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Abstract

Pt/CuO/Al2O3 catalysts with 20 wt% CuO and 0.5–4 wt% Pt were prepared and used for the selective catalytic oxidation of a
in wet and dry gases and in synthetic biogas with CO, hydrogen, and methane. Imaging of the catalysts with HREM and STEM,
with elemental analysis, reveals that copper is well dispersed and occurs in the form of patches on the support. Platinum in th
nanometer-sized particles are localised on copper-rich areas. The activity measurements show that Pt/CuO/Al2O3 is active and selective fo
the oxidation of ammonia to form nitrogen. Compared with dry feeds, the catalyst shows higher selectivity for nitrogen when th
wet. Pretreatment of the catalyst with SO2-containing gas produces an improved catalyst with a selectivity for nitrogen of about 97–9
complete ammonia conversion. Pt/CuO/Al2O3 shows good performance also for the oxidation of ammonia to nitrogen in the prese
biogas components including water. However, the performance is not as good under dry conditions, giving either low selectivity for
or low conversion of the ammonia, depending on the partial pressure of oxygen.
 2004 Elsevier Inc. All rights reserved.

Keywords:Selective catalytic oxidation; SCO; Ammonia; Pt/CuO/Al2O3 catalysts; Dry feed; Wet feed; Sulphating; Biogas components; HREM; STEM
gas
f en-
var-
nia,
lytic

) to
ive,
xy-
tion
from
sifi-
wer
tant

pur-
gen
ned
the
ra-
n

ble
ex-
ith
O
s to

bed
a to
is

en-
1. Introduction

The abatement of ammonia from industrial waste
streams is becoming increasingly important because o
vironmental concerns. Depending on the application,
ious techniques can be used for the removal of ammo
such as adsorption, absorption, chemical treatment, cata
decomposition, and selective catalytic oxidation (SCO
form nitrogen and water. The last technique is attract
especially for treatment of large gas flows containing o
gen and a low concentration of ammonia. The applica
area for SCO includes the treatment of waste gases
chemical production processes, SCR facilities, and ga
cation/combustion of biomass for combined heat and po
generation. Another application area that might be impor
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E-mail address:Arne.Andersson@chemeng.lth.se(A. Andersson).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.11.023
in the future concerns the use of biogas for synthesis
poses. In the gasification of biomass, the fuel-bound nitro
is released predominantly as ammonia, which in combi
heat and power production should be removed prior to
gas turbine[1]. Thus, a catalyst operating at high tempe
tures (∼ 700◦C) would give the best process efficiency. O
the other hand, in other applications it is usually desira
to have a catalyst operating at lower temperatures, for
ample, in SCR facilities where ammonia is fed to react w
NOx on a catalyst to give nitrogen. Here the degree of Nx

conversion is limited because any trace of ammonia ha
be avoided. Therefore, a NH3/NOx molar ratio of about 0.9
is usually not exceeded. The NOx removal efficiency would
be improved if one could use a secondary SCO catalyst
to efficiently convert an added small excess of ammoni
nitrogen under SCR conditions. However, the difficulty
that the SCO catalyst has to be effective below 300◦C, as
in many other applications in the presence of high conc
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s. In
trations of water[2]. Furthermore, it is necessary to achie
almost 100% conversion of the ammonia to avoid odour[3].

Platinum is active for ammonia oxidation and is used
a catalyst in the first step in nitric acid production to oxid
ammonia to NO at 800–900◦C [4]. At temperatures be
low 300◦C platinum produces nitrogen rather than NO[5],
but the selectivity is comparatively low since high lev
of N2O are co-produced[2]. Examples of more promisin
catalyst systems for the SCO of ammonia are (i) the s
ported oxide systems MoO3/SiO2 [6,7], V2O5/TiO2 [2,8],
CuO/TiO2 [8], CuO/Al2O3 [9,10], NiO/Al2O3 [11], and
Fe2O3/TiO2 [12]; (ii) the ion-exchanged zeolite system
Cu-ZSM-5[8,13], Cu-Y-zeolite[9], Pd-ZSM-5[2], and Fe-
ZSM-5 [13,14]; and the supported oxide systems with
precious metal component, Pd–V2O5–WO3/TiO2–SiO2 [3],
Ir–V2O5–WO3/TiO2–SiO2 [3], Ag/CuO/Al2O3 [15,16], and
Au/CuO/Al2O3 [17]. Considering the desired target of bo
complete conversion of ammonia and high selectivity for
trogen, a problem with most of these catalyst systems is
they have to be used at temperatures well above 300◦C, and
the selectivity for nitrogen formation decreases with incre
ing temperature and conversion. For use in SCR applica
the target temperature is below 300◦C, and thus there is
need for more efficient low-temperature catalysts. The
dition of a precious metal component to supported ox
seems beneficial[3,15–17]; for example, Ag/CuO/Al2O3
has been reported to give complete conversion of am
nia at 250◦C with a high selectivity for nitrogen[15].
A problem here is that the space velocity has to be
around 450 ml/(min g) of catalyst, compared with 1000
5000 ml/(min g) for the other catalyst systems. Therefore
is of interest that Pt/CuO/Al2O3 has been reported to be a
tive and selective for nitrogen formation at 200◦C at a space
velocity of about 5000 ml/(min g) when it is used for ammo
nia oxidation in dry biogas with low oxygen content[18].
For combined heat and power generation a temperatu
200◦C is not optimal since higher temperatures are p
ferred [1], but doubtlessly the Pt/CuO/Al2O3 system has a
potential for low-temperature applications.

In the present study, to further explore the Pt/CuO/Al2O3
catalyst system, samples with various platinum cont
have been prepared and used for the selective catalyti
idation of ammonia to nitrogen under both dry and w
conditions and with different oxygen contents in the g
Moreover, as waste gases may contain SO2, the influence
of SO2 treatment on the performance of the catalyst
been investigated. It has been reported for ammonia
dation on CuO/TiO2 [8], CuO/Al2O3 [10], Fe-ZSM-5[13],
and Fe2O3/TiO2 [12] that sulphate species may improve
selectivity for nitrogen. In a patent[19] data are presente
showing that sulphating of, for example, a Pt/CuO/SiO2 cat-
alyst has a remarkable effect on the selectivity for nitrog
Another aim of the present investigation was to collect d
for ammonia oxidation in the presence of biogas com
nents (CO, H2, CH4) by FTIR analysis of the product stream
In the previous investigation[18] of the same catalyst sy
t

f

-

tem, mass spectrometric analysis was performed wit
separation of the components with overlapping mass sig
(CO2/N2O and CO/N2).

