence of
CO, probably through the deposition of Cads, to the extent
that oxidation of NH3 can occur selectively even under fuel-
rich conditions. This seems to be key to the success of our
methodology with Rh (and Ir) catalysts. The Rh results are
in marked contrast to those obtained with the 1% Pt–Al2O3

catalyst.
Analysis of H2O production during TPR (Fig. 7b) also re-

flected the differences between the three Rh samples, with
the ex-615 and ex-750◦C materials exhibiting only small
high-temperature H2O peaks, consistent with dehydroxy-
lation of the Al2O3 rather than reduction of O-containing
species as seen ex-400◦C. Thus it is clear in these cases that
there is a gradual loss of CO(ads)-derived species with tem-
perature. Moreover, the data suggest that these moieties
are removed via a two-stage process giving first H2O and
second CH4, identical to the trends observed during rich
NH3 oxidation (Fig. 4b). Conversely for 1% Pt–Al2O3 all
the H2O profiles were identical (Fig. 7b shows ex-615◦C).

Comparison of the H2/NH3/O2 and CO/NH3/O2 Reactions

The earlier results suggest that a Cads-type species on
Rh (or Ir) could be important in controlling the reactiv-
ity. Consequently, under similar fuel-rich conditions, where
CO is replaced by H2, we might expect to see different
results. Therefore, we compared the performance of 1%
Rh–Al2O3 in the NH3/H2/O2 and NH3/CO/O2 reactions.
The results are summarized in Fig. 8. In the case of the
NH3/CO/O2 reaction, full NH3 conversion, with 100% se-
lectivity to N2 (determined via NOx analysis), is attained at
ca. 550◦C, some 150◦C lower than the temperature required
in the NH3/H2/O2 case. Moreover, it was found that while
increasing CO levels to 2% somewhat suppressed activity
(100% NH3 to N2 at 600◦C), further increases in CO con-
centration to 4 and 8% had no appreciable impact on activ-
ity. These results are broadly comparable to those obtained
in the switching experiments (Fig. 2) if we take account of
the lower Rh concentration and the detrimental effects of
CO adsorption below the light-off temperature (ca. 275◦C),
which result in partial poisoning of the catalyst.

The presence of CO-derived species was also found, at
least on a temporary basis, to promote the activity of the Rh
catalyst in the H2/NH3/O2 reaction. Figure 8 also compares
the activities of fresh 1% Rh–Al2O3 and 1% Rh–Al2O3

after pretreatment in an NH3/CO/H2/O2 mixture (1 h at
400◦C, 1000 ppm, 5.1%, 3.4%, 0.275%). Hence at 400◦C
it was noted that both NH3 conversion and N2 production
post-CO exposure were higher (cf. traces n for fresh, m for
ex-CO), with quantitative analysis by chemiluminescence
giving values of 29 and 6% N , respectively. However as
2

the temperature of the reaction increased the activities of
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FIG. 8. MS profiles for the NH3/H2/O2 and NH3/CO/O2 reactions
over 1% Rh–Al2O3 (1000 ppm NH3, 0.275% O2, 1% H2 or CO, balance
He). Fresh catalyst ex NH3/H2/O2: 5, m/z 16/NH3, 4, m/z 28/N2. Aged
catalyst ex NH3/H2/O2 (aged in 1000 ppm NH3, 5.1% CO, 3.4% H2, 0.275%
O2 at 400◦C for 1 h): ., m/z 16/NH3; m, m/z 28/N2. Fresh catalyst ex
NH3/CO/O2 ×, m/z 16/NH3.

the samples converged, as might be expected due to loss of
adsorbed C-containing species (see Fig. 8).

