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The low-temperature selective oxidation of NH3 to N2 in simu-
lated biogas containing a large excess of CO and H2 has been exam-
ined using a novel NH3 and a standard NOx trapping catalyst. The
N2 selectivity during NH3 oxidation at 200◦C for a 1%Pt–20%BaO–
Al2O3 NOx trapping material, with typical lean/rich switches, was
initially good (>90%) but decreased markedly over a small number
of cycles. In contrast, the N2 yield obtained using a novel NH3 trap-
ping material (1%Pt–20%CuO–Al2O3) with rich/lean fuel switch-
ing exceeded 95% and was stable over many switching cycles, while
an unmodified 1%Pt–Al2O3 catalyst displayed poor N2 selectivity
under all conditions. The data obtained from probe reactions be-
tween the various potential adsorbates and gaseous species of the
reaction indicate that the N2 yields obtained from the 1% Pt–20%
CuO–Al2O3 catalyst are formed via an Internal Selective Catalytic
Reduction (iSCR) between NHx species adsorbed on the trapping
component and NO formed from NH3 total oxidation on the Pt
during the lean cycle of operation. For the 1%Pt–20%BaO–Al2O3

catalyst, NOx, formed during lean operation, is reduced to N2 in the
rich cycle by a combination of reactions with NH3, CO, and H2. The
use of a hybrid catalyst, based upon a combination of iSCR and NOx

trapping processes, gave a peak N2 yield of>95% and an integrated
N2 production over the entire rich/lean cycle of 75%. These results
reflect the potentially dramatic improvements possible by rational
design of catalyst systems based upon a fundamental knowledge of
the processes involved. c© 2000 Academic Press
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tegrated over the annual growing cycle. Thus attempts have
1. INTRODUCTION

The potential climatic problems engendered by anthro-
pogenic CO2 emissions have been widely debated and it is
now accepted that fossil fuels must be replaced by greener
sources of energy (1–3). This has prompted widespread re-
search into solar energy, wind and wave power, geothermal
energy, fuel cell technology, and renewable energy sources
(3–7). Biomass is of particular interest as a sustainable en-
ergy source as it is neutral with respect to CO2 emissions in-
1 To whom correspondence should be addressed. E-mail: b.w.l.
southward@qub.ac.uk.
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been made to harness gasified biomass (biogas), produced
from partial oxidation/pyrolysis of bio-solids, for combined
heat and power generation (CHP) (5–20). The fuel compo-
nent of this “biogas” comprises about 9.8–17.2% CO, 9.8–
13.2% H2, and additional light hydrocarbons, e.g., CH4 (5).

However, a major problem with biogas is that it also
contains significant quantities of NH3 (600–4000 ppm) pro-
duced from biogenic nitrogen (5). This NH3 is a particular
challenge since its combustion in a conventional burner re-
sults in the formation of significant amounts of environ-
mentally harmful nitrogen oxides (NOx) (21–24). Meth-
ods to overcome this problem have ranged from selective
catalytic oxidation (8, 9, 11–18) and NH3 decomposition
(19, 20) to tail gas treatment (25–27) and water scrubbing
(28). Selective catalytic combustion appears to be an at-
tractive means of overcoming this problem as it does not
require expensive secondary reactors (as in tail gas treat-
ment) or produce large volumes of waste by-product (as
in water scrubbing). Unfortunately to date the selectiv-
ity for the oxidation of NH3 to N2 is unsatisfactory, typi-
cally<70%, and significantly below the desired target level
(8, 9, 11, 12, 18).

Conversely, as indicated, NH3 is widely used industrially
to reduce NOx emissions by the Selective Catalytic Reduc-
tion process (SCR) (21, 25–27) following

NH3 +NO+ 1/4 O2 → N2 + 3/2 H2O. [1]

Indeed it has been previously demonstrated that the se-
lective oxidation of NH3 to N2 over heteropoly acids and
various Al2O3-supported oxides occurs via a similar mech-
anism, namely the internal (or in situ) SCR (iSCR) (13–16,
29–33). In this process a significant proportion of the NH3

is oxidised to NOx. However, this is then subsequently re-
duced by the remaining NH3 to give N2 in a highly selective
reaction with yields in excess of 90%, significantly higher
than has been reported in previous studies (8, 9, 11, 12, 18).
This observation is consistent with the findings of Il’chenko
and Golodets (29, 30) who suggested that N2 formation
occurs via the condensation of an imide (NH) and a nitroxyl
7
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(NHO). Moreover, the use of heteropoly acids (HPAs) in
biogas clean up has illustrated that a catalyst, which coupled
a strong Brønsted acid site with a redox centre, can facil-
itate adsorption and specific reaction of NH3 to N2 (13).
This concept has been further extended to acidic zeolites,
which also showed high N2 yields, suggesting that the iSCR
reaction may be a generic mechanism for the production of
N2 from NH3 (16).