2. Experimental

2.1. Catalyst preparation

Four different Pt/CuO/Al2O3 catalysts were prepare
with 20 wt% CuO and with 0.5, 1, 2, and 4 wt% Pt, resp
tively. CuO/Al2O3 was synthesised first, and, in a seco
step, the desired amount of Pt was deposited. CuO/A2O3
was prepared by incipient wetness impregnation of Al2O3
(Condea, 119 m2/g) with a water solution of Cu(NO3)2 ·
3H2O (Merck, p.a.). The sample was dried for 5 h un
ambient conditions, followed by another 24 h at 120◦C.
Subsequently, the sample was calcined in air with ra
ing temperature. Primarily, the temperature was increa
by 10◦C/min up to 300◦C, where the sample was held f
1 h. In this step most of the nitrate decomposed to form
trogen oxides. The temperature was thereafter increase
10◦C/min up to 500◦C, where it was kept constant for 6
For preparation of Pt/CuO/Al2O3, 3 g of the as-prepare
CuO/Al2O3 sample was immersed in the desired amo
of Pt(II) nitrate solution (Heraeus, 15.46 wt% Pt) dilut
with water to give a total volume of 40 ml. The slurry w
stirred repeatedly for 1 h to ensure that practically all of
Pt was adsorbed on CuO/Al2O3. The Pt/CuO/Al2O3 precur-
sors were dried and calcined with the same procedure a
used for CuO/Al2O3, with the exception that the final ca
cination temperature was 450◦C instead of 500◦C. After
calcination, the samples were crushed and sieved. The
tion of particles with diameters in the 250–425-µm ran
was collected and used in the experiments.

2.2. Activity measurements

The activity measurements were carried out in a stainl
steel plug-flow reactor with an inner diameter of 1.9 m
The reactor was placed in a GC-type electric furn
equipped with a temperature control. An Environics se
2000 computerised multicomponent gas mixer was use
prepare the inlet gas mixtures, consisting of NH3 and O2
in N2 with or without water vapour and biogas compone
(CO, H2, and CH4). For analysis of the inlet and produ
gases a GASMET FT-IR gas analyser was used, which
mitted an analysis of NH3, N2O, NO, NO2, CO, CO2, CH4,
and H2O. The formation of N2 and the consumption of H2
were obtained from the mass balance for N and H, res
tively, over the reactor. All feed gases (1.48± 0.04 vol%
NH3 in He, O2, N2, CO, H2, and CH4) were high purity
grade supplied by AGA. The conversion of NH3 and the se
lectivity for N2, N2O, NO, and NO2 were measured on th
catalysts for different gas compositions and temperature
the experiments the total inlet gas flow was 1000 Nml/min,
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the temperature was varied between 150 and 335◦C, and the
amount of catalyst was 0.20–0.35 g. Before the meas
ments the catalyst was pretreated at 235◦C for 16 h under
a gas flow of 1000 Nml/min containing 700 ppm NH3 and
8.0 vol% O2 in N2. After this treatment, in some exper
ments, the catalyst was subjected for another 30 min to
former gas with an additional 100 ppm SO2.

2.3. Catalyst characterisation

The specific surface areas of the samples were
tained from a multipoint Brunauer–Emmet–Teller (BE
analysis of the nitrogen adsorption isotherm, recorded
a Micromeritics ASAP 2400 instrument at liquid nitrog
temperature. All samples were degassed under vacuu
350◦C for 16 h before analysis. Specific surface areas
notation of the samples are given inTable 1.

Temperature-programmed desorption (TPD) experim
were performed with a TAP-2 reactor system with a micro
actor connected to a UTI 100C mass spectrometer[20]. Fifty
milligrams of catalyst was loaded between inert layers
quartz sand of the same particle size. Before the experim
was started, the catalyst was heated for 10 min at 350◦C with
pure O2 flowing through the reactor (40 Nml/min), cooled
down to 50◦C, and evacuated. Then, a flow with 20 vo
NH3 in Ar (58 Nml/min) was passed through the sam
for 30 min. After evacuation of the reactor, the temperat
was increased linearly by 10◦C/min from 50 up to 350◦C.
Simultaneously, the mass signals from NH3 (17 amu), H2O
(17 and 18 amu), H2 (2 amu), N2 (28 amu), N2O (28, 30

Table 1
Notation, composition and specific surface area of prepared Pt/CuO/A2O3
catalysts and the Al2O3 support

Sample Pt
(wt%)

CuO
(wt%)

Specific surface
area (m2/g)

Al2O3 – – 119
0.5 wt% Pt/CuO/Al2O3 0.5 20 99
1 wt% Pt/CuO/Al2O3 1 20 94
2 wt% Pt/CuO/Al2O3 2 20 100
4 wt% Pt/CuO/Al2O3 4 20 99
t

t

and 44 amu), NO (30 amu), and NO2 (30 and 46 amu) wer
registered and used for calculation of the desorption profi

X-ray diffraction (XRD) analysis was carried out on
Seifert XRD 3000 TT diffractometer with monochroma
Cu-Kα radiation (50 kV/30 mA). The scanning range w
2.5–40◦ (Θ) with a step size of 0.01◦ and a step time of 1.0 s
Compound identification was accomplished by compari
with the JCPDS data file[21]. The measurements were pe
formed on ground samples with the use of a rotating sam
holder.

Temperature-programmed reduction (TPR) was p
formed on a Micromeritics TPD/TPR 2900 instrument. T
temperature was increased by 10◦C/min from 40 to 900◦C.
The reducing gas was 8.5 vol% H2 in Ar, and a flow rate of
40 ml/min was used. The water produced during the red
tion process was condensed in a cold trap at about−90◦C.
The 4-mm quartz tube reactor was loaded with∼ 20 mg of
sample with particle sizes in the range of 250–425 µm.