In contrast, H2 has a major negative effect on the NH3-
to-N2 reaction. Thus when trace amounts of H2 (500 ppm)
were introduced into the NH3/CO/O2 system (1000 ppm
NH3/4% CO/0.275% O2 at 450◦C) after 180 s, Fig. 9 shows
that there are corresponding increases in the signals at m/z
2, m/z 18, and m/z 17, consistent with the increased level
of H2 in the system and increased water production from
H2 oxidation. However, this results in a corresponding de-
crease in the combustion of NH3 due to O2 depletion and a

FIG. 9. Effect of H2 (500 ppm) on the activity of 1% Rh–Al2O3 in the
NH3/CO/O2 reaction at 450◦C (1000 ppm NH3, 4% CO, 0.275% O2). 5,

m/z 2; s, m/z 17; h, m/z 18 (∗5); j, NH3 to N2 from NOx analysis (onY2
axis).
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decrease in N2 production, as corroborated by NOx analy-
sis. When the H2 is switched off (seen as a spike in trace j)
the catalyst recovers its activity over 60 s, suggesting that
a CO-derived species can accumulate on the Rh surface
again on this time scale.

Mechanistic Aspects: A Comparison of NO/NH3,
CO/NO, and NH3 Decomposition Reactions

Examination of the possible pathways for N2 production
from NH3 oxidation indicates that there are four possible
pathways to N2 production within the system. These fall into
two classes. The first is a the coupled oxidation–reduction
route in which NO is formed from NH3 and subsequently
reduced by (i) NH3, (ii) CO, or (iii) H2, and the second is
NH3 decomposition. To determine the major pathway of
N2 production we have compared the rates of these various
reactions, giving the results summarized in Fig. 10. These
data indicate that the NO/CO reaction is most kinetically
favored in the absence of competing reactions. Moreover,
the negative impact of competing reactions is reflected in
the total suppression of NH3 decomposition activity in the
presence of CO/H2 (trace e) and the findings obtained in
NH3 temperature-programmed studies in the presence or
absence of fuel (Fig. 6).

To further quantify the effect of CO modification of the
Rh surface a series of 1% Rh–Al2O3 catalysts were pre-
treated for 15 min in 1% CO at 300◦C, purged for 45 min
in He, and then exposed to 1000 ppm NH3 in the presence
of O2 or NO, at a range of concentrations at 300◦C, and
the N2 production (normalized to the activity of a clean 1%
Rh–Al2O3, to account for NH3 adsorption and decomposi-

FIG. 10. Comparison of CO/NO, NH3/NO, and NH3 decomposi-
tion reactions over 1% Rh–Al2O3. h, N2 production from the reaction
of 1500 ppm NO/5000 ppm CO; s, N2 production from the reaction of
1500 ppm NO/1000 ppm NH3; 4, N2 production from the reaction of

1000 ppm NH3 in He; e, N2 production from the reaction of 1000 ppm
NH3, 5.35% CO, 3.56% H2 in He.
OUTHWARD

FIG. 11. (a) Normalized N2 production profiles from the reaction of
1000 ppm NH3+ oxidant (O2 or NO as indicated) over a CO-treated 1%
Rh–Al2O3 catalyst at 300◦C. ∗, Oxidant-free, i.e., NH3, decomposition;
s, 100 ppm NO; 4, 756 ppm NO; 5, 1000 ppm NO; j, 756 ppm O2;
d, 7550 ppm O2. (b) Total product profile from the reaction of 1000 ppm
NH3+ 756 ppm O2 over a CO-treated 1% Rh–Al2O3 catalyst at 300◦C.
h, m/z 44 (CO2); s, m/z 30 (NO); 4, m/z 28 (N2); 5, m/z 18 (H2O); r,
m/z 17 (NH3).

tion activity) and total product spectrum monitored. These
analyses are summarized in Figs. 11a and 11b.

