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Abstract

The CuO/ALO3 system is active for ammonia oxidation to nitrogen and water. The principal by-products are nitrous oxide
and nitric oxide. Nitrous oxide levels increase with the addition of various metal oxides to the basic copper oxide/alumina
system. Addition of sulfur dioxide to the reaction stream sharply reduces the level of ammonia conversion, but has a beneficial
effect on selectivity to nitrogen. Added water vapour has a lesser effect on activity but is equally beneficial in terms of
selectivity to nitrogen. The CuO/ADs is also active for the selective catalytic reduction of nitric oxide by ammonia, but
this reaction is not effected by sulfur dioxide addition. A mechanism for ammonia oxidation to nitrogen is proposed wherein
part of the ammonia fed to the catalyst is converted into nitric oxide. A pool of monoatomic surface nitrogen species of
varying oxidation states is established:. & N,O are formed depending upon the average oxidation state of this pool. An
abundance of labile lattice oxygen species on the catalyst surface leads to overoxidation g@ddoition. On the other
hand, reduced lability of surface lattice oxygen species favours a lower average oxidation state for the monoatomic surface
nitrogen pool and leads tooNormation. ©2000 Elsevier Science B.V. All rights reserved.

1. Introduction In contrast, catalytic oxidation of ammonia to nitrogen
would be suitable for a different range of applications
The treatment of ammonia from waste streams is and are the subject of increasing interest.
becoming an important issue due to ever increasing en- A technology for ammonia removal from oxygen
vironmental concerns. Many chemical processes havecontaining streams would be beneficial for ammo-
gaseous or liquid waste streams containing ammonia hia slip control in selective catalytic reduction (SCR)
which will have to be reused or destroyed. Several units, thus allowing these units to operate at higher ef-
reviews of different techniques used for the elimina- ficiencies for nitric oxide removal [4]. Catalytic tech-
tion of ammonia have been published [1,2]. Catalytic nologies for the oxidation of ammonia to nitric oxide
methods based on the decomposition of ammonia into are well established and form the basis of nitric acid
nitrogen and hydrogen are at an advanced stage ofproduction on a commercial scale [5], but catalysts
deployment to treat emissions of ammonia from cok- which stop the oxidation at Nare less well developed
ing plants and from refineries [3] and are useful for [6].
waste streams which are predominantly oxygen free. Work in the area of ammonia oxidation to ni-
trogen prior to 1975 [7] was reviewed recently by
"+ Corresponding author. Tel.: +353-61-202981: Li and A_rmor [4] and.r.eveals that precious metal_,
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amounts of nitrous oxide or nitric oxide. In addition, In these cases, the impregnating solution consisted
those catalysts which were very selective for nitro- of copper nitrate and the metal nitrate. All prepared
gen formation below 30@ exhibited poor activity. solids were dried at room temperature and calcined at
II'chenko and Golodets [8,9] carried out a detailed 450°C overnight in air.

study on the catalytic oxidation of ammonia over un-

supported oxides at low temperatures. The products 5 5 characterisation

of reaction observed were s;Nand NO. Selectiv-

ity to nitrogen increased in the following sequence: Surface area measurements were carried out using a
MnO; < C0304 < F&03 < CuO < MoOz < V20s. Micromeritics Gemini 111 2375 system with nitrogen
Genera!ly, this sequence also re'pr.esented the iNverse g he adsorbing gas. All samples were outgassed at
of activity. MnO; and CeO, exhibited the highest 200°C before analysis. Temperature programmed re-

selectivity to NO. ) .. duction in a 5% H/N2 flow (heating rate 10C/min)
More recently, studies have appeared describing was performed on 4.3wt.% CuO/Ds and on the

ammonia o>_<idation over SCR V/'_I'ipcatalysts [10], same catalysts following exposure to S0

MoO3 on SiG [11,12], Cu-Mn binary oxides sup-

ported on TiQ [13] and Pd, Pt or Rh supported on .

ZSM-5 or alumina [4]. All show varying propensities  2-3- Catalyst testing

for the formation of nitric oxide and nitrous oxide

in the temperature range 200—40D and varying The oxidation of ammonia was carried out using a

levels of resistance to deactivation by water vapour. continuous flow system operated at ambient pressure.