High-resolution transmission electron microsco
(HREM) and elemental analysis were performed with a J
3000F field-emission microscope equipped with an Oxf
energy-dispersive X-ray spectrometer (XEDS). The mic
scope was operated at 300 kV in both conventional
scanning mode. A Fischione high-angle annular dark-fi
detector (HAADF) was used for selective imaging of pl
inum particles on the support. Mo grids with a continuo
amorphous carbon film were used, rather than the usua
grids, to eliminate spurious Cu radiation from the ba
ground. The resolution of the microscope is 0.162 nm
conventional HREM imaging and 0.14 nm in STEM mod
A probe size of 0.2–0.7 nm was used for imaging, and 1.0
for XEDS mapping.

3. Results

3.1. TPD of adsorbed ammonia

Fig. 1displays the TPD profiles of ammonia and form
products as obtained after ammonia is adsorbed at 50◦C on
Fig. 1. TPD profiles of ammonia and formed products as recorded after adsorption of ammonia at 50◦C on the preoxidised 1 wt% Pt/CuO/Al2O3.
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eed:
Fig. 2. A comparison of (a) 1 wt% Pt/CuO/Al2O3 and (b) 4 wt% Pt/CuO/Al2O3 for the selective catalytic oxidation of ammonia to produce nitrogen. F
700 ppm NH3 and either 0.5 or 8.0 vol% O2 in N2. Space velocity: 3000 ml/(min gcat).
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1 wt% Pt/CuO/Al2O3. The figure shows that desorption
ammonia occurs from low temperatures up to 250◦C, with a
maximum at about 80◦C. This feature shows that ammon
is comparatively strongly adsorbed at 50◦C. In parallel with
the ammonia desorption, formation and desorption of hy
gen were observed, indicating that upon heating some o
adsorbed ammonia was activated and transformed int
NHx type of species. Some of the hydrogen formed re
with oxygen to produce water, as was noted by the res
blance of the hydrogen and water profiles.

The nitrogen profile inFig. 1 presents a maximum a
225◦C. Of the nitrogen oxides, N2O gives a major peak ex
tending from low temperatures up to 200◦C. Compared with
the nitrogen peak, this peak is small. Almost no formation
NO2 and NO is observed in the experiment. The TPD p
files demonstrate that Pt/CuO/Al2O3 is active and selectiv
for nitrogen formation in a window around 225◦C, which
thus would be the most suitable temperature for use o
catalyst.

3.2. Catalyst ignition profiles

The oxidation of ammonia was studied over 1 and 4 w
Pt/CuO/Al2O3 at temperatures from 150◦C up to around
230◦C. A feed with 700 ppm ammonia and either 0.5
8.0 vol% oxygen in nitrogen was passed over the cata
at 3000 ml/(min g) in space velocity. The results are plott
in Fig. 2. The graphs show that the conversion of ammo
increases with the temperature. Compared with the con
sions that are obtained with 8.0 vol% oxygen in the fe
both catalysts generally give higher conversions for the
with 0.5 vol% oxygen. Moreover, an increase in the Pt c
tent in the catalyst from 1 to 4 wt% has a modest influe
on the activity. For the feed with 8.0 vol% oxygen, co
plete conversion of ammonia over 1 wt% Pt/CuO/Al2O3 and
4 wt% Pt/CuO/Al2O3 is obtained at 230 and 220◦C, respec-
tively, compared with 210 and 195◦C, respectively, for the
feed with 0.5 vol% oxygen. The selectivity for nitrogen fo
mation shows the same type of behaviour with tempera
for both catalysts. At the highest oxygen content the se
tivity increases with the temperature, whereas at the low
oxygen content, the selectivity passes through a weak m
imum. At low temperatures the selectivity generally is
highest for the lowest oxygen content. The selectivity
nitrogen on both catalysts is about 85–90% at complete
monia conversion.

3.3. Influence of the temperature and the oxygen conten
the selectivity for nitrogen at high ammonia conversion

The catalytic performance was investigated for a f
with 700 ppm ammonia at varying temperatures from 21
335◦C and different oxygen concentrations (0.5–20.0 vo
in the feed.Fig. 3 displays the selectivity dependences
nitrogen formation on 1 wt% Pt/CuO/Al2O3. The catalyst
is highly active and the conversion is above 99% at
temperatures except 210◦C. For the two lowest oxyge
concentrations, 0.5 and 1.0 vol% (Figs. 3a and3b), the se-
lectivity for nitrogen decreases with increasing temperat
whereas for higher oxygen concentrations (2.0–20.0 vo
it passes through a maximum (Figs. 3c–3f). However, as can
be seen inFig. 2, at lower temperatures there is a selec
ity maximum also for the lowest oxygen concentration. T
temperature for the maximum seems to shift towards hig
temperatures with increasing oxygen content in the
A comparison of the data for 210 and 335◦C in Figs. 3a–
3f reveals that the selectivity for nitrogen decreases w
increasing oxygen concentration. At 210◦C the selectivity
drops from 88 to 77% when the oxygen concentration is
creased from 0.5 to 20.0 vol%. The corresponding decr
at 335◦C is from 85 to 68%. In the whole range of ox
gen concentrations, however, at intermediate tempera
(∼ 260◦C) the selectivity for nitrogen is about 85% at co
plete ammonia conversion.

The by-products formed over Pt/CuO/Al2O3 are NO,
NO2 (NOx), and N2O. The formation of the respectiv
product depends on the temperature and the oxygen co
tration in the gas, as illustrated inFig. 4. With low oxygen
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Fig. 3. The influence of the temperature and the oxygen concentration on the selectivity to nitrogen formation in ammonia oxidation on 1 wt% Pt/Cu2O3.
Space velocity: 3000 ml/(min gcat). Feed: 700 ppm NH3 and (a) 0.5, (b) 1.0, (c) 2.0, (d) 4.0, (e) 8.0, and (f) 20.0 vol% O2 in N2.
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content in the gas (Fig. 4a), N2O and NO are the major by
products. In the interval 210–335◦C the selectivity for N2O
is almost constant at∼ 9%. Increase in the temperature lea
to more NOx being formed, with more NO than NO2.

