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Abstract

An Ag/alumina catalyst was prepared and tested for its HC(octane)-SCR activity using a gas mixture simulating exhaust gas from diesel
and lean-burn vehicles. The catalyst showed excellent NG tadhvity, having a maximum conversion of approximately 90% at45@nd
an average conversion of 66% in the temperature window 3002®0During the high conversion of NO, formation of CO was recorded.
A commercial oxidation (“cleanup”) catalyst was placed after th¢algmina in order to remove the formed CO as well as unburnt hydro-
carbons. This resulted, however, in a drastic drop of NO conversion, which was more pronounced when the distance was short between the
two catalysts. When the distance between the two catalysts was increased to 33 mm (maximum value) the conversion was almost unaffectec
This raised the question how nitrogen, once formed from nitrogen oxides, can seemingly disappear over the oxidizing catalyst at temper-
atures far too low to make this phenomenon thermodynamically feasible. In this study we propose that the HC-SCR reaction mechanism
over Ag/alumina involves a gas-phase reaction between species created over the catalyst surface, and that this reaction is dependent on tf
residence time behind the catalyst.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction precautions must be considered. One possibility is to use
catalytic after treatment analogous to the method used for

Combustion of fossil fuels in vehicle engines produces traditional gasoline engines. The three-way catalyst (TWC)
environmentally harmful and unwanted exhaust gases, such!Sed in these vehicles, however, is designed to operate un-
as nitrogen and carbon oxides. As agreed upon at the Ky_der stoichiometric conditions and cannot be applied to lean-

oto conference [1] carbon dioxide is one of the greenhousebum engines. The challenge then is to create a catalyst over

gases, which must be reduced in the outlet from, e.g. gaso_which the nitrogen oxides can be reduced to nitrogen in the

line and diesel engines. Since the amount of carbon dioxide ©XY9€n-rich gas mixture, simultaneously permitting carbon
in the exhaust gases from these sources is directly propor_r.nonomde and unburneq hydrocarbonsto be oxidized to their
tional to the fuel consumed, an obvious solution is to design f|nalhproduc|t§ carbon gmmde and wate;; One Wa%'orz reach-
more fuel-efficient engines. This goal can only be reached Ing this goa |s't.o use the NGstorage tec nique, which Is In

by operating the vehicle engines under lean conditions, i.e”fact the prevailing method today. Selective catalytic reduc-

with a large excess of oxygen. The drawback is, however, en-

tion (SCR) would, on the other hand, offer a more elegant,
hanced formation of nitrogen oxides (N)mainly nitrogen direct, and continuous method to reduce the,dOncentra-
monoxide (NO) and nitrogen dioxide (ND

tion in exhaust gases. As the SCR method can be considered
As the permissible emission limits for nitrogen oxides to be the ultimate solution to the c.atalytic.after treatment of
in exhaust gases are continuously lowered by law, properexhaust.gases. from lean-burn engines, it is the subject of the
present investigation.
Traditionally, selective catalytic reduction of NChas
* Corresponding author. been carried out using ammonia as the reducing agent. Al-
E-mail addressKari.Eranen@abo.fi (K. Eranen). though this method is applicable in large stationary plants,
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it is, for obvious reasons (ammonia slip from many small 2. Experimental

sources, etc), not suitable for use in small vehicles. A more

attractive solution for this type of nitrogen oxide pollutantis 2.1. The catalyst

to use hydrocarbons (HC-SCR), being more “natural” sub-

stances in the transport system, as reducing agents. Several The silveyalumina (Ag/Al,Os) catalyst was prepared
investigations since the pioneering work of Held et al. [2] according to the procedure further outlined in Ref. [7].
and lwamoto et al. [3] have brought a lot of promising ze- Analysis of the catalyst by DCP (Spectrascan l11A) showed a
olitic and nonzeolitic materials to be considered for HC- silver average content of approximately 2 wt%. This value is
SCR. It is commonly accepted that Aglumina is one of  essential since it has been reported in several studies [10-13]
the most active material in these processes. Burch et al. [4]that silver loading of this order is optimal for the de-NO
have in a recent review extensively presented the potentialprocess of oxygen-rich exhaust gases. TheNysisorption

of Ag/alumina catalysts together with a discussion on the measurements (Carlo Erba Sorptomatic 1900) over the re-
complicated mechanism, taking place over such a catalyst.ceived commercial alumina (A-201, LaRoche) support re-
In several investigations the hydrocarbons have been showrsulted in a BET surface area and pore volume of 289gn

to act differently under similar conditions [5-7], which ~and 0.409 crfyg, respectively. Silver impregnation and cal-
strongly indicate that a usable hydrocarbon must be chosercination for 3 h at 550C lowered the surface area to
carefully and adapted to the catalyst. In earlier laboratory 185 Nf/g. The pore volume did not change after addition
and engine tests [7] we have found good de;NEsults over of metal. The A-201 alumina is a mixturg of rather unsta-
a silveyalumina catalyst with octane as the reducing agent P& Phases such gs p, n, and pseudg-. This could be one

in oxygen-rich exhaust gas mixtures. We noticed that a con- "€2S0n for the relatively high surface area loss during the cal-
siderable amount of carbon monoxide was produced duringc'nat'on', o , ,
the process, and that our efforts to eliminate this harmful The_ silver d'St”bl.Jt'on n the_ catalyst beads was investi-
substance over a subsequent oxidizing catalyst resulted in agated in more detail .at four different places on th? center
decreased conversion of NO to bis well. In the present re- cross section of a single bead by careful analysis of the

i . . . ; amounts of Ag (Al and O as well) by SEM-EDXA (Cam-
port we try to identify and explain the puzzling question how bridge Leica 360). The squares investigated (Fig. 1) were
nitrogen, once formed from nitrogen oxides, can seemingly ) :

di h idizi I ‘ situated in the middle of the bead (bead diamet&?2 mm),
Isappear over the oxidizing catalyst at temperatures far o0 g iy from the bead surface, as close as possible to the

low to make this phenomenon thermodynamically feasible. g, itace and on the outer surface of the bead. The silver
In earlier work Lukyanov et al. and Vassallo et al. [8,9] have .gntent in these areas was 2.1, 2.0, 2.4, and 3.7 Wt%, re-
dealt with the role of gas-phase reactions in the mechanismgpeiively. An X-ray line analysis, with several hundreds of
of HC-SCR. In the study of Lukyanov et al. [8] NO or rather  gints along the cross section .2 mm), was also per-
NO2 was considered to act as an effective oxygen carrier formed. The scan did not reveal large deviations in the sil-
agent for the initiation of radical formation. The catalystwas ver distribution pattern. The silver was comparatively evenly
discussed to be needed for the coupling of the N-N bond by distributed within the bead, with somewhat higher values in
combination of the formed organic nitro compounds and NO the areas close to and on the outer surface. These higher val-
or NOz. In this investigation we propose that an important ues on the outer surface of the Agumina can most prob-
step of HC-SCR, i.e., the formation of a significant amounts ably be attributed to residual silver remaining from the im-
of N2, may take place in the gas phase in immediate connec-pregnation procedure (no washing of the beads was carried
tion to the catalyst bed. out after impregnation). According to our results, however,