Membrane reactors such as those using a palladium The gas flow rates were controlled by mass flow con-

ceramic composite were found to oxidise ammonia to trollers (Tylan General UK). The feed gas, a mixture

inert non-polluting substances at temperatures aboveOf NHz (and NO in some cases), oxygen and helium

500°C [14]. flowed at a rate of 20-200 ml/min over 25 mg of cata-
The work reported here examines the activity of lyst. The reactor was a quartz glass vertical tube. The

copper oxide on alumina for the oxidation of ammonia catalyst was keptin position by 2 plugs of quartz wool.

in the presence of oxygen to form nitrogen and water Before testing, the catalyst was pretreated for 90 min

and investigates the effect of a second metal oxide N & stream of helium at 20 ml/min at 420. After this

on the overall activity of the system. In addition, the Pretreatment the samples were cooled to°&and

catalytic activity is analysed in the presence of,SO the reaction initiated by introducing 0.54% NF8%
and added water. O2 and a helium balance at various total gas flow rates.

The gases leaving the catalytic reactor were analysed
using a Hewlett—Packard HP5971A Mass Selective

2. Experimental Detector. In some experiments, 0.1% S@as added
to the reactant stream. In these circumstances, to pre-
2.1. Catalyst preparation vent the deposition of ammonium sulphate, all lines
were heated to over 135G and SQ was introduced
A catalyst containing 4.3wt.% CuO on ADs into the reactant stream at the entrance of the reactor.

was prepared by dry impregnation, using copper ni- In these experiments 500 mg of catalyst was used. For
trate as the impregnating salt. The required amount €Xperiments with added water, 1% water vapour was

of Cu(NO3), was dissolved in a volume of water added to the stream.

enough to fill the pores of the pre-calcined alumina

(Rhdne-Poulenc RP535, pore volume 1.3ml/g, sur-

face area 122 Alg). The resulting solid was dried at 3. Results

room temperature and calcined at 460overnight in

air. Using a similar procedure, a series of catalysts Table 1 lists all the catalysts used in this study and

containing 4.3wt.% CuO and a second metal oxide the corresponding surface areas. All catalysts present
(PbO, NiO, Co0O, SnO or GO3) was also prepared. a surface area marginally less than the parent alumina.
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Table 1
Surface area of alumina and prepared catalysts

Catalyst name Surface area¥m)

Al»,03 122
4.3wt.% CuO/AbO3 116
1wt.% PbO-4.3wt.% CuO/AD3 114
1wt.% NiO-4.3wt.% CuO/AlO3 112
1wt.% Co0O-4.3wt.% CuO/AlO3 109
0.6 wt.% SnO-4.3wt.% CuO/AD3 106
0.4wt.% CpO3-4.3wt.% CuO/AbO3 110

—0—1wt% CoO ‘
—0—1wt% PbO
—0—0.4wt% Cr203 z

—X—0.6 wt% SnO
—A—1wt% NiO
—e—4.3wt% Cu0

20

Ammonia conversion [%]
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WIF [g siml]

Fig. 1. Ammonia conversion at changing/F values using a
4.3wt.% CuO/AbO3 and catalysts containing both CuO and a
metal oxide. (0.54% Nl 8% O, He balance; 25mg catalyst,
325°C; WIF=0.0075-0.075 g s/ml).

The activities at 325C of all the catalysts used in
this study for the oxidation of ammonia, without added
SO, or water, are presented in Fig. 1 and the corre-
sponding selectivity to nitrogen presented in Fig. 2.
The catalysts of composition 0.4 wt.%Qr3-4.3 wt.%
CuO/AlbO3 and 1wt.% PbO-4.3wt.% CuO/AD3
catalysts present similar activities and selectivities to
4.3wt.% CuO/AbO3. The most active catalyst was
0.6 wt.% SnO-4.3wt.% CuO/ADs, but it exhibited
the lowest selectivity to N (Fig. 2). Lower selec-
tivities to nitrogen were due to increased production
of N2O, with smaller amounts of NO also detected.
For example, in the range dMF values studied,
the selectivity to NO was 10-15% using 0.6 wt.%
Sn0-4.3wt.% CuO/AlOs. The corresponding value
for NO was 7-8%. Of note in Fig. 2 is the fact
that selectivity increased with increasing conversion
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Fig. 2. Selectivity to N with ammonia conversion using a 4.3 wt.%
CuO/ALO3 and catalysts containing both CuO and a metal ox-
ide. (0.54% NH, 8% O, He balance; 25mg catalyst, 325
W/F=0.0075-0.075 g s/ml).

over those catalysts with activities close to 4.3wt.%
CuO/AlLO3, namely the chromium and lead treated

samples, whereas selectivity declined with increasing
conversion for the more active catalysts.