For feeds with high oxygen contents, the maximum
the selectivity for nitrogen (Fig. 3) is concurrent with a
minimum in the amount of N2O being produced (Fig. 4b).
Compared with the data inFig. 4a, higher selectivities fo
N2O are observed for the oxygen-rich feed (Fig. 4b). More-
over, with increasing temperature the selectivity for Nx
(NO + NO2) increases up to 14% at 335◦C, compared with
8% at the lower oxygen pressure. However, in contrast to
data at low oxygen content, more NO2 than NO is formed.

3.4. Influence of water and CO on the performance of th
catalysts for ammonia oxidation to nitrogen

In Fig. 5the performances of Pt/CuO/Al2O3 samples with
0.5–4.0 wt% Pt are compared for ammonia oxidation to
trogen under dry and wet conditions, respectively. Under
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Fig. 4. Formation of N2O, NO and NO2 on 1 wt% Pt/CuO/Al2O3 as a function of the reaction temperature. Space velocity: 3000 ml/(min gcat). Feed: 700 ppm
NH3 with (a) 0.5 and (b) 20.0 vol% O2, respectively, in N2.
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Fig. 5. A comparison of the performances of Pt/CuO/Al2O3 catalysts with
different Pt contents for ammonia oxidation to nitrogen in dry and
gas, respectively. Reaction temperature: 235◦C. Space velocity: 3600 ml/

(min gcat). Dry feed: 700 ppm NH3 and 8.0 vol% O2 in N2. Wet feed:
700 ppm NH3, 8.0 vol% O2, and 8 vol% H2O in N2.

conditions the conversion of ammonia is almost 100% on
catalysts. Moreover, the selectivity for nitrogen is about 8
and is independent of the Pt content. It is worth pointing
that under the conditions of the experiments, the additio
water vapour to the feed has no noticeable effect on the
monia conversion. The effect of water on the selectivity
nitrogen is minor at low Pt contents, but there is a tende
with increasing Pt content for the selectivity to increase.
4 wt% Pt/CuO/Al2O3 the selectivity for nitrogen is 85 an
95% under dry and wet conditions, respectively.

Since industrial waste gases may contain other c
pounds in addition to ammonia, ammonia oxidation in
presence of CO was investigated in dry and wet gases.Fig. 6
shows data for the selectivity for nitrogen for a feed w
8.0 vol% oxygen and at the almost complete conversio
both ammonia and CO. In dry gas the selectivity for nitrog
is approximately 56%, irrespective of the Pt content of
catalyst, which is substantially lower than the 85% obser
Fig. 6. A comparison of the performances of Pt/CuO/Al2O3 catalysts
with different Pt contents for ammonia oxidation to nitrogen in
and wet gas with CO. Reaction temperature: 235◦C. Space velocity
3600 ml/(min gcat). Dry feed: 700 ppm NH3, 1.0 vol% CO and 8.0 vol%
O2 in N2. Wet feed: 700 ppm NH3, 1.0 vol% CO, 8.0 vol% O2 and 8 vol%
H2O in N2.

in dry gas without CO (Fig. 5). The effect of water vapour o
the selectivity for nitrogen, however, is much enhanced w
ammonia is fed together with CO. In wet gas the convers
of ammonia and CO apparently are unchanged, wherea
selectivity for nitrogen is increased up to the 70–80% ran
depending on the Pt content. Under both wet and dry co
tions, N2O is the major by-product.

3.5. Influence of SO2 treatment of the catalyst

The effect of pretreatment of the catalysts with SO2 was
investigated.Table 2shows the performances of 1 and 4 w
Pt/CuO/Al2O3 at high ammonia conversion in wet and d
feeds. Clearly, the data show that the pretreatment l
to a considerable improvement of the selectivity in pa
lel with a small decrease in the activity. For dry conditio
the SO2 treatment has no effect on the conversion, which
mains practically 100%, whereas the selectivity for nitrog
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Table 2
Ammonia conversion and selectivity to nitrogen at 235◦C over Pt/CuO/
Al2O3 catalysts in dry and wet gas before and after SO2-treatmenta, re-
spectively

Type of feedb

and treatment
with SO2

1 wt% Pt/CuO/Al2O3 4 wt% Pt/CuO/Al2O3

Conversion
(%)

Selectivity
(%)

Conversion
(%)

Selectivity
(%)

Dry feed, untreated 100 79 100 84
Dry feed, treated 100 98 100 98
Wet feed, untreated 100 89 100 95
Wet feed, treated 97 98 100 97

a Pretreatment with 100 ppm SO2 in the gas as described in Section2.
b Dry feed: 700 ppm NH3 and 8.0 vol% O2 in N2. Wet feed: 700 ppm

NH3, 8.0 vol% O2 and 8 vol% H2O in N2. Space velocity: 3600 ml/

(min gcat).

Table 3
Ammonia oxidation in synthetic biogas. Conversion (Conv.) of NH3, CO,
H2, CH4 and selectivity (Sel.) to N2 over 1 wt% Pt/CuO/Al2O3 at 235◦C
and a space velocity of 3600 ml/(min gcat)

Feed with 700 ppm NH3 and (%) NH3 (%) Conversion (%)

O2 CO H2 CH4 H2O Conv. Sel. CO H2 CH4

0.5 100 87
8.0 100 91
0.5 6.5 97 94
8.0 6.5 100 95
0.5 1.0 52 100 54
8.0 1.0 100 60 100
0.5 1.0 17 100 73
8.0 1.0 100 83 100
0.5 1.0 100 85 0
8.0 1.0 100 91 0
0.5 1.0 1.0 1.0 18 87 38 61 0
8.0 1.0 1.0 1.0 100 55 100 96 0
0.5 1.0 1.0 1.0 7.0 100 98 54 –a 3
8.0 1.0 1.0 1.0 7.0 100 90 100 –a 3

a Could not be determined from the material balance for H because o
high water content in the feed.

increases from 79–84% before to 98% after the treatm
Under wet conditions a small decrease in the conversion
be noticed for 1 wt% Pt/CuO/Al2O3. For both catalysts th
selectivity increases by a few percent and reaches about
after the SO2 treatment.