Close to surface

0.55 mm from
surface

At the surface Centre

Fig. 1. Scanning electron micrograph of a cross sectidr-(2.2 mm) of the Ag'alumina bead.
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Fig. 2. The quartz microreactor (a) modified (b) with an inserted pipe.

there is only a very thin layer on the bead, which has a no- In order to eliminate carbon monoxide and unburnt oc-
tably higher content of silver. It is, on the other hand, worth tane, a commercial Pt-supported oxidation catalyst (Johnson
noting that the silver content in the three squares inside theMatthey) was placed after the Aglumina catalyst. The two
Ag/alumina bead is in agreement with our earlier DCP mea- catalysts were arranged at various distances from each other,
surements. On the basis of these results we conclude thathe extremes being complete physical mixing of the two cat-
crushing and sieving of the material prior to testing can be alysts and infinite spacing (no oxidation catalyst).

carried out while retaining the silver concentration. The concentrations of N\ CO,, CO, and Q were de-
termined with the aid of a gas chromatograph (HP 6890)
2.2. Experimental setup equipped with a GS Q column, a GS Molesieve column

(J&W Scientific), and Fl as well as TC detectors. Two con-
The crushed and sieved Aglumina granules (0.4 g, di- densers, kept at5 and at—25°C, were used to trap out
ameter distribution 250-500 pm) were tested in a quartz mi- the water from the gas prior to analysis. The concentration
cro reactor (Fig. 2a) inserted in an oven equipped with a tem- changes of N@ (NO + NO), in the gas mixture, were
perature controller. A temperature window of 150-600  recorded by a chemiluminescence N@nalyzer (API 200
with sampling under steady-state conditions (GHSV  AH), whereas the specific conversion of NO te Was cal-
60,000 ! and 550 mI'min) was used for the catalytic activ-  culated on the basis of the amount of nitrogen formed. This
ity runs. The temperature in the catalyst bed was monitored system facilitated a comparison of the NO conversions ob-
by a K-type thermocoup|e connected to a temperature Con_taiHEd with the two Significantly different methods. ngh-
troller (Eurotherm 900 EPC). In separate experiments it was Purity calibration gases (AGA) were used for calibration of
verified that experimental data were free from mass-transferthe NO: analyzer and the gas chromatograph.
limitations.
The gas mixture used in the activity tests consisted of 2.3. Experimental setup for gas-phase reaction

500 ppm NO, 375 ppm octane, 6 vol% Q0 vol% CQ, investigations
350 ppm CO, 12 vol% B0, and He as balance. All gases
were of high purity (AGA) and introduced into the reactor For the purpose of investigating possible gas-phase reac-
by means of mass-flow controllers (Brooks 5850). The wa- tions in the empty volume between the sily@umina and
ter was added to the gas mixture by a liquid-flow controller the oxidation catalyst, the reactor was modified by insert-
(Bronkhorst HI-TEC), which was combined with a con- ing a pipe, which passed through the /4,03 catalyst
trolled evaporator mixer (Bronkhorst HI-TEC). The addition bed ending at its outlet surface (Fig. 2b). This modification
of octane took place via a syringe pump (CMA 102/Mi- enabled bypassing of any reactant to the immediate reac-
crodialysis), which was also used to introduce possible in- tion space behind the first (reduction) catalyst. The exper-
termediates in the HC-SCR reactions, such as heptyliso-iments were carried out at two constant temperatures: 450
cyanate, acetonitrile, and heptanone oxime (Acros, LabScanand 550C.
and Aldrich, respectively). Ammonia was also used as are- Two types of quartz reactors, having same free space
ducing agent instead of octane and introduced to the systenbut different surface to volume ratio behind the /Aatumina
using a mass-flow controller. All the components were pre- catalyst, were used to investigate the importance of reactor
heated before entering the reactor and the temperature in thelesign in the gas phase before the subsequent coolers and
pipes was kept constant with heating tapes. Oxygen was ledanalyzing equipment. In these experiments the catalyst beds
separately into the reactor in order to avoid any reaction be-were identical and a volumetric flow rate of 550/miin at a
tween NO and @in the line before the catalyst bed. GHSV = 60,000 ! was used.
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The condensate (D) trapped out during the activity 0
tests (using the basic gas mixture) was subjected to GC-MS e B
studies, in order to detect possible components taking part_  * :
in the gas-phase or surface reactions. A GC-MS (HP 6890-& T ]
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5973), equipped with a 15 m, 0.25 mm (diameter), and ¢ 6° / ; "
0.50 pm (film thickness) INNOWAX column (J&W Scien- 50 } ;
40 / S
/
/

%]

tific), was used in this study.
In a complementary experiment, the Asgumina pow- 30

der catalyst was placed in a small-sized stainless-steel re-5 ,,

actor, operating at 40UC, which was directly connected to

a cooled (0C) acetone trap. A gas mixture consisting of

500 ppm NO, 375 ppm octane, and 6 vol% ®as lead

through the catalyst and the species formed on the catalyst

surface or in the gas phase bubbled through the acetone trap.