We have also recently demonstrated that N2 may be
formed in quantitative yield during biogas oxidation by tak-
ing advantage of a different mechanism, namely the coupled
NH3 oxidation/CO/H2–NOx reduction process (17). An
important feature of this approach was the combination
of process control, namely O2 limitation, with a highly se-
lective catalyst which preferentially oxidises NH3 to NOx

even in the presence of a large excess of CO and H2.
Unfortunately a limitation exists for reactions based

upon either of these novel strategies because temperatures
above 600◦C are required. Thus a remaining challenge is to
obtain high N2 yields at much lower temperatures. In or-
der to achieve this we have again combined the iSCR with
process control to facilitate conversion of NH3 to N2 in bio-
gas oxidation at low temperatures. This has been achieved
by developing novel trapping catalysts which are operated
in a cyclic mode with periodic switching between lean and
rich (oxidising and reducing) conditions (34), in a similar
manner to that employed in conventional NOx trapping
emission control catalysts (21, 35–38). This paper describes
this new class of materials and compares the efficiency of
N2 production via the iSCR and NO reduction reactions
under cyclic operating conditions.

2. EXPERIMENTAL

The catalysts were prepared by sequential incipient wet-
ness impregnation of Al2O3 (CK300, Criterion Catalysts,
BET 190 m2 g−1, dried at 120◦C for 14 h) with the required
concentration of precursor: BaNO3 99%, CuSO4 · 5H2O
98% ex Aldrich and PtDNDAaq ex Johnson Matthey
(2.28% Pt). After each impregnation the sample was dried
in ambient air for 14 h, and then at 120◦C for 24 h prior to
calcination at 700◦C for 6 h in static air.

All reactions were performed using 60 mg of sample in
a conventional atmospheric pressure microreactor unit de-
scribed previously (14). The reaction mixture was regulated
by independent mass flow controllers giving the required
gas compositions at a total flow of 300 cm3 min−1 (equivalent
to a gas hourly space velocity (GHSV) of ca. 240,000 h−1).
All gases were supplied by BOC (60 : 40 CO : H2, 1%O2/He,
20% O2/He and 7000 ppm NO/He), except the 1% NH3 in
He, which was supplied by Air Products. All gases were used
without further purification. Product analysis was by mass

spectrometry (Hiden DSMS with appropriate corrections
for m/z overlaps) with NOx emissions and residual NH3
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levels being confirmed using an external oxidation reactor,
with independent O2 supply, coupled to a NOx chemilumi-
nescence detector (Signal series 4000 with data logging at 1 s
intervals using Signal SIGLOG). Switching between lean
and rich conditions was achieved using a pressure balanced
3-way valve to switch the oxidant from 20% O2/He to 1%
O2/He. In all cases N2 yield from NOx readings is defined
as 100 ∗ ((NH3 in–NH3out)/NH3in), in the absence of any
other N-containing product as determined by MS.

The interaction of adsorbates was examined by dosing
60 mg of sample with the required gas(es) in He for 15 min.
The reactor was then purged for a further 15 min, prior
to introduction of the second reaction mixture, as detailed
in the text. The products formed were analysed by both
MS and NOx analysis and the total flow at all stages was
300 cm3 min−1. All temperature programmed desorptions
and reactions were performed using 60 mg of catalyst at a
ramp rate of 10◦C min−1 and total flow of 300 cm3 min−1.
Product analysis was again by a combination of MS and
chemiluminescence.

3. RESULTS

(1) Initial Microreactor Trials

Figure 1 illustrates the N2 production profiles for the
1%Pt–20%CuO–Al2O3 (PtCu), 1%Pt–20%BaO–Al2O3

(PtBa), and 1%Pt–Al2O3 (Pt) catalysts in the selective ox-
idation of NH3 in a dilute fuel mixture (1.02% CO, 0.68%
H2) under lean steady state and cyclic operation (45 s lean/
15 s rich). These data illustrate a clear beneficial effect
of the promoter on N2 selectivity even under steady state

FIG. 1. Comparison of N2 production from the selective catalytic
oxidation of NH3/CO/H2 over (d) 1% Pt 20% CuO/Al2O3, (n) 1%Pt
20%BaO/Al2O3, and (h) 1%Pt/Al2O3 at 200◦C (1000 ppm NH3, 1.02%
CO, 0.68% H2, with either 2.05% O2 (lean) or 0.1% O2 (rich), balance

He). Key: i, lean steady state operation; ii, cyclic operation 15 s rich/45 s
lean; iii, final operation lean.
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FIG. 2. Comparison of N2 production from the selective catalytic
oxidation of NH3/CO/H2 over (d) 1% Pt 20% CuO/Al2O3, (n) 1%Pt
20%BaO/Al2O3, and (h) 1%Pt/Al2O3 at 200◦C (1000 ppm NH3, 5.1%
CO, 3.4% H2, with either 9.3% O2 (lean) 0.5% O2 (rich), balance He).
Key: i, lean steady state; ii, cyclic operation 30 s rich/30 s lean; iii, final
operation lean.