3.6. Selective catalytic oxidation of ammonia in biogas

The oxidation of ammonia was investigated on 1 wt%
CuO/Al2O3 in the presence of CO, hydrogen, methane,
the respective absence and presence of water. For com
isons the oxidation of ammonia was also investigated in
presence of each of the biogas components. The result
shown inTable 3. For a dry feed without fuel component
complete ammonia conversion is achieved with a select
for nitrogen on the order of 90%. Addition of water to t
feed improves the selectivity for nitrogen. In the oxygen-r
feed (8.0 vol%) the ammonia conversion is complete (
alsoFig. 5), whereas at the lower oxygen content (0.5 vol
the addition of water causes a small decrease in the
version. Oxidation of 700 ppm ammonia in the presenc
r-

e

0.5 vol% oxygen and 1.0 vol% CO gives ammonia and
conversions on the order of 50%. The selectivity for nit
gen is 100%. When the oxygen concentration in the f
is increased to 8.0 vol% the conversion of both ammo
and CO is complete. In this case, however, the forma
of N2O is increased and the selectivity for nitrogen dro
to 60% (see alsoFig. 6). Oxidation of the ammonia in
gas with 0.5 vol% oxygen and 1.0 vol% hydrogen giv
17% ammonia conversion, compared with 73% convers
of the hydrogen. Increase of the oxygen content in the f
to 8.0 vol% results in complete conversion of both hydrog
and ammonia, with a selectivity for nitrogen of 83%, co
pared with 100% for the lower oxygen content. For the fe
with ammonia and methane, no conversion of the metha
observed, and the oxidation of ammonia is complete at b
oxygen levels. The selectivity for nitrogen seems to be u
fected by the presence of methane, and the values are a
identical to those obtained for the feeds with ammonia
oxygen only.

For dry biogas with ammonia, CO, hydrogen, metha
and 0.5 vol% oxygen, no conversion of methane is obtain
and the conversions of ammonia, CO, and hydrogen are
38, and 61%, respectively, corresponding to almost c
plete consumption of the oxygen in the feed. The selecti
for nitrogen formation is 87%. Increase in the oxygen c
tent to 8.0 vol% leads to the almost complete convers
of ammonia, CO, and hydrogen, whereas methane pa
unconverted. The selectivity for nitrogen drops to 55
Compared with dry conditions, both the ammonia conv
sion and the selectivity for nitrogen are enhanced when t
is water in the feed. At both 0.5 and 8.0 vol% oxygen, f
conversion of the ammonia is obtained. The selectivity
nitrogen decreases from 98 to 90% with increasing oxy
concentration in the feed. Comparison of the respective
in Table 3for wet and dry biogas with 0.5 vol% oxygen in
dicates that the presence of water vapour leads to increa
conversion of CO at the expense of that of hydrogen. T
behaviour may be due to the water gas shift reaction, w
some CO reacts with water to form CO2 and hydrogen.

3.7. XRD of prepared catalysts

XRD powder diffractograms were recorded for Cu
CuO/Al2O3, and the Pt/CuO/Al2O3 catalysts with differen
Pt content. InFig. 7 the XRD patterns for pure CuO, CuO
Al2O3, and 4 wt% Pt/CuO/Al2O3 are shown. The CuO
Al2O3 shows reflections from CuO (JCPDS file no. 41-25
andγ -Al2O3 (JCPDS file no. 10-425)[21], and the 4 wt%
Pt/CuO/Al2O3 sample and the Pt/CuO/Al2O3 samples with
lower Pt content show the same reflections without
noticeable Pt peaks. The reflections fromγ -Al2O3 are con-
sistent with small crystallites. A surface area of 119 m2/g
corresponds to an average crystallite size of∼ 14 nm. The
absence of visible Pt peaks is mainly due a Pt content in
samples that is too small for detection by conventional p
der XRD.
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3.8. TPR profiles

A selection of recorded TPR profiles is displayed
Fig. 8. Reduction of the pure CuO gives a single peak w
a maximum at 340◦C. Reduction of the CuO/Al2O3 sam-
ple gives a peak with a maximum at 230◦C, and a shoulde
is noticeable on the high-temperature side of the pea
255◦C. For the Pt/CuO/Al2O3 samples the maximum o
the reduction peak shifts towards lower temperature with
creasing Pt content, from 210◦C for 1.0 wt% Pt/CuO/Al2O3
to 160◦C for 4 wt% Pt/CuO/Al2O3. Similar to the reduc
tion profile of CuO/Al2O3, those for the Pt/CuO/Al2O3
samples seem to be composed of at least two overlap
peaks. With increasing Pt content, the low-temperature
tion of the reduction profile increases at the expense o
high-temperature part. Quantitative analysis of the hyd
gen consumption corresponds to a CuO content of 20.4
in the CuO/Al2O3 sample. As a result of Pt deposition,
seems that the CuO content is decreased somewhat. T
duction peaks for the Pt/CuO/Al2O3 samples correspond
CuO contents in the range of 15–17 wt% for these samp

Fig. 7. XRD patterns of CuO, CuO/Al2O3 with 20 wt% CuO and 4 wt% Pt
CuO/Al2O3. The reflections fromγ -Al2O3 are marked with (*) and al
other peaks are from CuO.
-

3.9. HREM and XEDS of catalysts

At low magnification, the appearance of the cataly
is quite similar (Fig. 9), whereas the Pt particles becom
clearly visible at higher magnification (Fig. 10) because
of the dark contrast and the typical lattice spacings of
The size distribution of Pt particles is larger for the 4 w
Pt/CuO/Al2O3 sample (roughly 2–50 nm) than for the 1 wt
Pt/CuO/Al2O3 sample (2–5 nm). The alumina support for
typical raft-like crystals with darker patches, which we int
pret as areas richer in Cu, even though the Cu seems
otherwise well dispersed over the surface. All element
the samples were identified by XEDS. Elemental mapp
was performed with Al K, Cu K, and Pt L radiation. To ha
clear visibility of the smallest Pt particles in STEM mod
instrumental magnifications between 1 and 2 million× had
to be used, which limits the possibilities for X-ray ma
with good counting statistics because of drift of the sam
Fig. 11shows the result of HAADF imaging of the 1 wt
Pt/CuO/Al2O3 catalyst and mapping of Al, Cu, and Pt. The
is a slight discrepancy in the maps of Al and Cu, suppor