The acetone mixture was analyzed using the GC-MS tech-

nique, as described above. Fig. 3. NO to de(?f(?nvertsi(f)]nz overk:resh A(@Jz((j)g ;as ? fu:‘cotion %f terg-
The existing microreactor system was modified to fit a ge;ast\‘jf gg:ggo r'rf.“(’g) P‘f’og;%‘”; %szij\: ‘;sttgi’/ pos isooct:;\]e,

study of the formed organic species leaving the catalyst_sur— (¥) 1-octene, ©) octanal, W) octanol, and ) octanoic acid [7].

face. In the new setup the Aglumina catalyst was placed in

the GC injection liner, to which the column was directly con-

Conversion of NO

410 ; ; ;
150 200 250 300 350 400 450 500 550 600

Temperature [°C]

nected, and different combinations of the gas mixture (NO, 9o : ﬁz — :
octane, and g) were pulsed into the catalyst using the gas- % NOj conversion Vs N
sampling valve. 60 \\ 4 %
In order to identify formed surface species on the/ Alg- o \ 7
mina catalyst, in situ DRIFTS experiments were performed £ 3o > o /)'
20 \N-EO-EN

using an FTIR spectrometer (ATI Mattson Infinity) equipped

nversion [%]

with a high-temperatuyvacuum chamber (Spectratech Inc.). P 4 - onversion /
Gases were introduced to the chamber using mass-flow con-3 ;g > /
trollers (Brooks 5890). The catalyst samples had a particle 3 -~ i
size of 90-125 um and were pretreated in situ at D0 :g 7ah

using a gas mixture containing 6 vol% @ He. Both back- 60 €0 conversion Z

ground and experimental scans were carried out af350 70 ;
with the spectral resolution of 4 cm. 80

150 200 250 300 350 400 450 500 550 600
Temperature [°C]

3. Results and discussion Fig. 4. Activity test over fresh 2 wt% Atlumina using following gas mix-
ture: 500 ppm NO, 375 ppm octane, 6 vol%,a0 vol% CQ, 350 ppm
CO, 12 vol% HO, and He as balance. GHSY 60,000 b1 and volume

3.1. Activity testing flow = 550 my/min.

As already indicated we choose here to present results
obtained by using octane as the reducing agent for nitro- not be excluded, a process which inevitably resulted in an
gen oxides over the Aglumina catalyst described in Sec- apparently higher NOconversion. This might be the reason
tion 2.1, although several other hydrocarbons [7] behave in why the chemiluminescence technique usually gives higher
a similar way (Fig. 3). Fig. 4 reveals that the conversion conversion values.
of NO to N, by octane, over Agalumina, reaches com- As shown in Fig. 4 the two conversion curves in this case
paratively high values, with a maximum of 90% at 48D follow each other quite closely when the only catalyst in-
and a mean value of 66% in the temperature interval 300—volved is the silvefalumina. The figure also reveals that
600°C. It is worth noting in Fig. 4, that two NO conversion there is no conversion of the added carbon monoxide in the
curves are given: one is obtained with the chemilumines- temperature interval 150-54C. On the contrary, there is
cence instrument and the other by GC measurements. Theconsiderable production of CO with a maximum value at
conversion calculated on the basis of the GC measurement#50°C. When the amount of carbon monoxide added serves
represents exclusively the environmentally desired NOto N  as the reference, the amount of CO is almost doubled (CO
reaction, whereas the chemiluminescence instrument showsonversion= —70%). Our conclusion is that selective re-
variations in NQ (NO + NOy) only, and does not give any  duction of NO with octane over the sily&lumina catalyst
information about the reaction products. Absorption oftNO exhibited good NO reduction properties with the drawback
in the water of the condensers preceding the analyzers couldf simultaneously generating carbon monoxide.
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Fig. 5. Activity test over Agalumina+ commercial oxidation catalyst (Pt
supported, JM) with 0-mm distance between catalyst beds. 500 ppm NO,
375 ppm octane, 6 vol% £) 10 vol% CQ, 350 ppm CO, 12 vol% b,

and He as balance. GHSY 60,000 v and volume flow= 550 ml/min.

In order to eliminate the harmful CO we added a com-
mercial oxidation catalyst, delivered by Johnson Matthey,
directly after the Agalumina bed, and, as shown in Fig. 5,
the carbon monoxide conversion reached 100% at’C50
This result was expected, but surprisingly the addition of the
“cleanup” catalyst changed the NO conversion dramatically.
As can be seen in Fig. 5, the maximum conversion of NO
to N2 was decreased to 45% at 48D, as compared to 90%
in Fig. 4, and the average conversion dropped to approxi-
mately 32% in the temperature interval 300-6Q0 Fig. 5
also shows that the NOconversion based on chemilumi-
nescence measurements at 260ncreases from about 5%
without the oxidation catalyst to 50% with the catalyst.

This peculiar behavior was systematically explored by ar-
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Fig. 7. Activity test over Agalumina+ commercial oxidation catalyst (Pt
supported, JM) with 2-mm distance between catalyst beds. 500 ppm NO,
375 ppm octane, 6 vol% £ 10 vol% CQ, 350 ppm CO, 12 vol% b,

and He as balance. GHSY 60,000 hr! and volume flow= 550 ml/min.

tion are given in Figs. 7-9 for distances of 2, 10, and 33 mm
between the catalysts, respectively. In Fig. 10, a comparison
of the different distances and their effect on NO tpad¢tiv-

ity are presented, in addition to the physical mixing of the
two catalysts and Agalumina alone.

The figures clearly show that the incorporation of an oxi-
dation catalyst into the system resulted in decreased activity
in terms of NO to N conversion, together with improved
CO oxidation reaching 100% below 200. By increas-
ing the distance between Aglumina and the cleanup cat-
alyst, an improvement in the NO topNonversion was ob-
tained (Fig. 10). In the case, where the two catalysts were
mixed, the conversion level of NO tooNdid not exceed

ranging the two catalysts in series at different distances as10% (Fig. 10). The best NO to Nactivity, regarding the

principally depicted in Fig. 6. The results of this investiga-
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Fig. 6. Schematic illustration of the effect of different distance between
Ag/alumina and Pt-oxidation catalyst.

combined system, was recorded over the catalysts having a
distance of 33 mm between each other. The results obtained
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Fig. 8. Activity test over Agalumina+ commercial oxidation catalyst (Pt
supported, JM) with 10-mm distance between catalyst beds. 500 ppm NO,
375 ppm octane, 6 vol% £ 10 vol% CQ, 350 ppm CO, 12 vol% b,

and He as balance. GHSY 60,000 hr! and volume flow= 550 ml/min.
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Fig. 10. Comparison of the effect on NO to, Nctivity by variation of
the bed length between the Aglumina catalyst and the commercial (JM)
Pt-supported oxidation catalyst. 500 ppm NO, 375 ppm octane, 6 val% O
10 vol% CQ, 350 ppm CO, 12 vol% B0, and He as balance. GHSY
60,000 il and volume flow= 550 mimin. no BEOIL, Agalumina
alone; and mix, mechanical mixture of Aglumina and oxidation catalyst.