Introducing SQ into the reactant stream (0.1 vol.%)
strongly attenuated the catalytic activity of all the cat-
alysts used in this study. This can be seen from Fig. 3
which presents the conversion of ammonia with vari-
ation inW/F in the presence (closed triangles) and ab-
sence (open circles) of S@ver all catalysts listed in
Table 1.

Addition of SO to the feed stream also had interest-
ing effects on the selectivity toNNFig. 4 presents the
selectivity-conversion data for all the catalysts listed
in Table 1. Added S@clearly boosts the selectivity
towards N over all the catalysts studied here. An im-
portant point is that there is some overlap in our data
in terms of the % conversion that could be achieved in
the absence and presence of,S0 that variations in
selectivity as a function of conversion do not explain
the observed phenomenon.

When ammonia conversion and selectivity was as-
sessed in the presence of added steam, some reduc-
tion in activity was noted (square symbols, Fig. 3) but
again selectivity to N was improved vis-a-vis the dry
conditions (Fig. 4) over all the catalysts studied.

The influence of S@on activity was surprising in
view of literature reports that the CuO-Cug@al,03
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Table 2
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Ammonia and nitric oxide conversion rates over 4.3wt.% Cu@@ilin the presence and absence of (0.1 vol.%) $0325C. (8% Q,

He; 25mg catalystW/F=0.03 g s/ml)

Reactant concentration Without $0

With SO

NH3 conversion [%]

NO conversion [%]

Ndconversion [%)] NO conversion [%]

0.54% NH;
0% NO 63 n/a a21 n/a
0.38% NH;
0.38% NO 68 65 57 51
0.18% NH;
0.18% NO 82 68 70 57
aTested using 500 mg catalyaty/F =0.6 g s/ml).
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Fig. 3. Ammonia conversion with variation MW/F in the pres-
ence and absence of g@nd HO using 4.3wt.% CuO/AlO3

and catalysts containing both CuO and a metal oxide. Reaction
temperature =32%. Dry (No SQ or H,O: 0.54% NH;, 8% Oy,

He; 25mg catalyst). SO(with SOy; 0.54% NH;, 8% O, 0.1%
SO,, He; 500 mg catalyst). Wet (with #D; 0.54% NH;, 8% O,

1% H,O, He; 25mg catalyst).

system is an efficient SCR catalyst which is totally
resistant to poisoning by SQ15]. Hence, a series of
experiments was undertaken in which the conversion
of ammonia was monitored in SCR conditions, with an
equimolar mixture of NH and NO, and in ammonia
oxidation conditions, in which feed NO was excluded.
The results are summarised in Table 2.

The results clearly show that $@trongly inhibits
the ammonia oxidation reaction, as before, but has
little effect on the SCR reaction in terms of ammonia
or nitric oxide consumption.

Fig. 4. Selectivity to N with NH3 conversion in the presence
and absence of SOand HO using 4.3wt.% CuO/AlOs; and
catalysts containing both CuO and a metal oxide. Reaction tem-
perature =325C. Dry (No SGQ or H0: 0.54% NH;, 8% O, He;
25mg catalyst) S@ (with SOp; 0.54% NH;, 8% Oy, 0.1% SQ,

He; 500mg catalyst). Wet (with #0; 0.54% NH;, 8% O, 1%
H20, He; 25mg catalyst).

The ammonia conversion using 4.3 wt.% CuQ/@4
was also investigated in the presence ofONWhen
N-O was introduced into the reactant stream it did
not convert to N or NO at 325C in the absence or
presence of S@ In addition, the presence of @
does not inhibit the conversion of ammonia.

The TPR profiles of 4.3 wt.% CuO/AD3 and this
catalyst following treatment with SQOare presented
in Fig. 5. These data point to a major change in re-
ducibility following sulphation, indicating reduced re-
activity of lattice oxygen with H following treatment
with SO,.
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Fig. 5. TPR profiles of sulfated and unsulfated 4.3wt.%
CuO/ALOs. (Flow — 20ml/min, 5% hydrogen in nitrogen; tem-
perature ramp 10/min; 35mg catalyst).