conditions, with increases in N2 production from ca. 5%
for the Pt case to 94 and 87% for the PtCu and PtBa, re-
spectively. For the latter two samples the N2 selectivity was
further enhanced by oxidant cycling giving peak N2 yields
of >99% in both cases. Note that for the PtCu catalyst, N2

selectivity did not return immediately to the expected lean
steady state value when switching was ceased but instead
declined slowly over some 500 s to the original value. The Pt
catalyst initially exhibited a high apparent NH3 to N2 con-
version. However, this was found to be an experimental
artefact and is only due to NH3 adsorption: the true steady
state N2 yields were low (ca. 5%). In addition there was
very little benefit observed when oxidant cycling was ap-
plied, again in marked contrast to both the PtCu and PtBa
materials.

These experiments were performed with relatively low
concentrations of the main fuel components (CO and H2).
We have previously shown that increasing the fuel concen-
tration in the reaction mixture can result in a dramatic sup-
pression of N2 selectivity (39). This was again apparent in
the activities of the promoted catalysts in a fuel mix contain-
ing higher concentrations of CO and H2 (5.1% CO, 3.4%
H2, Fig. 2). Indeed for the PtCu sample the lean steady state
N2 yield declined from>90% (see Fig. 1) to essentially zero.
However, as reported elsewhere (34), N2 production could
be restored by using cyclic conditions to give a peak yield
of >97% N2. Taking into account the minimum recorded
during the lean phase, this material produced an average
N2 yield of ca. 60%, which, moreover, was stable through-
out the whole period of the experiment. This behaviour is

in marked contrast to that observed with both the Pt and
PtBa materials. With the former there was a small increase
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(ca. 5% vs 8%) in steady state N2 production compared to
the reaction using the dilute feed, and this may possibly be
due to NO–CO or NO–H2 reactions. Once again the ben-
efit of oxidant cycling was quite small for the Pt material,
with N2 production increasing from the steady state level
to a maximum of some 15%, and even this small yield de-
creased with repeated cycling.

Similarly, while the activity of PtBa showed a marked en-
hancement initially during cycling (8% N2 at steady state
vs 94% by cycling), the yield of N2 was found to decrease
rapidly with cycle number. Hence after only 7 lean/rich cy-
cles peak N2 production was reduced to only 53%.

Upon returning the catalysts to steady state conditions it
was noted that while both the Pt and PtBa samples exhib-
ited NOx desorption phenomena (resulting in an apparent
negative N2 production), the PtCu sample had a higher rate
of N2 production (ca. 8%) compared to the original value,
i.e., comparable to the activity of the Pt or PtBa samples.

Additional information on the effect of cyclic operation
was obtained from the analysis of all the reactants and prod-
ucts by MS. For the PtCu sample Fig. 3 shows the effect of
changing from lean steady state to O2 starvation conditions.
Thus, under steady state lean conditions there was full com-
bustion of the CO and H2 with an associated exotherm of
>45◦C (as measured by an in-furnace thermocouple).
Similarly, 100% NH3 conversion was also observed but only
at the expensive of N2 selectivity since NO was produced al-
most exclusively, in agreement with the NOx chemilumines-
cence results (see Fig. 2). However, upon switching to rich
conditions, combustion essentially ceased and the break-
through of CO and H2 was apparent. Conversely, while NO
production was similarly curtailed (Trace n), NH3 break-
through was not observed (Trace r). Unfortunately, due to
the overlap of the MS signals for CO2/N2O (mz 44) and

FIG. 3. Full MS conversion profiles from the selective catalytic oxi-
dation of NH3/CO/H2 over 1% Pt 20% CuO/Al2O3 under cyclic operation
at 200◦C (1000 ppm NH3, 5.1% CO, 3.4% H2, with either 9.3% O2 (lean)

0.5% O2 (rich), balance He). Key: h, mz 44; n, mz 30 ∗ 10; ♦, mz 18;
d, mz 28; r, mz 17 ∗ 10; j, mz 2.
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FIG. 4. Full MS product profiles from the selective catalytic oxidation
of NH3/H2 over 1% Pt 20% CuO/Al2O3 at 200◦C (1000 ppm NH3, 6.0%
H2, with either 9.3% O2 (lean) 0.5% O2 (rich), balance He). Key: i, bypass;
ii, initial reaction under lean conditions; iii, cyclic operation 30 s rich/30 s
lean; iv, final reaction lean; d, mz 17; h, mz 44; s, mz 30; n, mz 28.