Fig. 8. TPR profiles for pure CuO, CuO/Al2O3 and Pt/CuO/Al2O3 with 1
and 4 wt% Pt.
ces in
Fig. 9. TEM images of (a) CuO/Al2O3, and (b) 4 wt% Pt/CuO/Al2O3. The Cu content is 20 wt% in both samples. The images show no major differen
appearance at lower magnification.
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Fig. 10. HREM image of 4 wt% Pt/CuO/Al2O3. The darker Pt-particles are
identified by the d111 fringes, which are measured as 0.218 nm in fair agree-
ment with 0.226 nm in the literature. Crystallites of the alumina support are
distinguishable. Darker patches (one marked C) presumably having a higher
CuOx content are frequent, and the Pt particles are primarily attached to
these areas.

the idea of a patchwise occurrence of CuOx . The 2–5-nm
Pt particles can be distinguished in the Pt map, which h
tendency to follow the Cu map rather than the Al map.

To further verify the occurrence of Pt in conjunction w
Cu, selective imaging of Pt was performed with large
tection angles (116–309 mrad) for the HAADF imagin
followed by imaging at lower angles (57–152 mrad), wh
there is an increased Rutherford scattering contribution f
Cu. Keeping above 50 mrad efficiently removes Bragg s
tering from the image formation process. The result is sh
in Fig. 12. The profiles show an increase in background fr
primarily the Cu content for the lower angle.

4. Discussion

4.1. Catalyst structure

HREM imaging of Pt/CuO/Al2O3 shows the patchwis
occurrence of copper oxide on the alumina surface (Fig. 10).
The presence of crystalline CuO in the catalysts is v
fied by the X-ray diffraction patterns inFig. 7. Moreover,
elemental mapping of Cu by HAADF imaging shows th
The
f
i
t

Fig. 11. Scanning transmission image and X-ray emission maps of 1 wt% Pt/CuO/Al2O3. (a) STEM image using a high-angle annular dark-field detector.
bright Pt particles are typically 2–5 nm in diameter. The boxed area was selected for mapping. (b) Mapping of Al detecting Al Kα1 radiation. (c) The map o
Pt verifies the Pt particles in (a) and a distribution following the occurrence of the Cu shown in (d). Cu is well dispersed over the support material givng rather
low counting statistics, being limited by the substantial drift of the specimen stage. Mo grids were used instead of the traditional Cu grids in ordero reduce
the stray Cu signal.
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a
col

wing
Fig. 12. STEM bright-field and dark-field images of 1 wt% Pt/CuO/Al2O3. (a) Bright field image including Bragg scattering. (b) HAADF image with
collection angle of 116–309 mrad, giving selective imaging of high-Z elements (e.g., Pt) through incoherent Rutherford scattering. (c) At lowerlection
angles (57–152 mrad) a larger contribution to image intensity is due to primarily the Cu content with a smaller contribution from Al. Bragg diffraction contrast
is still excluded from the image. The intensity profile along the line traceX–Y is shown in (d). The profiles are normalised to the same particle, thus sho
quantitatively the increased scattering contribution at this longer camera length from CuOx and Al2O3 in areas surrounding the Pt particle.
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copper is well dispersed on the alumina support and
ers a large part of the surface (Fig. 11). The existence o
well-dispersed copper oxide species is in agreement
the TPR profiles inFig. 8, showing that the reduction pea
for CuO on alumina is shifted towards lower temperat
(230◦C) compared with that for bulk CuO (340◦C). Quan-
tification of the reduction peak for CuO/Al2O3 verified that
Cu is present as Cu(II). Thus, our results clearly dem
strate that copper on the alumina is present mainly in
form of CuO. No indications from XRD or HREM were ob
tained for the formation of a CuAl2O4 phase, which is in
agreement with the report that formation of bulk CuAl2O4
requires heating above 700◦C [22]. However, on the basi
of the Cu map inFig. 11we cannot exclude the possibili
that a minor part of the Cu is present in the form of a surf
copper aluminate phase. The formation of such a struc
has been reported in the literature. Wolberg and Roth[22],
using X-ray absorption spectroscopy, reported that for
surface concentrations of Cu on alumina, a surface p
is formed that resembles the structure of CuAl2O4. It was
found that this phase is undetectable by XRD. Friedm
and co-workers[23], in a comprehensive investigation com
bining various spectroscopic techniques, reported tha
the copper aluminate surface structure the cupric ions
predominantly in a tetragonally distorted octahedral e
ronment. In bulk CuAl2O4 60% of the copper ions ar
in tetrahedral coordination and 40% are in octahedral
ordination. The threshold value between the formation
the copper aluminate surface phase and the appearan
crystalline CuO is around 4 wt% Cu (∼ 5 wt% CuO) per
100 m2/g of γ -Al2O3 [23,24]. Thus, considering that th
CuO content in our catalysts is about 20 wt%, the appear
of strong XRD lines from CuO (Fig. 7) does not exclude th
possibility that some of the Cu is in the form of a surfa
aluminate phase. The appearance of a main reduction
at 230◦C with a shoulder at 255◦C in the TPR profile of
CuO/Al2O3 (Fig. 8) gives some support for the existence
two types of copper species. Indeed, quantitative XRD m
surements[25] have indicated that for copper concentratio
above the threshold value, both the copper surface phas
CuO are present on alumina. In this regard it should be m
tioned that in the literature there is some doubt about
formation of a copper aluminate surface phase. In an inv
gation of Ag/CuO/Al2O3 [15] the formation of such a phas
was disregarded because of LEIS signal intensities.