The data confirm the detrimental effect of COads-derived
species on NH3 decomposition activity (trace ∗, Fig. 11a),
confirming that even in the absence of co-fed fuel com-
ponents decomposition is unlikely to make any significant
contribution to N2 production. Similarly the activities of all
samples showed an initial induction period of lower activity
before recovering slowly to the steady-state activities. Sig-
nificantly, this behavior is most pronounced for the 100 ppm
NO, i.e., at the lowest oxidant concentration. Thus we have
ascribed these profiles to a two-step process in which there
is a dominant initial reaction between the oxidant and ad-
sorbed CO-derived species, followed subsequently by the
3

oxidant.
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This premise is clearly illustrated in Fig. 11b, for the reac-
tion of 1000 ppm NH3 and 756 ppm O2. On switching in the
gas (at 180 s) there is an immediate decrease in NH3, due
to both adsorption and oxidation, but in addition there is
a marked CO2 production which decreases with time. Sig-
nificantly, the CO2 profile shows two distinct components,
an initial peak followed by slower exponential decay. In ad-
dition, comparison of the CO2 profile with NO production
(Fig. 11b, traces h and s, respectively) shows NO is not
produced for some 200 s postswitch, and that NO “break-
through” occurs only as CO2 is seen to follow its exponen-
tial decrease. This is consistent with the two-stage removal
process for COads: the first an initial, rapid oxidation by O2

and the second via a CO+NO reaction, with the NO being
produced in situ from NH3 oxidation. This premise is cor-
roborated by an examination of the N2 production profile
(Fig. 11b, trace n), which also shows an initial peak (some
40 s after the CO2 peak) before decreasing to steady state,
concomitant with increasing NO evolution due to depletion
of COads.

Given this clear modification of catalyst selectivity by CO
adsorption we then examined the effect of CO introduction
(5000 ppm) on a standard 1500 ppm NO–1000 ppm NH3 re-
action over 1% Rh–Al2O3 catalyst. Thus Fig. 12 confirms
that in the absence of fuel the Rh catalyst is capable of quan-
titative conversion of the NO–NH3 mixture into N2. Con-
versely, on introduction of CO (at 1000 s), N2 production
decreases by approximately 40% (trace m). Examination of
the respective NO and NH3 conversion profiles (traces h;
and s, respectively) indicated that while conversion of NO
remains >98%, NH3 conversion quickly decreases to zero,
consistent with the stoichiometric decrease in N2, thereby
confirming that in the presence of CO, the reduction of NO
by CO is also chemically favored.

FIG. 12. Effect of the introduction of 5000 ppm of CO on the activity
of 1% Rh–Al2O3 for the reaction of 1000 ppm NH3+ 1500 ppm NO at
◦
300 C. h, NO conversion by MS; s, NH3 conversion by MS; m, total N2

production by NOx analysis.
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DISCUSSION

The main results from this study can be summarized as
follows.

i. Conventional NH3 oxidation under lean-burn condi-
tions over precious and semiprecious metals affords high
activity but in general a low selectivity to N2. These ob-
servations are consistent with the iSCR mechanism of N2

formation (12, 13, 15, 16, 26–32). However, in the pres-
ence of fuel components (CO and H2) this mechanism is
inhibited due to competition for the active surface between
NH3 and particularly CO (cf. Figs. 5 and 6). In addition the
exotherm of fuel combustion increases the catalyst tem-
perature, which increases the rate of NO formation (Fig. 1
and (14, 16)), further limiting the effectiveness of the iSCR
reaction.

ii. The amount of NOx observed from the oxidation of
NH3 can be reduced, or even eliminated, when using Rh-
or Ir-based catalysts in the presence of CO, H2, or a com-
bination of CO and H2 but only under rich conditions. The
data obtained (Figs. 2, 9, and 11) are consistent with the
following process:

yNH3 + xO2 → {N2 +N2O+NO} + zH2O, (a)