at a 10-mm distance did not, however, differ to a great extent
from the 33-mm distance. Overall the dual-catalyst systems
were significantly less active in terms of NO te Konver-
sion compared with the single Aglumina bed. The mean
residence time between the two catalysts with 33-mm dis-
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chemiluminescence analyzer, but it has been shown [14,15]
that platinum group catalysts have a tendency to form nitrous
oxides during selective catalytic reduction of NO by, e.g.,
H». Cant et al. [15] in their work on the formation of nitrous
oxide during the reaction of simulated exhaust gas streams
over rhodium, platinum, and palladium catalysts, found that
palladium-containing catalysts give rise to the formation of
N2O in two regimes. Below 20%C the concentration of pO
increased because of the reaction between NO and/hile
above 300C the concentration increased by another process
that persisted through to 50C. The NGO'H2/O> reaction
forming N>O on noble-metal catalysts, at low temperatures
and under lean-burn conditions, has been found to be sensi-
tive to the reaction conditions [14]. The formation o$®I

was strongly temperature dependent, being the major prod-
uct at low temperatures. The selectivity to®lwas signifi-
cantly increased in the presence of water, but its formation,
when the concentrations of NO ortdre varied, was com-
plex. As the formation of N@is thermodynamically favored

at low temperatures, it will obviously be produced over an
oxidation catalyst and part of it could be trapped (absorbed)
in the coolers, resulting in the formation of HNOThis is
supported by an earlier study carried out at our laboratory
on the same subject [16], where decreased pH values of the
condensed water (prior to the analyzing equipment) were re-
ported.

3.2. Bypassing of reactants through the catalyst bed

In order to investigate possible gas-phase reactions, a pipe
was used to bypass different reactants to the outlet surface
of the catalyst bed. The results from the experiments (at 450
and 550C) are presented in Figs. 11-13. In the first exper-
iment (Fig. 11) we passed the basic gas mixture through the
catalyst, except NO andr NO,, which were bypassed to
the outlet surface of the catalyst bed. Here the aim was to
investigate if octane is partly oxidized to form a component
that reacts with NO or N®@in the gas phase. The results
were compared with the cases where NO angM@re in-
cluded in the base gas feed. As can be seen no conversion of
NO, to Nz took place in the cases where NO, NOr NO +
NO, were bypassed. Bypassing NO and Nalso dramati-
cally affected the CO formation pattern. With NO and NO
flowing through the catalyst, the formation of CO was almost
doubled compared with the cases where these reactants were
bypassed. This suggests that NO adNO;, are strongly
involved in the partial oxidation of octane and enhance the

tance was calculated as 0.28 s, using the basic gas-flow ratéormation of species that should be active for gas-phase de-

equal to 550 mimin. This value can be considered as a min-
imum for obtaining sufficiently high NO to Nconversion.

NO, processes.
The next step in these experiments was to find out

It should be noted that a longer residence time is required towhether nitrous oxide is an important component during the

fulfill the conditions for the gas-phase reactions.
The high NQ conversion obtained by chemilumines-

HC-SCR. In these experiments® or N,O + NO were led
both through the catalyst and through the pipe to the outlet

cence measurements at low temperatures, in the cases whergurface of the catalyst bed. As a main observation it can be
an oxidation catalyst was used, could be explained by forma- concluded that no D to Ny activity was recorded in these

tion of N2O and N@Q. N2O cannot be detected using a NO

experiments (Fig. 12), irrespective of whether theONwas
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Fig. 11. Activity test over Agalumina at 450C where a pipe was used to bypass different reactants (Fig. 2b) to the outlet of the catalyst bed. Basic gas
mixture: 375 ppm octane, 6 vol%010 vol% CG, 350 ppm CO, 12 vol% b0, and He as balance. (A) 500 ppm NO in basic gas mixture through catalyst,
(B) 250 ppm NO and 250 ppm NOn basic gas mixture through catalyst, (C) 250 ppm NO and 250 ppmtN@ugh pipe and rest of the basic gas mixture

through catalyst, (D) 500 ppm NCQhrough pipe and rest of the basic gas mixture through catalyst, (E) 500 ppm NO through pipe and rest of the basic gas
mixture through catalyst.
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Fig. 12. Activity test over Agalumina at 450C where a pipe was used to bypass different reactants (Fig. 2b) to the outlet of the catalyst bed. Basic gas
mixture: 375 ppm octane, 6 vol%010 vol% CG, 350 ppm CO, 12 vol% blO, and He as balance. (A) 500 ppm NO in basic gas mixture through catalyst,
(B) 250 ppm NO and 125 ppm 4O in basic gas mixture through catalyst, (C) 250 ppgONn basic gas mixture through catalyst, (D) 250 ppm NO and

125 ppm NO through pipe and rest of the basic gas mixture through catalyst, (E) 250 pfnth¥ough pipe and rest of the basic gas mixture through
catalyst.

bypassed or not. All the produced nitrogen seemed to orig- trous oxide effectively takes part in the partial oxidation of
inate from the introduced NO. It can be concluded that the octane, resulting in the formation of CO. However, in this
formation of O as an intermediate componentis unlikely case the created species do not participate in the formation
and if formed during the HC-SCR it can be considered as a of Na.

by-product. Surprisingly, the amount of CO produced was  Inthe experiments, where octane was bypassed to the out-
quite equal in the experiments, where NO was replaced bylet surface of the Agalumina and the rest of the feed gas
N2O and no bypassing of the catalyst bed was carried out. mixture was flowed through the catalyst, no NGD2 to N2
When NO together with pD was flowed through the cat- conversion was detected (Fig. 13). Approximately 12% of
alyst, the formation of CO was actually higher than when octane was converted to G@n the gas phase and the oxi-
only NO was included in the feed gas. This means that ni- dation was improved at higher temperatures (850 Based
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Fig. 13. Activity test over Agalumina at 450C where a pipe was used to bypass different reactants (Fig. 2b) to the outlet of the catalyst bed. Basic gas
mixture: 6 vol% G, 10 vol% CQ, 350 ppm CO, 12 vol% b0, and He as balance. (A) 375 ppm octane through pipe and 500 ppm b&Bic gas mixture
through catalyst, (B) 375 ppm octane through pipe and 250 ppr-NKB0 ppm NQ in basic gas mixture through catalyst, (C) 375 ppm octane through pipe
and 500 ppm N@in basic gas mixture through catalyst, (D) (at 3% 375 ppm octane through pipe and 250 ppm WNQ@50 ppm NQ in basic gas mixture
through catalyst.

on this observation it can be stated that octane must be leacdbehind the catalyst is the dominating factor in obtaining high
through the catalyst together with NO in order to form oxy- NO to N, conversion, the volume of the free space behind
genated species, which consequently react further on thethe catalyst was set identically in both reactors, but the di-
surface and in the gas phase to form N ameter was varied to obtain different\Bratios of 1.98 and