The HREM and STEM results inFigs. 10–12for Pt/CuO/
Al2O3 show that the Pt is in the form of particles that a
preferentially localised on areas with copper, which can
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plain the synergy between Pt and CuO on alumina that
been observed in the SCO of ammonia. In previous TPD
periments with adsorbed ammonia[26] we observed that th
nitrogen formation peaks for CuO/Al2O3 and Pt/Al2O3 ap-
pear at higher temperatures than the 225◦C that is shown in
Fig. 1 for Pt/CuO/Al2O3. Further support for the Pt part
cles being in direct contact with the copper species is g
by the TPR profiles inFig. 8 for 1 wt% Pt/CuO/Al2O3

and 4 wt% Pt/CuO/Al2O3. Compared with the reductio
peak for CuO/Al2O3, the reduction peak for Pt/CuO/Al2O3

shifts towards lower temperature with increasing Pt c
tent of the sample, suggesting spillover of hydrogen ato
from Pt to the copper species. The reduction peak for
Pt/CuO/Al2O3 samples is skewed, which can be explain
by the reduction first of copper species in close contact w
the Pt particles, followed by the reduction of more dist
species. This explanation is in agreement with the ob
vation that the low-temperature part of the reduction p
increases with increasing Pt content of the sample.

4.2. Catalytic performance of Pt/CuO/Al2O3

The TPD profiles inFig. 1 for adsorbed ammonia an
products indicate that Pt/CuO/Al2O3 is active and selectiv
for nitrogen formation in the interval 200–250◦C. The data
in Fig. 2 from flow experiments under stationary conditio
confirm that almost complete conversion of ammonia is
tained at 200–230◦C, with a selectivity for nitrogen of abou
85%. A comparison of the conversion curves inFig. 2 for
1 wt% Pt/CuO/Al2O3 and 4 wt% Pt/CuO/Al2O3 reveals that
the latter catalyst is only slightly more active than the form
sample. This fact is in agreement with the observation
HREM that the size distribution of the Pt particles becom
wider with increasing Pt content on the support. When
consider the data inFig. 2, we see that Pt/CuO/Al2O3 is
more active for ammonia oxidation (700 ppm) at 0.5 vo
than at 8.0 vol% oxygen, indicating competitive adso
tion of O2 and NH3. Since adsorbed O2 is an electron-
withdrawing species and NH3 has a lone pair of electron
competitive adsorption between the species implies tha
adsorption site is a reduced species. In a previous me
nistic investigation[26] proofs were presented that the ma
route for the SCO of ammonia on Pt/CuO/Al2O3 involves re-
action at the phase boundary between NHx species adsorbe
on Cu sites and oxygen adsorbed on Pt. Thus, poisonin
the ammonia adsorption site by oxygen suggests that
site is a reduced copper site (Cu+). It has been verified by
FTIR that ammonia is preferentially adsorbed as NH3(ad)

on CuO/Al2O3 and that NH+4 species are much less abu
dant [1,16]. Under flow conditions with ammonia in th
stream, bands from NH3(ad)were observed up to 350◦C [16]
and up to 200◦C [1] under static conditions with adsorptio
followed by evacuation. These results are in line with
TPD profile of ammonia inFig. 1, showing desorption o
unreacted ammonia up to 250–300◦C.
-

For an oxygen content in the feed of 2.0 vol% and abo
the plots inFig. 3 show that at complete ammonia conv
sion the selectivity for nitrogen formation passes throug
maximum when the temperature is increased. Accordin
Fig. 4b the maximum is a result of the formation of N2O
passing through a minimum and the formation of NOx si-
multaneously increasing with increasing temperature.
minimum in the N2O formation agrees with the N2O profile
in Fig. 1, showing two peaks at 80 and 250◦C, respec-
tively. Obviously, there are two different mechanisms
the formation of N2O. The mechanism at low temperatu
may involve adsorbed O2 species, whereas the formation
high temperatures is likely to involve monoatomic oxyg
species. At low oxygen pressure the number of adsorbe2
species is scarce, explaining that the selectivity for nitro
formation shows no maximum inFigs. 3a and3b for low
oxygen concentrations in the feed.