CO/N2 (mz 28), neither the formation of N2O as a by-
product nor a corresponding increase in N2 production
could be determined. These results confirm the dramatic
effect on N2 selectivity of cyclic operation.

In order to be able to detect enhanced N2 production, the
PtCu catalyst was examined in a fuel stream containing only
H2–NH3–O2 (see Figs. 4 and 5). This confirmed both the
high degree of conversion/trapping of NH3 and the peaks
in N2 production during cyclic operation (Traces d and n,
respectively). Moreover, the reactivity of the sample under
steady state was found to be markedly different in the ab-
sence of CO. The exotherm was only 18◦C and, in addition,

FIG. 5. N2 production profile from the selective catalytic oxidation of
NH3/H2 over 1% Pt 20% CuO/Al2O3 at 200◦C (1000 ppm NH2, 6.0% H2,
with either 9.3% O2 (lean) 0.5% O2 (rich), balance He). Key: i, bypass;

ii, initial reaction under lean conditions; iii, cyclic operation 30 s rich/30 s
lean; iv, final reaction lean.
OUTHWARD

N2 production was not suppressed to the same extent as in
the NH3–CO–H2–O2 reaction (23% vs 0% N2), indicating
that CO-derived species were involved in the inhibition of
N2 formation. The initial activity of the catalyst was also
different with peaks at mz 28 and mz 44. Moreover, the
signal at mz 44 decreased to background levels and indeed
exhibited negative “peaks” during rich cycling, due to oxi-
dation of CO-derived species in the MS analysis chamber,
which contributes to the MS background at mz 44 only in
the presence of O2. Hence these observations confirm that
under cyclic conditions there is minimal formation of N2O.
A further point of interest is the time delay between N2 and
NO peak values, with the latter occurring some 15 s later.

(2) Hybrid Bed Trials

As noted previously while the peak N2 yields of the PtCu
catalyst were very high, the integrated activity was some-
what lower, due to NO “slip” in the lean phase of the cycle.
To address this issue we examined the activity of a hybrid
bed system which coupled the PtCu and PtBa materials,
with the role of the latter being to facilitate the reduction of
trapped NOx by CO and H2 during the rich phase. The com-
posite bed consisted of 45 mg of PtCu and 15 mg of PtBa
as a secondary bed, separated by quartz wool. The perfor-
mance of this hybrid system is illustrated in Fig. 6 (Trace r).
The results demonstrate the improved performance during
the lean part of the cycle (compare PtCu in Fig. 2). Hence
there are improvements in both the lean steady state
activity cf. PtCu (13% N2 vs 0%) and in the minima during
cyclic operation (ca. 35% N2 vs ca. 9%). These improve-
ments were also reflected in the integrated N2 yield which
increased from 60 to ca. 75% N2. Attempts to further reduce

FIG. 6. Comparison of N2 yields from the selective catalytic oxidation
of NH3/CO/H2 over hybrid 1% Pt 20% CuO/Al2O3/1%Pt 20%BaO/Al2O3

catalysts at 200◦C (1000 ppm NH3, 5.1% CO, 3.4% H2, with either 9.3%

O2 (lean) 0.5% O2 (rich), balance He). Key: r, 45 mg PtCu: 15 mg PtBa;
n, 30 mg PtCu: 30 mg PtBa.
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TABLE 1

NH3 TPD Results

PtCu PtBa Pt

NH3 Desorption max (◦C) 243 274 274
Integrated NH3 (Torr) 2.94× 10−7 1.56× 10−7 1.70× 10−7

N2 desorption max (◦C) 350 290, >625 290, 520
N2O desorption max (◦C) — 290, >625 290, 560
NO desorption max (◦C) 615 — —

NO “slip” by using 30 mg of both PtCu and PtBa (Fig. 6,
Trace n) were unsuccessful, with the activity becoming
similar to that of pure PtBa. The integrated N2 yield was
only 51%.

(3) NH3 TPD and Uptake Profiles

Based upon the kinetic measurements made using the
PtCu sample, in particular the MS analysis, it appears that
this material has a specific NH3 trapping capability, which
results in its ability to perform selective oxidation. To exam-
ine this possibility further, the NH3 adsorption/desorption
characteristics of the PtCu were examined by TPD and con-
trasted with those of the Pt and PtBa samples to determine
whether this trapping function was a generic phenomenon
or whether the PtCu has a specific activity (Fig. 7, Table 1).
This analysis revealed similar uptake and desorption prop-
erties for the Pt and PtBa catalysts consistent with adsorp-
tion on Al2O3-based Brønsted acid sites (40). In contrast,
PtCu exhibited a higher NH3 uptake/desorption and, in ad-
dition, the temperature of the desorption maximum, ca.
243◦C, was 30◦C lower than for the Pt and PtBa.