The importance of the CO formed during the HC-SCR 4,52 cntl, respectively. The residence time was identical
was investigated by replacing octane with 3500 ppm CO in hoth cases. It is worth noting that there was no tempera-
(i.e., G/NO = 6), and leading the full gas mixture through  tyre gradient between the reactor wall and the catalyst bed
the catalyst. No formation of was detected during thistest  and the temperature in the gas phase was identical for both
and the conversion of CO was below 20%. This means that e actors. We did not detect any significant difference in the
CO as a hy-product does not itself contribute to the reduc-
tion of NO, but the formation of CO, coinciding with high
N2 production, indicates the formation of an efficient reduc-
tive intermediate.

activity of NO to N, in the two reactors (Fig. 14). This means
that residence time in the free space is of great importance
for the homogeneous part of the mechanism leadingzo N
formation. Possible termination of radical reactions on the

As a summary it can be concluded that both nitric oxide .
S walls of reactor seems not to steer the reaction. On the other
and octane must flow through the catalyst to obtain high NO . o .
hand, if termination does not occur on the walls, but with

reduction. The two reactants interact on the catalyst surface, =~ dical tin th it the radical chai

and form species that consequently react both on the surfaceO" "fadicais presentin the gas mixiure, the radical chain

and in the gas phase forming the final products, e.g., nitro- reaction would depend on the residence time in the same way

gen as a purely homogeneous reaction. Therefore the possibility
of important radical chain reactions taking place during the

3.3. Influence of surface to volume ratio of the chamber ~ HC-SCR over Agalumina cannot be excluded.

behind the catalyst bed The results obtained in the present study show that gas-
phase reactions are part of the total reaction mechanism. The

Itis commonly known that many homogeneous oxidation formation of N in the gas phase seems to be a result of a
reactions of hydrocarbons involve radical chain reactions. 0mogeneous reaction consisting either of a decomposition
One important step in this chain reaction is termination. Ac- "€action of an N-containing hydrocarbon (preferably having
cording to theory, termination of a radical chain reaction is tWo N atoms such as hydrazines, hydrazones, and azines)
dependent on the surface to volume ratio [17] or the radius OF & reaction between formed intermediates. The decom-
of the reactor in the postcatalyst chamber. Termination re- position theory is backed up by the fact that N-containing
quires collisions with a third body, which in our case could hydrocarbons are certainly oxidized by the cleanup catalyst
be the wall or the packing material such as quartz wool. To resulting in the formation of NO and NOOn the other
find out whether the termination of a possible homogeneoushand, a generated N-containing hydrocarbon intermediate
radical chain reaction or the residence time in the free spacecould also be oxidized before reaction to Nénd CG.
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Fig. 14. Comparison of NO to Nconversion over Agalumina using reactors with different surface to volume ratios after the catalyst bed. Volume in the free
space behind catalyst was 19.89%im both reactors. Gas mixture: 500 ppm NO, 375 ppm octane, 6 vai%d®vol% CG, 350 ppm CO, 12 vol% b0,
and He as balance. GHSY 60,000 v and volume flow= 550 ml/min.

3.4. GC-MS studies termediates cannot be detected. This is very important, when
considering our observations of the gas-phase reaction tak-
ing place behind the catalyst bed, as we suggested an approx-
imate residence time of 0.28 s for the full reaction to be com-

. . . leted. Therefore a supplementary experiment at@@as
duced in the activity tests and trapped in the water col- P PP yexp

. . rform where th lumin talyst w I in
lector was subjected to GC-MS studies. In these analyses,gle0 SZ coii’ectioenetzo aicﬁ{ig ‘(O)chcjt:nftra atf) Fnﬁﬁﬁ?ilze
different types of ketones (2.5-octanedione, acetophenone P

2.5-diethyltetrahydrofuran, and 2-hexanone) and aldehydesthe possibility for the reaction to proceed completely. In

(pentanal) were mainly recorded. In classical organic chem- this experiment_a large variety of nitriles (nitromethane), ke-
istry aldehydes and ketones are formed via the oxidation of Eﬁ?es’ gnd ,Cy(il'c prc;duct:tj \f[verte ;O,U'E dl(sssgl'\\//lesd n acgton(at.
primary and secondary alcohols, respectively. In this investi- € main S',”Ql N pFrp Lics \?VEC eNI(I; N -I q e;?enmﬁn
gation the initial step may proceed via partial oxidation of was acetonitrile (Fig. 15). When was excluded from the

octane to yield alkenes, and further on through oxidation 935 mixturg, only minor nitrile formation was observed. It
reactions alcohols are gained. The single most important re-S€eMS as if the catalyst surface was not fully cleaned from

action of aldehydes and ketones is the nucleophilic addition 2ds0rbed NQ, which resulted in slight nitrile formation. Ni-
reaction [18]. In our case the negatively charged cyanide ion triles are usually formeq through nucleophilic addition of the
and neutral nucleophiles such as ammonia and amines ard'egatively charged CNion to aldehydes and ketones. One
of greatest interest since these are species which, in the [it-could speculate that the nitriles take partin the gas-phase re-
erature, have often been reported [19-22] to be formed asactions behind the catalyst bed, but as shown later, this is
intermediates on the surface and in the gas phase. The obDOt the case. Ketoximes have also been shown [25] to yield
served components, however, could be end or side prOducts,nitriles by the action of proton or Lewis acids. In addition
which are trapped in the water or have been formed via hy- to nitriles, for exampleg-dialkylaminoketoximes also give
drolysis of a ketoxime [23]. amines and aldehydes or ketones. If the ketoximes are con-

Nanba et al. [24] have made product analysis of SCR sidered to be important species in the HC-SCR, as shown
of NO, with CoH4 over H-ferrierite. Nitroethylene (NE), by [23,26,27], the conclusion would be that the nitriles and
HNCO, and HCN were detected as nitrogen-containing by- ketones (aldehydes), detected in the GC-MS experiments,
products. It was proposed that there were two reaction path-are side products. The reason why acetonitrile is the main
ways for N formation. Direct reaction between NEand NO  species in these GC-MS experiments may be found in the
and NE decomposition followed by the formation and hy- fact that in earlier studies [7], longer hydrocarbon chains
drolysis of HNCO. The latter pathway led to the formation were proven to be the most active reducing agents. There-
of NH3, which further reacted with NO to form I How- fore “leftover” acetone oxime might have reacted over the
ever, the long analyzing time of their FTIR equipment (about Ag/alumina forming acetonitrile and the longer chains con-
80 s) might lead to a situation where some “short” living in- sumed during the HC-SCR.