4. Discussion

The main points to emerge from this work is that
the CuO/AbOs system is active and selective for the
oxidation of ammonia to nitrogen and water and that
the selectivity towards nitrogen can be boosted by the
addition of SQ or water vapour to the feed stream.
Work carried out to date on the 4.3 wt.% CuGQ/Bk
catalyst showed that the amount of NO detected in the
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A second metal oxide was added to the copper
based catalyst in an effort to boost the formation of
the oxidation product, NO, which should in turn in-
crease the selectivity to nitrogen. Addition of a sec-
ond supported component to the basic Cu@dildid
result in an increased activity with a number of ad-
ditives but no benefit was observed in terms of se-
lectivity towards nitrogen. In fact, in many cases the
impregnation of the second metal oxide resulted in in-
creased production of }D. For example, in the range
of W/F studied, the most active catalyst was 0.6 wt.%
Sn0O-4.3wt.% CuO/AlO3, but it exhibited the lowest
selectivity to N (Fig. 2) with NbO selectivity ranging
between 10-15% and NO selectivity ranging between
7-8%. This compared to ano® selectivity of 4%
and a NO selectivity range of 2-3% for the 4.3 wt.%
CuO/Al,O3 alone.

The beneficial influence of SOon the selectivity
to N2 is a general effect that was observed with all
the catalysts used here, and other workers [6] have re-
ported that CuO/TiQ catalysts prepared from CugO
give less NO and PO than the corresponding cata-
lysts prepared from Cu(N£)y.

Certainly in our reaction conditions the SCR reac-
tion is much faster than the ammonia oxidation reac-
tion in the presence of SCand at least as fast in its
absence (Table 2). The behaviour of 3@ diminish-
ing the activity of the catalyst may now be interpreted
in terms of the first step of NO formation being in-

product stream increased as the percent conversion Ofinited. Evidence in support of this argument is the

the contact time decreased. This behaviour is consis-

tent with NO being an intermediate in the reaction to
N>, and this argument is all the more compelling be-
cause the 4.3wt.% CuO/#D3 catalyst used in this
work is an efficient SCR catalyst, as shown in Table
2. Our hypothesis is that a significant amount of the
oxidation of ammonia proceeds by the overoxidation
of ammonia into NO or even N£ which in turn re-
acts with the remaining ammonia via a standard SCR
reaction to yield nitrogen and water

Step 1 4ANH + 50, — 4NO+ 6H,0
Step 2 ANO+ 4NH3 4+ 30, — 4Ny 4+ 6H,0

Another product of reaction observed in this work

finding that when NO is fed to the reactor in SCR re-
action conditions (see Table 2) the reaction withd\NH
is clearly unaffected by the added 5O

A feature of the catalysts after exposure t0,S0©
the reaction conditions is the formation of bulk CuSO
and some Al(SOy)3 [15]. In TPR experiments with
H> as reducing agent, the peak maximum occurs at
520°C for sulfated CuO/AlO3 whereas the peak max-
imum for CuO/AbOg3 is at 250C. Our hypothesis
is, therefore, that added Snhhibits the oxidation of
NH3 into NO by making the extraction of surface lat-
tice oxygen for the reaction more difficult.

NH3 + Ojattice = NHx(ads) + H3_1Oads
The boost in selectivity on adding $@s not due

was NO. Indeed there has been a deal of discussion in to the often observed kinetic phenomenon in the se-

the literature as to the origins of NO and® produced
in ammonia oxidation conditions [4].

lective oxidation of hydrocarbons, whereby selectiv-
ity to a partial oxidation product often increases when
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the conversion decreases [16]. With ammonia oxida-

tion selectivity to N over a given CuO/AlO3 was ob-
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N>O formation would require the reaction of any of
the species listed in Table 3 with combined oxidation

served to increase or decrease (see Fig. 2) dependinghumbers greater than 0, e.g.,

on the catalyst used. In addition, there is some over-
lap, in terms of % conversion, for the data presented

in Fig. 4, in the range 30-40%. In this range, for the
same conversions, the $@®eated catalysts were more
selective to N than those not treated with SOFor
example, using the GO3-CuO/AlLO3 catalyst, at a
conversion of approximately 28%, the selectivity to ni-
trogen was 92% and this increased to 99% when SO

N(ads —+ No(ads) — N>O.