The differences between the two classes of material were
further reflected in their water and N-bearing product
profiles, which are indicators of the extent of activation/
oxidation of adsorbed NH3. Both the Pt and PtBa exhib-

FIG. 7. NH3/H2O production TPD profiles. Key: s, mz 17 Pt 20%

CuO/Al2O3; h, mz 17 1%Pt/20% BaO/Al2O3; n, mz 17 1%Pt/Al2O3;
d, mz 18 PtCu; m, mz 18 PtBa; j, mz 18 Pt.
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FIG. 8. NH3 uptake profiles for PtCu. Key: j, 1000 ppm NH3 only at
100◦C; d, 1000 ppm NH3, 5.1% CO, 3.4% H2 at 100◦C; h, 1000 ppm
NH3 only at 250◦C; s, 1000 ppm NH3, 5.1% CO, 3.4% H2 at 250◦C;
m, 1000 ppm NH3 only at 300◦C; ., 1000 ppm NH3, 5.1% CO, 3.4% H2 at
300◦C.

ited large mz 18 peaks with a maximum at ca. 310◦C, while
the PtCu sample produced less mz 18 and had a desorption
maximum of 390◦C. Moreover, an examination of the N-
containing products, arising from reduction of the oxidised
surface during the initial dosing, also reflected differences
in the sample. Hence while PtCu exhibited very small N2

production peaks (not shown in Fig. 7 for sake of clarity)
and a high-temperature NO peak, the PtBa and Pt samples
evolved multiple N2 and N2O peaks. These data are consis-
tent with the existence of a contribution to the adsorption
of NH3 (adsorption and retention of NHx type species) on
the copper component of PtCu.

However, NH3 adsorption is dependent upon other vari-
ables, particularly under reaction conditions where CO and
H2 can competitively adsorb and where the exotherm of
fuel combustion can significantly increase catalyst temper-
ature. Therefore the temperature dependence of the NH3

adsorption/desorption equilibrium was examined in the
presence of CO/H2 giving the results shown in Fig. 8 and
summarised in Table 2.

Comparison of the NH3 uptake profiles clearly shows
negative effects on NH3 adsorption. Indeed comparison of
the best and worst cases (100◦C with NH3 alone, compared

TABLE 2

Effect of Temperature and CO/H2 (8.5%) on NH3

Uptake over PtCu

Temperature (◦C) NH3 only (a.u.) NH3/CO/H2 mix (a.u.)

100 11064 9744
250 5146 4364
300 3824 3186
Note. Based upon NOx chemiluminescence data.



222 BURCH AND S

FIG. 9. Temperature profile for NH3 oxidation and desorption over
PtCu. Oxidation using 1000 ppm NH3, 6.0% O2. Key: m, N2 production
from NH3 oxidation; d, NH3 TPD.

with 300◦C with NH3 in 5.1% CO and 3.4% H2) shows that
NH3 uptake was reduced by approximately 70%. Similarly,
the uptake at 300◦C, both in the presence and absence of
CO+H2, was ca. 75% of the corresponding value at 250◦C,
while the presence of CO+H2 reduced the adsorption at
any given temperature by some 15%.

The kinetics of NH3 oxidation are also important, since
as the rate of NOx formation increases, the possibility
of NH3 adsorption is reduced. Therefore, we have exam-
ined the temperature profile for NH3 oxidation over PtCu
(Fig. 9). In contrast to previous studies (8, 9, 11, 12, 14–16,
18), the sharp “volcano”-type profile in N2 selectivity, typ-
ical of standard mono-site metal oxide iSCR catalysts, was
not evident. Instead there is a plateau corresponding to a
N2 yield of>97% from 200◦C to ca. 280◦C. However, above
these temperatures NO production increases significantly
with 32% NO being observed at 350◦C.

(4) Adsorbate Interactions

Although there is good agreement between the NH3 up-
take and TPD results regarding NHx adsorption, NH3 reten-
tion can only account for a limited amount of NH3 removal,
even under cyclic conditions. Thus this trapping must be
coupled with a secondary process to facilitate the removal
of the NHx (the N2 observed by MS in Fig. 4). To examine
the possible reactions during cyclic operation the interac-
tions between adsorbates and incoming gases on both PtCu
and PtBa were examined to try and mimic real conditions.
For example, under lean conditions the PtBa produces NOx

(Fig. 2), some of which is retained as BaNO3 (18, 35–38).
Hence exposure of this surface to rich conditions should, in
theory, produce N2. This “switch” was modelled by predos-
ing the sample with NO/O2, purging, and then introducing a

reductant (NH3 or CO/H2 or H2) while monitoring the evo-
lution of any products by MS. The integrated production
OUTHWARD