2NO+ 2CO→ N2 + 2CO2, (bi)

and/or
2NO+ 2H2 → N2 + 2H2O, (bii)

and/or
3
2 NO+NH3 → 5

4 N2 + 3
2 H2O. (biv)

Figures 3, 4a, 4b, and 8 indicate that step (a) is the limiting
one, both kinetically (cf. Figs. 3 and 10) and chemically,
because all catalysts facilitated the NO/CO reaction (data
not shown), but Pt and Pd could not activate NH3 under
rich conditions. Moreover, the presence of oxygen is critical
for N2 formation over Rh and Ir catalysts in the presence
of fuel components, because NH3 decomposition does not
occur under rich conditions (Fig. 10).

iii. Comparison of the NH3/CO/O2, NH3/H2/O2, and
NH3/CO/H2/O2 reactions (Figs. 8 and 9) shows reaction effi-
ciency to be fuel dependent in the order CO only>H2 only
>CO/H2 mixture. In addition it has been found that while
CO partial pressure has only a mild inhibitory effect with
respect to N2 formation in the NH3/CO/O2 reaction and
COads a minor promoter effect in the NH3/H2/O2 case, the
presence of even trace concentrations of H2 in the NH3/
CO/O2 can result in a marked decrease in NH3 conversion/
N2 yield (Fig. 9). This is ascribed to H2 acting as a scav-
enging species, which, under certain conditions, removes
all available O2 from the system (see below).

iv. The N2 selectivity of catalysts is related to the surface

state of the precious metal under rich reaction conditions.
The use of O2 as the limiting component in the reaction
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controls the reaction exotherm but also establishes com-
petition between the three reductants, with the different
species displaying temperature-dependent oxidation selec-
tivity, e.g., for 1% Rh–Al2O3 (see Figs. 4a and 4b):

2H2 +O2 → 2H2O T > 450◦C but T < 525◦C,

2CO+O2 → 2CO2 T < 450◦C and T > 525◦C,

2NH3 + 5
2 O2 → 2NO+ 3

2 H2O T > 525◦C.

v. Under the reducing conditions employed, catalyst ac-
tivity is not limited to oxidation and there is evidence for
methanation and CO disproportionation (Figs. 4a and 4b).
This accounts for the higher than expected conversions of
fuel components under reaction conditions. The presence
of COads and Cads species on active catalysts is supported by
TPD, TPR, and TPO data (Figs. 4a, 4b, 6, 7a, and 7b) where
corresponding peaks in H2O, CH4, CO, and CO2 were evi-
dent. This premise of atomic-type C species, derived from
CO, is also consistent with the recent XPS studies of Rh-
based catalysts by Mullins and Overbury (39).

vi. Investigation into the dominant pathway for N2 pro-
duction confirms that the initial, and limiting, step of the
process is NH3 oxidation to NO followed by its subsequent
reduction. In terms of a power rate expression this latter
step may be described as

rate of N2 formation = k(NO)a(CO)b + k′(NO)c(NH3)
d

+ k′′(NO)e(H2)
f.

Based on the data obtained (Fig. 10) it is apparent that
in the absence of competing reactions the NO/CO reaction
is kinetically favored. In addition, when we note the com-
plete suppression of the NH3/NO reaction by CO (Fig. 12),
it is clear that under the conditions employed in this study
the CO/NO reaction is both chemically and kinetically pre-
ferred.

From the above summary it is evident that the state of the
adsorbed species on the catalyst surface is modified in situ
under reaction conditions by interaction with the gaseous
components of the feedstream. It is the nature of these
modifications that determines whether or not the catalyst is
active in the coupled NH3 to NOx to N2 reaction. We have
attempted to summarize these processes in Fig. 13. This en-
ables one to contrast the Rh- or Ir-based catalysts with Pt,
Pd. The former materials accumulate COads (or Cads) dur-
ing “lower”-temperature operation, this process being fur-
ther facilitated by the low O2 partial pressure (Fig. 13, state
ii). This initially results in a partial poisoning of the metal
particle for the direct combustion of CO and H2. Then, as
the temperature increases H2 reacts first with the O of the
COads to give Cads+H2O (cf. Figs. 4a, 4b, and 7a) and sub-
sequently with the Cads itself to produce CHXads. However,

this species can react with O2(g) to produce H2O and “regen-
erate” the original Cads site. Hence under these conditions
OUTHWARD