In order to identify the gaseous intermediates formed
on the surface of the catalyst, the condensatgO)Hpro-
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Fig. 15. GC-MS chromatogram of reaction products formed ovefalgnina and dissolved in acetone. Gas mixture 500 ppm NO, 375 ppm octane, and
6 vol% O, at 400°C.

3.5. Pulse studies 3.6. FTIR

In an additional attempt to facilitate a study of the formed Several DRIFTS experiments were performed according
organic species leaving the catalyst surface, thgaignina to Table 1 at 350C. In experiments 1-3 (Table 1) the first
catalyst was placed in the inlet liner of the GC sfdilitless step was to create adsorbed N€pecies by conducting NO
injector. Because the column is directly connected to this and @ over the catalyst. During the first 20 min of the
liner, a fast separation of the formed species from each otherexperiments (step 1) several bands around 1233'camd
could be expected. Different combinations of the gas mix- very weak bands at approximately 1550 chstarted to ap-
ture (NO, octane, andfQwere pulsed into the catalystusing pear. With time on stream the bands at 1258, 1550, 1563,
the gas-sampling valve. The main observation in these testsand 1584 cm? increased in strength (Fig. 17). These peaks
was that octane is fully transformed into different compo- can be attributed to different nitrate (NO) species ad-
nents in the presence of NO ang @t 400°C (Fig. 16). sorbed on the catalyst surface [28—31]. The bands appearing
NO strongly acts as a reactant together with oxygen in the at about 1235 cm® have been suggested to be adsorbed ni-
conversion of octane to oxygenated species. This was fur-trite (NO>™) species [28].
ther proved by tests, where only octane and oxygen were The introduction of octane in step 3 (experiments 1-3)
pulsed through the catalyst. In this experiment the octanedid not change the FTIR spectra. No consumption of the ad-
was partly transformeftteacted into similar species as in the sorbed NQ species was observed. The reintroduction of NO
case where all three reactants are used, but the octane peafexperiment 2, step 4) did not influence the peak pattern ei-
in the chromatogram was still significant (Fig. 16). Ther- ther. However, adding oxygen to the gas feed (experiment 2,
mal crackingdecomposition of octane (in the absence of step 5) changed the spectra drastically (Fig. 18). The band
0,) did not take place, even in the case where the catalystat 1550 cnt! strongly decreased in intensity during time
surface was preoxidized. We did not detect any great differ- on stream, while the band at 1584 thsignificantly grew
ences between the experiments where prenitrated surfaceand a new strong band at 1590 cthappeared. On the same
were compared with untreated ones. type of catalysts, peaks at 1585 and 1595 ¢rhave been
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Fig. 16. Comparison of chromatograms received in the modified system, where tatuiina catalyst is placed in the injection liner, which is directly
connected to the column of the GC. Retention times for some hydrocarbons are given in the box (left).

Table 1
Experimental conditions used in DRIFTS studies
Step 1 Step 2 Step 3 Step 4 Step 5
Exp. 1 NO/O,/He He flushing @H1g/He
Exp. 2 NO/O,/He He flushing @H1g/He CgH1g/NO/He CgH1g/NO/O5/He
Exp. 3 NO/O,/He He flushing @Hyg/He CgH1g8/02/He CgH18/02/NO/He
Exp. 4 GgH1g/02/He He flushing NQ@He NO/O,/He CgH18/NO/O2/He
Exp. 5 GgH1602 He flushing NQHe NO/Oy/He
NO, 1000 ppm; @H1g = 750 ppm; Q, 6 vol%; G, /NO = 6, andT = 350°C.
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Fig. 17. Time on stream in situ DRIFTS over Aglumina at 350 C using
1000 ppm NO and 6 vol% §(Table 1, experiments 1-3, step 1).

Wavenumbers [em-!]

Fig. 18. Time on stream in situ DRIFTS over Agjumina at 350 C using
1000 ppm NO, 375 ppm octane, and 6 vol% (able 1, experiment 2,
step 5).

assigned as carboxylate and formate surface species, retributed to formate species [15]. Also small bands at 2134,
spectively [20]. Careful investigation of the region at 1200— 2157, and 2228 cm' started to appear. In Refs. [32,33],
1500 cnt?! revealed peak appearances with time on stream cyanide (-CN) and isocyanate (-NCO) were detected at
at 1380 and 1390 cri. These peaks have also been at- 2135 and 2230 cmt, respectively.
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In experiment 3 step 4, where,Ovas added to an at 2234 cmi! was detected, during the 25 min of NO
octangHe mixture, the same type of change of the peaks addition, which earlier was proposed as isocyanate sur-
at 1550, 1584, and 1590 crh could be observed as in  face species [33,34]. This is in agreement with the higher
experiment 2 step 5. On the other hand no bands corre-NO to N, activity, which was recorded when oxygenated
sponding to cyanide and isocyanate species were seen. Asiydrocarbons were used as reducing agents in an earlier
expected these bands were again visible when NO was addedtudy [7]. The rate-determining step in the HC-SCR has
to Op/CgH1s/He mixture (experiment 3, step 5). been thought [27] to involve the H-abstraction of the alkane.

In experiment 4 step 1, octane and oxygen were passedUsing hexylacetate this step is avoided and cyanate species
over the catalyst in order to first create adsorbed oxygenatedare readily formed as intermediates or side products on the
hydrocarbon species and to check whether these react withsurface even in the absence of oxygen. During step 4 (ex-
NO or adsorbed NO species in the next steps. Major peaksperiment 5), when both NO and>@25 min) were passed
were formed at 1454, 1571, and 1583 TmIn addition over the catalyst, the main peaks detected were at 1299,
small peaks at 1304 and 2942 thwere observed. These 1469, 1578, and 2235 cm (Fig. 19). In [20], a band at
bands are assigned to N-free species on the catalyst surface,300 cnt?!, was believed to be caused by bulk-like nitrite
because no catalyst pretreatment by NO was performed.(NO,~). The broad peak at 2936 crh which was visible
In Ref. [11], the peaks at 1298 crth (small), 1377, 1455,  in step 1 and step 3 (experiment 5), decreased considerably
1565, 1642, and 2945 cm (small) were detected when a in size, which could be an indication that the oxygenated
silver/alumina catalyst was exposed to a propenggen compound has been consumed.
mixture. The peaks were assigned as follows:c vibra- In a separate experiment, the preoxidized (BDPcata-
tion at 1298 cm?, sc vibration at 1377 cm?, vacoo lyst was subjected to another oxygenated model component,
and vascoo (carboxylate group) stretching modes at 1455 j.e., octanal, at 358C. This experiment was carried out due
and 1565 cmt, respectively, andc_c stretching mode at  to the fact that octanal has so far resulted in the best HC-SCR
1642 cntl. The band at 2945 crt was stated as the C-H  activity (Fig. 3), over Agalumina, compared with othergC
stretching vibrations of the correspondingtG, O, species. species. Peaks were detected at 1326, 1462, 1575, 2865, and
Introducing NO to the @/CgH1g/He-treated catalyst (ex- 2933 cnt!, which were close to the corresponding bands
periment 4 step 3) resulted in small changes in the bandrecorded using hexylacetate.
pattern. The peak at 1571 crhslightly decreased in inten- Based on the FTIR experiments one can conclude that if
sity, whereas the peak at 1583 thbecame more dominant.  an alkane (octane) is used as the reducing agent both NO
In the case where oxygen was added to the feed (experimenand G are needed for the effective formation of oxygenated
4 step 4), the peak at 1454 ctdecreased considerably and  species. Isocyanate and cyanide species could not be de-
some new peaks appeared around 1274%m tected in the experiments where only octane and oxygen