Considering the results inFig. 5 andTables 2 and 3for
high conversion conditions, it is evident that the addition
water vapour to the feed has almost no effect on the con
sion of ammonia. Depending on the reaction conditions,
conversion either remains unchanged or shows a sligh
crease with the addition of water vapour. On the other ha
the data also show that the selectivity for nitrogen in m
cases is strongly improved by the addition of water. Th
findings are in general agreement with literature rep
on several catalyst systems, for example, CuO/Al2O3 [10],
Pt/Al2O3 [2], Pd-ZSM-5 [2], PdO/Al2O3 [2], Pd–V2O5–
WO3/TiO2–SiO2 [3], MoO3/SiO2 [7], and Fe-ZSM-5[13].
The observed improvement of the selectivity for nitrogen
the presence of water can be seen as a consequence
increase in the number of –OH groups at the surface
ative to the number of oxygen species. For the succes
stripping of hydrogen from adsorbed ammonia, only –O
groups are needed, whereas the formation of nitrogen
ides also requires oxygen species. This explanation ag
with our previous results[26], showing that the major rout
on Pt/CuO/Al2O3 for nitrogen formation proceeds via dire
oxidation of ammonia involving two NHx species withou
any participation of formed NOx . In accordance with pre
vious reports[7,10], the slightly reduced activity induce
by water may be associated with competitive adsorption
tween ammonia and water. That the effect is minor can
explained by the stronger interaction of ammonia with
acidic adsorption sites when compared with the less b
water molecule. The present results are for high conver
conditions, and, therefore, the effect of water on the
tivity may be enhanced at lower conversion. However,
improved selectivity for nitrogen caused by water is not
effect of operating the catalyst below its capacity, beca
at low temperature nitrogen is an inert product that con
quently does not react to form nitrogen oxides. Opera
of a catalyst below full capacity is common practice in
dustrial applications, where it is a means of prolonging
lifetime of the catalyst load by increasing its tolerance
wards poisoning.
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Pretreatment of Pt/CuO/Al2O3 with SO2 results in some
reduction of the activity and considerable improvemen
the selectivity for nitrogen, as the data inTable 2show. Sim-
ilar findings have been reported in previous investigatio
A comparison of CuO/TiO2 catalysts produced from CuSO4
and Cu(NO3)2, respectively, showed that the catalysts h
similar activity, but the former was more selective[8]. In a
study of CuO/Al2O3 [10] it was found that introducing SO2
into the feed gives improved selectivity and reduced ac
ity. Moreover, data for Pt/CuO/SiO2 demonstrate a stron
boost of the selectivity for nitrogen when SO2 is added to
the feed[19]. For Fe2O3/TiO2 similar trends were observe
and this whether the sample was prepared from sulp
or from nitrate and in the latter case subsequent treatm
with SO2- and O2-containing gas[12]. These findings poin
to sulphate formation as the origin of the observed bo
in the selectivity for nitrogen (Table 2). It is well known
that CuO and Al2O3 interact with SO2 to form sulphates
[27,28]. Under our pretreatment conditions (see Section2.2),
assuming all SO2 forms sulphate, the amount of sulpha
corresponds to∼ 5 µmol/m2 of surface area, that is, le
than a monolayer. Therefore, most of the sulphate spe
in the catalysts can be expected to be in the form of sur
species. These species seem relatively stable, as no
ening of the catalyst performance was observed during
time of the experiment (8 h). Sulphate surface species
electron withdrawing, resulting in an increase in the Le
acid strength of the surrounding cation[12]. Thereby the
surface concentration of adsorbed ammonia species i
creased, facilitating the interaction between two adjac
nitrogen species forming N2, in agreement with the expe
imental results inTable 2. The minor decrease in the activi
that is observed after the pretreatment of the catalyst
SO2 is in agreement with stronger interaction between
trogen and the Cu ion, which would affect the desorpt
rate. The effect, however, is not strongly noticeable un
the present reaction conditions with operation of the c
lyst at high conversion. Moreover, replacement of som
the active oxygen sites with sulphate species may contri
to the observed changes in the catalyst performance. In
ticular, it would limit the minor secondary route to nitrog
formation on Pt/CuO/Al2O3, which comprises a reaction b
tween an NHx species and formed NO2 [26].

Concerning the oxidation of ammonia in the presenc
water and other biogas components (CO, H2, and CH4), the
data inTable 3show that almost complete conversion of a
monia is achieved, and the selectivity for nitrogen is 98
90% for feeds with 0.5 and 8.0 vol% oxygen, respectiv
For the dry biogas with low oxygen content (0.5 vol%
compared with the corresponding wet gas, the conver
of ammonia is much lower (18%) and the selectivity for
trogen is decreased from 98 to 87%. The decrease in
activity is a consequence of the oxygen content in the ga
ing almost completely consumed by the oxidation of CO
hydrogen to form CO2 and water, respectively. Concerni
the observed decrease in the selectivity for nitrogen, fe
t

-

-

-

-

–OH groups are expected to form at the surface when
water is fed. These species are active for the abstractio
hydrogen from ammonia and the formation of nitrogen,
they are not involved in the formation of CO2, although they
may affect to some extent the oxidation of hydrogen. As
plained earlier, lowering of the OH/O surface ratio is in li
with increasing the (N2O + NOx)/N2 product ratio.

The data inTable 3show complete conversion of the am
monia in a dry biogas feed with excess oxygen (8.0 vo
and without added water. However, compared with the
for the corresponding feed with 0.5 vol% oxygen, a
markable lower selectivity for nitrogen can be noticed (5
compared with 87%). The decrease seems to be relat
the presence of CO, since a similar change with the o
gen content is obtained for the feeds with ammonia and
only (see alsoFig. 6). Also in that case the selectivity drop
when the oxygen content is increased from 0.5 to 8.0 vo
whereas no corresponding decrease is observed with a
of ammonia and oxygen only. In the latter case comp
conversion of ammonia is obtained at both oxygen lev
and in both cases the selectivity for nitrogen is about 9
The low selectivity for nitrogen formation in the presence
CO and excess oxygen is surprising but is possibly relate
formation of carbonate species[29–31] directing the reac
tion towards formation of nitrogen oxides, with N2O as the
main component. Carbonate species may also form wit
excess oxygen in the feed (0.5 vol%). In that case, howe
the substantially higher selectivity for nitrogen may be d
to the reaction of the formed nitrogen oxides with CO
give nitrogen and CO2. Thus, under oxygen-rich condition
it seems that CO preferentially does not react with NO2 but
reacts with oxygen.

5. Conclusions

The present study has shown that Pt/CuO/Al2O3 is active
and selective for the oxidation of ammonia to form nit
gen. At a space velocity on the order of 3600 ml/(min g),
corresponding to 240 000 h−1, full conversion of ammonia
is obtained at 220–260◦C, with selectivities for nitrogen in
the range of 85–90%. Adding water vapour to the feed g
improved selectivity for nitrogen (90–95%) and decrea
the activity, although the effect on the conversion is sm
at high conversion levels. The fact that the catalyst is
tive below 300◦C and at high space velocity makes it ve
competitive with other catalyst systems[2,3,6–17]. Com-
pared with Pt/Al2O3 [2], Pt/CuO/Al2O3 is more selective
and it is also much more active than CuO/Al2O3 [9,10], in-
dicating a cooperative action between Pt and copper ox
HREM imaging combined with elemental analysis of
catalyst shows intimate contact between platinum parti
and copper-rich areas, facilitating cooperation between
phases.

Sulphating the catalyst by treatment with SO2/O2 makes
it more selective for nitrogen formation and slightly less
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tive. A selectivity of about 97–98% is obtained at compl
ammonia conversion.

Concerning application of Pt/CuO/Al2O3 for the SCO of
ammonia in biogas, our investigation shows that under
conditions the catalyst efficiently converts the ammonia
nitrogen with good selectivity (90–98%, depending on
oxygen content). Under dry conditions, however, the c
lyst has either low activity for ammonia oxidation or lo
selectivity for nitrogen formation, depending on whether
oxygen content in the feed is low or high.
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