TABLE 3

Summary of Adsorbate/Gaseous Species Interaction Results

PtCu PtBa
Treatment mass: concentration mass: concentration

CO/H2, purge, NO/He mz 28: 7.34× 10−09 mz 28: 6.44× 10−08

mz 44: 2.85× 10−08

NH3, purge, NO/O2 mz 28: 3.84× 10−07 mz 28: 1.88× 10−07

mz 44: 1.68× 10−07 mz 44: 9.50× 10−08

NO/O2, purge, NH3 mz 28: 2.25× 10−08 mz 28: 1.37× 10−07

mz 30: 5.89× 10−09 mz 44: 2.07× 10−09

mz 44: 4.47× 10−09

NO/O2, purge, H2 mz 44: 3.12× 10−09 mz 28: 4.31× 10−08

mz 30: 7.36× 10−10

values for mz 28, 30, and 44 obtained from these experi-
ments are summarised in Table 3.

These results reflect very different reactivities for the two
catalysts. In the case of PtBa, mz 28 production peaks were
found to occur in all reactions between adsorbate and sec-
ondary species. Subsequent re-examination by NOx anal-
ysis confirmed the loss of NH3 or NO, consistent with N2

formation in all cases (Fig. 10 shows an example for NO
introduction to PtBa pre-dosed with CO/H2). Coincident
with N2 formation, significant levels of mz 44 production
were noted for the NO ex CO/H2, NO/O2 ex NH3, and NH3

ex NO/O2 cases. However, in general this could be ascribed
the formation of CO2. In addition, in the H2 ex NO/O2 case
both N2 and NO evolution were noted.

Conversely for the PtCu sample mz 28 production was
an order of magnitude lower in all cases except for NO/O2

dosing on an NH3-treated surface where N2 production was
ca. twice that seen in the comparable PtBa case.

FIG. 10. N2 production from NO exposure to PtBa catalyst ex CO/H2
at 200◦C. Key: ♦, % N2 from chemiluminescence; n, mz 28 from MS;
s, mz 44 from MS.
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4. DISCUSSION

From the results obtained the following points may be
drawn:

(i) N2 may be formed selectively under steady state lean
burn conditions with Pt catalysts modified by addition of
BaO or CuO although the selectivity is strongly suppressed
in the presence of high concentrations of fuel components,
particularly CO. This contrasts markedly with the unmod-
ified Pt–Al2O3 catalyst which exhibited low N2 selectivity
under all conditions.

(ii) Cyclic operation restores N2 selectivity, even in the
presence of a large excess of CO and H2, over both PtCu
and PtBa, although the latter shows a marked deterioration
in activity with time. In contrast, extended operation under
lean or rich conditions results in NOx formation and trap
saturation, respectively (34).

(iii) At low temperatures PtCu appears to be able to
trap NHx species, with minimal activation/oxidation of the
NH3: the extent of NHx trapping is dependent on the
catalyst temperature and the partial pressure of CO and
H2. Conversely, PtBa is able to selectively adsorb and
retain NOx.

(iv) Multiple N2-producing reactions can occur on PtBa
between adsorbates and gaseous species, and these are typ-
ical of the species expected to be present during cyclic
operation. For PtCu these interactions are far less pro-
nounced except in the case of the reaction of NO/O2 on an
NH3-treated surface where significant production of N2 is
observed.

(v) The use of a hybrid PtCu/PtBa dual bed system en-
hances integrated N2 yield by reducing NO “slip” during
the lean cycle of operation without compromising activity
during rich operation.

These results reflect a complex interplay between the Pt
and the oxide modifier and demonstrate that manipulation
on the molecular level can dramatically alter the activity of a
catalyst. Moreover they show that process control can again
be utilised to “force” the catalyst to adapt and perform the
required selective reactions much more effectively (17, 41).
To facilitate discussion of the results we propose the model
(for PtCu) illustrated in Fig. 11.

First, we consider the high N2 yields observed under lean
steady state operation. Both the PtCu and PtBa gave>85%
N2 in the presence of low concentrations of CO and H2.
This is both significantly higher than previously reported
(8, 9, 11, 12, 18) and, more importantly, a massive increase
compared to the unmodified Pt catalyst which only gave
N2 yields ranging from 29% N2 at 200◦C in the absence of
fuel to 8% N2 when low concentrations of CO and H2 were
present. The activity is also markedly different from that

of 10% Cu–Al2O3 which required T≥ 400◦C to facilitate
selective N2 production (34).
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These improvements in N2 yields are ascribed to the es-
tablishment of an Internal Selective Catalytic Reduction
(iSCR) mechanism (13–16, 29–33). The iSCR arises because
the PtCu and PtBa catalysts act as composite materials that
facilitate reaction by a synergy between different types of
active site.