When all the reactants were put on-line (experiments 2— flowed over a prenitrated catalyst surface. This means that
4, steps 5 and 4), peak formation was detected at aroundNO needs to be included in the gas phase as it strongly par-
3500 cntl. In [19], a strong band close to 3500 chwas ticipates as a reactafutxidant in forming the initial and im-
assigned to adsorbed water belonging to hydrocarbon com-portant oxygenates and breaking the C—H bond of the alkane
bustion. This band appeared when several reactions wergwhich could be the rate-determining step) [27]. This was
carried out, suggesting the possibility that the hydrolysis of
—CN and —NCO species to ammonia and amines takes place 1.0
In the same reference [19], weak but distinctive IR bands at
3390 and 3410 cmt were recognized and attributed to the
N-H stretching region. Also in the present study, additional
weak peaks having a maximum at approximately 3400tm
were recorded.

In experiment 5, step 1, hexylacetate was passed over thez
catalyst. This molecule was used as a model oxygenated hy-s  ,
drocarbon compound. Major bands were formed at 1573 and 2 468 can'!

-1
0.8 1573 cm

Munk units
=)
>

1468 cntl. In addition we detected weaker peaks with a ¥

broad shape at approximately 2936, 2870, and 1332'cm 0:2 1"
Meunier et al. [20], in their DRIFTS studies over cobalt- and . | ™
silver-promoted alumina catalysts, attributed wavelengths of e 2936 o~ \J‘\
1575 and 1460 cmt as free carboxylate COQacetate 4000 3500 3000 2500 2000 1500
(v@OCO andvSOCO, respectively). The band at 2941 thn Wavenumbers [em!]

has been aSSIQnEd as acetaI&H)) [32]' When NO was Fig. 19. Time on stream in situ DRIFTS experiment at 3680where

passed over the hexylacetate pretreated catalyst (eXper_ilOOO ppm NO is flowing over a Alumina catalyst, which has been
ment 5, step 3), the same base peak pattern, recorded impretreated with hexylacetate oxygen in helium (Table 1, experiment 5,

step 1, appeared. Interestingly, a rather strong extra bandstep 3).
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Fig. 21. Activity test over Agalumina using acetonitrile as the reducing agent. Gas mixture: 500 ppm NO, 500 ppm acetonitrile, 6ydl0w01% CQ,
350 ppm CO, 12 vol% KO, and He as balance. GHS¥ 60,000 ! and volume flow= 550 ml/min.

demonstrated in the experiment where isocyanate specieslyst bed in excess oxygen. The results of these experiments
were created on the catalyst in the absence of oxygen and irare illustrated in Figs. 20-23. As indicated in the figures the
the presence of NO, when the surface had been pretreated bgonversion of NO to W was calculated in two ways: (1) as
an oxygenate such as hexylacetate. These findings are supaormally based on the introduced 500 ppm NO (NO 9,N
ported by the pulse studies and the activity tests. and (2) based on the assumption that 1000 ppm of NO was
introduced to the catalyst, half of which formed the interme-
3.7. Activity tests using possible intermediates as reducing diate via reactions with the hydrocarbon (conversion of N
agents compounds to M.
In the experiment where ammonia was fed together with
The activity of NO to N was investigated in the pres- NO over the catalyst, using a ratio of 1L (500/500 ppm),
ence and absence of the Agumina catalyst using hep- moderate conversion of NO to;Nvas detected at tempera-
tylisocyanate, acetonitrile, ammonia, or heptanone oxime astures below 500C (Fig. 20). This experiment shows quite
reducing agents. These kinds of species have been proposedearly that even if ammonia were to be formed during the
in the literature to act as possible HC-SCR intermediate HC-SCR, it would not contribute to the NO reduction activ-
species [19,22,23,26,27]. These species substituted octandy over Ag/alumina to a great extent.
as the reducing agent for NO. Some of the components were When octane (375 ppm) was substituted by acetonitrile
led together with NO, as well as separately through the cat- (500 ppm), the conversion of N compounds tg showed
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Fig. 23. Activity test over Agalumina using heptanone-oxime as the reducing agent. Gas mixture: 250 ppm NO, 250 ppm heptanone-oxime,»6 vol% O
10 vol% CQ, 350 ppm CO, 12 vol% KO, and He as balance. GHSY 60,000 -1 and volume flow= 550 mi/min.