FIG. 13. Model showing the temperature dependence of the surface
states and related reaction sequences for catalysts for the selective con-
version of NH3 to N2 in simulated biogas.

an equilibrium is established between the CHXads and Cads

states of the adsorbed carbon with the concomitant scav-
enging of all available O2 in the system; this corresponds to
Fig. 13, state iii.

This equilibrium explains the inhibition of the NH3/CO/
O2 reaction by trace levels of H2 on a partially “cleaned”
surface (TPR—Figs. 7a and 9) and the comparative insen-
sitivity of the NH3/CO/O2 reaction to increased levels of
CO. However at higher temperatures the rate of the Cads-
mediated H2/O2 reaction is exceeded by that of the direct re-
action between Cads and H2, which results in the gasification
of the carbonaceous species as CH4 (Figs. 4b and 7a; Fig. 13,
states iv and v). This process has two important and simul-
taneous consequences. First, the metal surface is “cleaned”
of poisoning carbonaceous moieties, returning it to a fully
active state, consistent with the findings of Wild et al., who
found that H2 treatment of coked Rh catalysts at 210◦C re-
moved all carbon deposits while the equivalent treatment
of Pt yielded no such removal (40). Second, the gasification
removes the carbon-modified active site responsible for the
scavenging of O2 by H2 as outlined previously. This enables
the NH3 to compete for the available O2 on the clean Rh or
Ir surface to produce NOx, which in turn is reduced by the

CO to N2, as shown in Fig. 13, state v. Finally it should be
stressed that once this cleaning process is complete there
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is little or no subsequent alteration of the active surface,
i.e., further coking. Indeed, previous data have shown that
>99.5% conversion of NH3 to N2 is possible at high CO/H2

levels, in the presence of steam for >5 h (14).
In the case of the unselective catalysts (Pt–Al2O3 and Pd–

Al2O3) no equivalent processes are observed, again consis-
tent with the findings of Wild et al. (40). At all temperatures
NH3 and CO conversions are low, and H2 conversion is
correspondingly high. These results for catalysts known to
have high CO–NO indicate that they exhibit low N2 yields
because they are unable to selectively activate NH3 under
rich conditions because all the O2 in the system reacts in
the H2+O2 reaction.

CONCLUSIONS

The selective oxidation of NH3 to N2 in simulated biogas
is possible using Rh- and Ir-based catalysts under O2-limited
conditions. These materials display quantitative conversion
of NH3 to N2 by a coupled NH3 oxidation to NO and subse-
quent NO reduction by CO. The key to the success of this
methodology is the ability of Rh and Ir to facilitate prefer-
ential oxidation of the trace concentrations of NH3 present
in the large excess of fuel. This arises due to the balance of
interrelated reactions between CO, H2, O2, and NH3 which
result in the in situ modification of the catalyst surface.
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Catal. B 20, 319 (1999).
11. European Patent 0706 816 A1, assigned to Haldor Topsoe.
12. Amblard, M., Burch, R., and Southward, B. W. L., Appl. Catal. B 22,

L159 (1999).
13. Amblard, M., Burch, R., and Southward, B. W. L., Catal. Today 59,

365 (2000).
14. Burch, R., and Southward, B. W. L., British Patent Application

98238879.3 (1998); Burch, R., and Southward, B. W. L., Chem. Com-
mun., 703 (2000).

15. Burch, R., and Southward, B. W. L., Chem. Commun., 1475 (1999).
16. Burch, R., and Southward, B. W. L., J. Catal. 195, 217 (2000).
17. Mojtahedi, W., and Abbasian, J., Fuel 74, 1698 (1995).
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