Clearly the precise modes of action differ for the PtCu
and PtBa but the underlying principle is similar and in-
volves the combination of an oxidised N-bearing species
(e.g., NOx) with a reduced N-bearing species (e.g., NHx).
In the case of PtCu we suggest that this reaction occurs be-
tween NHx species adsorbed on the CuO (consistent with
the data presented herein and with previous in situ DRIFTS
studies (31)) and NOx formed from NH3 oxidation on the
Pt, as observed in both dilute fuel (Fig. 1) and NH3 oxi-
dation temperature profile experiments (Fig. 9). In terms
of the proposed model, this mode of action corresponds to
state e in Fig. 11. The presence of the oxidised N species is
particularly important, as NH3 activation has been demon-
strated to be rate limiting in the selective oxidation of NH3

(14, 29–31), consistent with the lower activity but high se-
lectivity of CuO–Al2O3 (29, 30, 34). Similarly the need for
the reduced N-bearing species is reflected by the decreasing
N2 selectivity in standard NH3 oxidation above 300◦C, i.e.,
temperatures above the NH3 TPD maximum (Fig. 9). This
premise correlates well with the activity of zeolitic materials
for NH3 oxidation and NO reduction where again N2 and
NO formation/slip were dependent on the concentration of
adsorbed NH3 (16, 41).

In contrast, for the PtBa catalyst, Pt again oxidises NH3 to
NOx, but this is then adsorbed on the BaO and subsequently
reduced to N2 (21, 35–38). Based upon the adsorbate inter-
action results (Table 3, Fig. 10), it is clear that the reductant
can be NH3 or CO or H2, or indeed a combination of all
three. However, the extent of N2 production was found to
decrease in the order NH3>CO>H2, which suggests that
NH3 may be the primary reductant. This is unsurprising
given the need for recombination of N-containing species
if CO or H2 reduce the NOx(ads), and the kinetic results
which show near quantitative NH3 conversion to N2 for
steady state lean oxidation of dilute fuel. However, given
the significantly higher concentrations of CO and H2 it is
difficult to ascribe the reduction exclusively to an iSCR-type
reaction.

When the concentration of CO and H2 is increased these
inter-related processes are unbalanced and low N2 yields are
recorded under lean state steady conditions, corresponding
to state a in Fig. 11. This arises because of the altered nature
of the process under examination. In this case the combus-
tion of the high concentrations of CO and H2 dramatically
raises the temperature of the catalyst bed to>300◦C, which
completely alters the balances of the processes responsible

for N2 selectivity. This issue is an entirely new factor in the
consideration of selective NH3 oxidation in biogas as all
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FIG. 11. Proposed model of N2 production d

previous studies have either examined dilute fuel streams
at low gas hourly space velocities (8, 9, 11, 12, 15, 16, 18)
or O2 free/limited reactions (17, 19, 20), which in all cases
ameliorate the exotherm. Moreover, since the activation
of NH3, which is critical for N2 production, is coincident
with light-off it is not possible to avoid this issue by catalyst
modification.
ean steady state reaction with high levels of
combustion exotherm facilitates desorption
uring cyclic operation on the PtCu catalyst.

of NH3 from the CuO as seen in TPD and also reduces NH3

uptake (Figs. 7 and Fig. 8, Table 2, respectively), thereby re-
moving the reductant required to reduce the NO formed on
the Pt. As indicated previously this is consistent with the loss
in N2 selectivity observed for NH3 oxidation in the absence
of fuel (Fig. 9 and previous work (14–16)). In addition, the
rate of NH3 oxidation to NOx on Pt is also increased, de-

creasing the concentration of NH3 available to replenish the
CuO trapping component. Moreover as the temperature
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increases, the ability of CuO to oxidise NH3 also becomes
significant, and the trap itself becomes an active site (29, 30,
34). Finally the situation is further exacerbated by the pres-
ence of large local partial pressures of CO and H2 which
also inhibit NH3 adsorption (Fig. 8, Table 2).

Similarly for the H2–O2–NH3 reaction, steady state N2

production was lower than found with low concentrations
of CO+H2 but higher than found with high concentrations
of CO+H2 (Figs. 4 and 5), while the measured external
exotherm was approximately half of that observed for the
CO/H2 case.

These exothermic factors can also affect the activity of
the PtBa which under high fuel lean conditions displays an
identical reactivity to Pt. Here again the in-bed exotherm
resulting from fuel combustion destroys the balance re-
quired for N2 selectivity. Again the exotherm reduces nitro-
gen reagent uptake, in this case NOx, and again promotes
desorption from the trapping oxide as indicated by Fridell
et al. (37) and Mahzoul and co-workers (38). N2 selectivity
is further decreased by the significantly enhanced oxidation
rate for all components at the higher catalyst temperature
thus removing any available reductants before any interac-
tion with the BaO can occur.