The concept of regulating the availability of sur-
face lattice oxygen, often through the dilution of the
surface concentration of active surface sites, is widely
accepted as an essential feature of oxide catalysts for
the selective oxidation of hydrocarbons [16]. Here it
is proposed that adding $Qo the feed reduces the

was added to the reaction stream for the same conver-availability of surface lattice oxygen species in this

sion. The effect of S@addition on the NO selectivity
can also be quite dramatic. For example, added SO
reduced NO selectivity over 0.6 wt.% SnO-4.3wt.%
CuO/Al,0O3 from 10-15% to close to 0.

Table 3 illustrates the simplest mononitrogen
species which can be involved in ammonia oxidation,

reaction system, which in turn reduces the average
oxidation state of the surface bound nitrogen species,
favouring N> formation over NO. A similar selec-
tivity effect was observed by II'chenko and Golodets
[8]. In their study, a series of unsupported metal ox-
ide catalysts were tested at low temperatures. It was

and there is ample experimental evidence to support proposed that the activity and selectivity to various
the presence of each of these species on the surface aproducts depended on the surface oxygen bond energy

well as nitrites and nitrates. We follow de Boer et al.
[12] with the concept that the pool of mononitrogen
species can follow a number of reaction pathways
leading to the formation of Nor N>O. Our argu-
ment is that N or N>O will be produced in varying
amounts depending on the oxygen availability on
the CuO/AbOs or CuSQ/Al,O3 catalysts. Increased
surface lattice oxygen availability would push the av-

of the various metal oxide catalysts. The oxide cata-
lysts with high surface oxygen bond energy resulted
in lower rates of reaction and high selectivity to nitro-
gen. Metal oxides whose surface oxygen bond energy
was low led to the formation HD. They suggested
that the effect was similar to that observed to selec-
tive oxidation of hydrocarbons. However, the selec-
tivities observed using the various catalysts were not

erage oxidation state of the surface nitrogen speciescompared at similar conversions.

towards positive values. The average oxidation state

of nitrogen in NO is 1+ and 0 in N implying a

The influence of added water to the copper based
catalysts can also be assessed. The slightly reduced

greater oxygen demand for the reaction which leads activity can be associated with competitive adsorption

to N2O. Typically, we can envisage Normation via
the reaction of any combination of the species listed
in Table 3 with combined oxidation numbers less than
or equal to 0, e.g.,

NH2adg + NO(adg — N2 + H20

It should be recalled that onceNs formed further
reaction to NO or NO is unlikely on thermodynamic
grounds [12].

Table 3

Oxidation states of mononitrogen species

Species NH NH NH N NO NO,
Oxidation state 3 2— 1- 0 2+ 4+

between ammonia and water for active sites. Water
adsorbed and blocking oxidation sites would have a
similar but lesser effect to sulphation, in that the avail-

ability of surface lattice oxygen would be somewhat

restricted, favouring the products of partial oxidation

[17].

5. Conclusions

The propensity of a CuO/AD3 system to produced
N2 or N2O during NH; selective oxidation is deter-
mined by the average oxidation state of the pool of
monoatomic nitrogen species present on the surface.
Labile lattice oxygen at the surface of the catalyst
increases the average oxidation state of the surface
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monoatomic nitrogen pool and leads to@ forma- [6] N.N. Sazonova, A.V. Simakov, T.A. Nikoro, G.B. Barannik,

tion. Adding SQ to the reaction feed reduces the la- V.F. Lyakhova, V.I. Zheivot, Z.R. Ismagilov, H. Veringa,
React. Kinet. Catal. Lett. 57 (1996) 71.

bility of the lattice oxygen and increases the average ) N

idati tate of th W . N ti [7] N.1. I'chenko, Russian Chemical Rev. 45 (1976) 1119.
oxidation state of the poal, tfavouringziNormation. [8] N. I I'chenko, G.I. Golodets, J. Catal. 39 (1976) 57.
While adding water to the reaction feed restricts ac- [g] N. | I'chenko, G.I. Golodets, J. Catal. 39 (1976) 73.
cess of NH to surface oxidation sites. [10] F. Cavani, F. Trifiro, Catal. Today 4 (1989) 253.

[11] J3.J.P. Biermann, F.J.J.G. Janssen, M. de Boer, A.J. van Dillen,
J.W. Geus, E.T.C. Vogt, J. Mol. Catal. 60 (1990) 227.
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