an average of approximately 40% in the temperature win- tylisocyanate was introduced through the catalyst alone, no
dow 350-600C (Fig. 21). If only the introduced (500 ppm) nitrogen formation was seen. Also in the absence of a cata-
NO is used for calculations, excellent conversion of NO is lyst when NO and heptylisocyanate were both presentin the
obtained. When acetonitrile was led through the catalyst in gas feed, we did not detect any NO conversion.
the absence of NO, we did not record any significant for-  As already noted, the isocyanate species have commonly
mation of N> over the Agalumina, except at 50, the been mentioned as important intermediates on the surface
temperature at which 20% acetonitrile to nitrogen conver- or in the gas phase. The high activity achieved using hep-
sion took place. These results suggest that nitriley@nd  tylisocyanate, is in close agreement with these proposals.
the oxygenated hydrocarbon part of the nitriles are able to However, Beutel et al. [23] have proposed that the NCO
reduce NO over Agalumina. In the absence of a catalyst we intermediate is not crucial for HC-SCR since NO reacts
did not detect any NO conversion when acetonitrile was usedwith the oxime to form N below decomposition tempera-
as the reducing agent for NO. ture. In their work NCO is considered to be a decomposition
High conversion levels of N compounds exceeding 50% product of acetone oxime. If this approach is correct it indi-
were detected between 300 and 360 when 250 ppm  cates that the oxygenated hydrocarbon part of the heptyliso-
heptylisocyanate was used as the model intermediate anctyanate reacts together with NO forming.NHere again,
passed together with 250 ppm NO in excess oxygen over thethe rate-determining step of H-abstraction of the alkane can
Ag/alumina catalyst (Fig. 22). In the experiment where hep- be avoided and therefore the higher activity in terms of
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NO to Ny is obtained at low temperatures. On the other the rate of octane oxidation. The same trend was visible for
hand, a significantly higher amount of hydrocarbon (reduc- the dependence of these reactions in oxygen and NO con-
ing agent), based on carbon atoms, was used in this expericentration, the reaction orders being higher than one in the
ment compared with the experiment where acetonitrile was former and negative in the latter. Our preliminary kinetic
used. It was shown in [7] that a;8, /NO ratio equal to 6 studies demonstrated [37] that the rates of NO reduction
is quite optimal for the NO conversion when dealing with and total octane oxidation over Aglumina catalyst could
an Ag/alumina catalyst. This could explain why the high- be described by a simple power-law model with the reaction
est activity was recorded in the experiment using heptyliso- orders in octane and oxygen similar for both reactions and
cyanate. This kind of approach requires that the oxygenatedclose to unity. Moreover the reaction order in NO for the NO
hydrocarbon is considered to be the active reducing agent,conversion was close to zero. Based on the observations and
not the NCO or CN group. On the other hand, Haneda et measurements from this study and [37], it is apparently clear
al. [19] in their study on reaction intermediates in the se- that octane reactivity dominates the rate of NO reduction.
lective NO reduction with propene over &as—Al,0O3 and This is clearly seen directly from the experiments bypassing
In303—Al,03 showed that the concentration of oxygenated octane to the outlet surface of the catalyst (Fig. 13) as well
and nitrile compounds decreased continuously as the reac-as from experiments with concentration variation of compo-
tion temperature increased. They proposed that this indicateents. A rather surprising observation is that NO reduction
that oxygenated and nitrile compounds act as the intermedi-over a silver catalyst depends only slightly on the concentra-
ates leading to the formation of;,N tion of NO, which also supports the concept that reactions
Heptanone oxime was shown to be an active reducing involving octane determine the overall reactor performance.
agent for NQ. In a test where 250 ppm hexanone oxime NO reacts with @ over the catalyst, forming nitrite and ni-
was led together with 250 ppm NO, the same kind of activ- trate species. The latter species seem to be formed slowly
ity pattern was seen as in the test where the isocyanate wasvith time on stream, as evidenced by FTIR measurements.
used as a reducing agent (Fig. 23). The conversion of N com-Octane reacts with the aid of predominantly oxygen over
pounds to N reached values higher than 50% between 350 the Ag/alumina catalyst, to form an oxygenated hydrocar-
and 45C0C. In addition the activity was slightly improved bon (via H-abstraction). As noted earlier, such abstractions
using the oxime compared with the isocyanate at the startingcould be the rate-determining step. This statement is sup-
temperatures. In the absence of NO in the gas feed the conported by kinetic studies showing the zero-order dependence
version of N compounds did not reach values higher than of NO reduction on NO concentration. At the same time as
10% below 500C. At the final temperature (60C) the demonstrated in the pulse studies, octane does not transform
conversion of NO rose to approximately 20%. In the absencetotally in the absence of NO in the gas feed. This means that
of the Ag/alumina catalyst, when the oxime and NO were although (at least in the range of parameters studied) the in-
both present in the gas mixture, the conversion of N com- fluence of NO is not manifested kinetically, meaning that
pounds to N was less than 3% below 50C and at the final ~ the coverage of adsorbed NO or nitrates (nitrites) is small,
temperature the conversion was equal to 4.5%. This meanghe presence of NO is vital to create active intermediates for
that the reaction for Nformation cannot be carried out with-  the reactions to proceed. An alternative explanation, which
out the catalyst using the oxime as the reducing agent, but thecould account for zero order in NO is that the surface is
full mechanism certainly involves a surface-generated gas-almost completely covered by N&ontaining species [4].
phase reaction and the oxime could be involved here as anDetailed kinetic studies are in progress with the purpose of
intermediate. discriminating between these mechanisms.

3.8. Kinetic considerations
4. Conclusions

Kinetic investigations were reported in the literature for
NO reduction with propene [35] and octane [36]. In the for- A 2 wt% Ag/alumina catalyst was shown to be highly
mer case the reaction orders for all components (NO, oxy- active for continuous NO reduction by octane in excess oxy-
gen, and hydrocarbon) were fractional. It is interesting to gen. A maximum NO to N conversion of approximately
note that for one of the catalysts a rather surprising result was90% at 450 C and an average conversion of 66% in the tem-
observed: namely that the reaction order in NO was equal perature range 300—-60Q was recorded. This study shows
to zero, indicating that the rate of NO reduction, over the that the octane-SCR over the Agumina catalyst involves
Ga03—-Al,03 catalyst investigated, was independent of NO an important gas-phase reaction, which is initiated on the
partial pressure. Reaction orders in oxygen were around 0.5 catalyst surface, during which the preferable produgisN
while typically the order in propane was approximately 0.3. formed. The gas-phase reaction was proved by placing an
Conversion of NO over Pt catalysts [36] was proportional to oxidation catalyst after the A@lumina catalyst in order
almost the fourth order in-octane at low @H1g concentra- to remove CO and unburnt hydrocarbons. When the oxida-
tions, attaining a plateau with octane concentration increase.tion catalyst was placed in immediate connection with the
Itis important to note that the rate of NO reduction followed Ag/alumina or mixed with it, almost all activity in terms
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of NO to Ny activity was lost. By extending the distance

between the two catalyst beds, the NO conversion was sig-
nificantly improved which means that the residence time of
the postcatalytic chamber is of high importance. Additional

[11] A. Martinez-Arias, M. Fernandez-Garcia, A. Iglesias-Juez, J.A. An-
derson, J.C. Conesca, J. Soria, Appl. Catal. B 28 (2000) 29.

[12] A. Niemi, Masters thesis, Abo Akademi 38, 1999.

[13] T. Nakatsuji, R. Yasukawa, K. Tabata, K. Ueda, M. Niwa, Appl. Catal.
B 17 (1998) 333.

tests show that termination on the walls of possible radical [14] r. Burch, M.D. Coleman, Appl. Catal. B 23 (1999) 115.

reactions does not influence the NO tg dbnversion.
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