However, the introduction of oxidant cycling reestab-
lishes N2 selectivity and iSCR-type mechanisms for both
catalysts, corresponding to states b–e in Fig. 11 for PtCu.
Thus as the catalyst is exposed to rich conditions there is a
marked decrease in catalyst temperature due to the ces-
sation of combustion and the associated exotherm. This
reestablishes the equilibrium in favour of NH3 adsorption
(with an associated partial reduction) of the CuO, again
as a nonactivated NHx type moiety, consistent with TPD
and MS reaction profiles (Table 1, Figs. 3 and 8). This trap-
ping avoids NH3 “slip” during the rich phase and regener-
ates the active adsorbed reduced-N necessary for the iSCR.
Upon returning the catalyst to lean conditions full combus-
tion is reestablished and the active oxidised-N species pro-
duced on the Pt effectively “titrate” adsorbed NHx on the
CuO1−x yielding N2 coincident with reoxidation of the trap
(CuO1−x→CuO1−y→CuO). Obviously this process is de-
pendent upon coverage of the trap by NHx and, as these
species are depleted, given that replenishment by NH3(g)

becomes increasing unfavourable as the catalyst tempera-
ture increases due to the combustion exotherm, NO break-
through occurs (state f). This is consistent with adsorbate
studies which reflect the high reactivity of an NO/O2 mix-
ture on an NHx covered surface (Table 2). It may also ex-
plain the low initial lean steady state N2 selectivity, as the
CuO phase of the fresh catalyst contained no trapped NHx

species.
Conversely, in the case of the PtBa the mode of action is

similar to that of a conventional NOx trapping system (21,

35–38). Thus, during lean operation the Pt again provides
an active site for the oxidation of NH3 to NOx. The NOx
NG TRAPPING CATALYSTS 225

is stored on the BaO and reduced during the rich phase.
Moreover, upon returning the catalyst to lean conditions
significant amounts of the “new” NOx formed are trapped,
which accounts for the higher apparent activity during the
lean cycle as compared with PtCu. However, with time this
process is less effective than the process on PtCu, as re-
flected in the decreasing peak N2 yields observed. This de-
crease is ascribed to a combination of factors. First, during
the lean cycle comparatively high levels of NOx are pro-
duced, ca. 900 ppm, cf. standard trapping studies (37, 38).
Second cyclic operation results in both a lower average O2

concentration, due to switching, and lower catalyst temper-
ature as compared with steady state lean conditions, due to
transient exotherm effects, both of which mitigate against
NOx trapping (35–38). Finally during initial operation NOx

adsorption can also occur on Al2O3 as has been demon-
strated by Burch et al. (42, 43). However, this mechanism
provides a limited and nonregenerable contribution to NOx

removal, and upon saturation of the support a further con-
tribution to NOx output occurs. Hence as switching is ini-
tiated, there is a higher internal catalyst temperature, due
to the exotherm, a high initial O2 partial pressure, and free
Al2O3–based adsorption sites. All of these positive charac-
teristics enhance initial activity, but as support saturation
occurs and cycling decreases both the exothermic contribu-
tion from combustion and the average O2 concentration,
total NOx uptake decreases, which in turn results in a de-
crease in N2 production during rich regeneration.

The benefits of cyclic operation are emphasised in the
activity of the hybrid bed system. The hybrid catalyst also
reflects the benefits of the different modes of operation of
the two trapping materials and integrates their strengths
to obtain maximum integrated N2 yields. Thus peak N2

yields during the rich cyclic exceed 95%, due to the trap-
ping/iSCR mechanism occurring on PtCu described previ-
ously, while the PtBa reduces NOx “slip” during the rich
phase. Moreover, these enhancements were obtained at
effective GHSVs of 320,000 h−1 and 960,000 h−1 for the
PtCu and PtBa sections of the hybrid bed, reflecting the
extremely rapid nature of the processes involved.

5. CONCLUSIONS

The selective low-temperature oxidation of NH3 to N2 in
simulated biogas is possible using Pt-based trapping cata-
lysts in conjunction with cyclic oxidant operation. Two pos-
sible paths for N2 production are possible. The first occurs
on 1%Pt–20%CuO–Al2O3 and involves an iSCR type reac-
tion between NOx formed on the Pt which is reduced to N2

by NHx adsorbed on the CuO. A second mechanism, which
occurs on 1%Pt–20%BaO–Al2O3, involves the reduction
of NOx trapped on the BaO by a combination of NH3, CO,

and H2. The efficiency of these reactions can be markedly
influenced by catalyst temperature, which is dramatically
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increased during combustion of high concentrations of fuel
components during lean cycle operation. Cyclic operation
minimises the adverse effects of this exotherm and reestab-
lishes the delicate balance of trapping and reaction to re-
store high N2 yields. Coupling of these two trapping mate-
rials and mechanisms in a hybrid system results in optimum
low-temperature performance, with peak cycle N2 yields
>95% and integrated N2 production of ca. 75% over the
rich/lean cycle.
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