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Abstract

The possibility of forming nitrogen in the gas phase by reaction of activated forms @fith amines and ammonia as well as with
other organic intermediates, which can be converted to amines and/or ammonia, was investigated. The activation of NO was carried ou
by passing NO together with oxygen and small amounts of hydrogen over an Ag/alumina catalyst. A special T-shaped reactor was used t
produce activated forms of NOand to feed model compounds of proposed intermediates to the gas phase after the catalyst. Nitrohexane,
hexylisocyanate, heptanenitrile, hexylamine, and ammonia were used as model compounds. The T-reactor tests showed that both ammor
and hexylamine react in the gas phase with activated Blé&cies producing N Hydrogen was shown to have at least two main functions.
First, hydrogen contributed to improved oxidation of all involved sggcresulting in faster productiorf key intermediates. Secondly,
hydrogen assisted in the formation of activated N¥pecies for the gas-phase reactions. Nitrohexane was transformed o tiild presence
of O over the Ag/alumina already at 28Q and the amounts of Ngdproduced increased in the presence ofOHHexylisocyante was
hydrolyzed to amine and ammonia at Z8Dover the catalyst in the presence of kit only to ammonia at 400C. At 250°C the conversion
to amine and ammonia was almost doubled by the addition,@.HHeptanenitrile was quite stable and only small amounts of Welre
observed at 400C; however, nitriles may react directly with activated forms of Nforming No. The importance of gas-phase reactions as
a part of the HC-SCR mechanism is emphasized. R-NOGNCO, and R-CN are intermediates for the formation of amines and ammonia,
which are consumed both on the surface of the catalyst and in the gas phase behind the catalyst bed by reactions with actpeteieNO
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction volved, the complete reaction mechanism is not yet fully
understood. In the review by Burch et f4], the main ob-
Selective catalytic reduction of NO with hydrocarbons servations obtained so far have been discussed. It is gen-
(HC-SCR) has received much attention as one of the mosterally considered that the first step of HC-SCR over oxide
promising and straightforward methods for reducing,NO catalysts involves the formation of strongly bound nitrites
emissions under conditions of excess oxygen. Since the earlyand nitrates. In addition, activation of the hydrocarbon takes
work of Held et al.[1] and Iwamoto et alf2] a large num-  place by partial oxidation to oxygenated compounds, such
ber of different materials have been proposed and tested foras acetates. Both the nitrite and nitrate species as well as ac-
HC-SCR. Among these, Ag/alumina has shown high activity etates have been detected in FTIR studies by several research
both in laboratory and in full-scale te4&j. groups. The ad-NQspecies are supposed to react with the
Several proposals to describe the reaction mechanismadsorbed and partly oxidized hydrocarbon species on the
have been made. Because of the complicated reactions intatalyst surface to yield orga-nitrogen species. Depend-
ing on the reaction conditions, the organo-nitrogen species
~* Corresponding author, Fax: +358 2 215 4479, can be transformed to highlgactive intermediates such as
E-mail address: Kari.Eranen@abo.fiK. Eranen). isocyanates, nitriles, amines, and oximes. These intermedi-
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ates are in the last step proposed to be directly involved in 2. Experimental
reactions with NO or N@and/or R-ONO leading to forma-

tion of nitrogen[4]. However, it is possible that this kind  2.1. Catalyst preparation
of complex organic-inorganic reaction chain could involve

a more complex mixture of intermediates, by-products, end  The Ag/alumina catalyst was prepared by impregnation
products, and spectator species than noted above. of commercial alumina beads (A 201, LaRoche Chemicals
Recently, Satokawgp] and Shibata et a|6] showed that  |nc.) with a silver nitrate solibn according to the procedure
hydrogen enhances the HC-SCR reaction significantly. They described in Ref3]. The catalyst was dried at room temper-

found that hydrogen increased the concentration of acetateature and at 100C before calcination at 55 for 3 h. The
but decreased the concentratiof nitrates on the catalyst silver content of the catalyst was approximately 2 wt%. Be-
surface during reaction conditions. Moreover, the formation fore testing, the catalyst was crushed and sieved to fractions
rates of nitrates and acetates also increased. between 250 and 500 pum.

Typically, most of the studies dealing with the reaction
mechanism have been restricted to surface phenomena. Irp.2. Activity tests
our previous study[7], it was shown that HC-SCR over

Ag/alumina does not only take place on the surface of the  p quartz flow tube reactor, according @], was used in
catalyst but continues in the gas phase leading to the finaline activity tests. The Ag/alumina catalyst was tested un-
products, i.e., nitrogen, carbon dioxide, and water. The evi- ger steady-state conditions in the temperature range 150—
dence for the gas-phase reaction was based on activity testsgogec. The temperature of the catalyst bed was monitored
where the Ag/alumina was combined with an oxidation cata- by a K-type thermocoup|e connected to a temperature con-
lyst to remove CO, which is produced over the silver catalyst tro|ler (Eurotherm 900 EPC). A basic gas mixture consisting
during the de-N@ process. When the Pt-oxidation catalyst of 500 ppm NO, 375 ppm octane, 6 vol% 10 vol% CQ,
was placed immediately after¢hAg/alumina, a significant 350 ppm CO, and 12 vol%#D in He (GHSV= 60,000 h*
drop in the NO to N conversion was observed in compari- and volumetric flow rate= 550 ml/min) was used in the ac-
son with the single Ag/alumina bed. As the distance betweentivity tests. The effect of hydrogen was studied by adding
the two catalysts was extended, the conversion of NOzo N 1 vol% H, to the basic gas mixture. All gases (AGA) were
improved to levels close to those recorded over the single of high purity and introduced into the reactor by means of
Ag/alumina bed. mass-flow controllers (Brooks 5850E). Water was added to
In the work of Lukyanov et al[8] and Vassallo et a[9] the gas mixture using a syringe pump in combination with
the role of gas-phase reactions in the mechanism of HC-SCRa controlled evaporator mixer (Bronkhorst HI-TEC). Octane
was studied. Lukyanov et al. proposed that the SCR reactionwas also introduced using a syringe pump (CMA 102/Mi-
over Co-ZSM-5 and H-ZSM-5 involves free radical chem- crodialysis).
istry and may partly be homogeneous. NO or rathenNO A commercial Pt oxidation catalyst (Johnson Matthey)
was acting as an effective oxygen carrier agent for the ini- was placed directly after the Ag/alumina catalyst in some
tiation of radical formation. The catalyst was discussed to experiments to prove the gas-phase reactions.
be needed for the coupling of the N-N bond by a combi-  The concentrations of N CO,, CO, and Q were deter-
nation of the formed organic nitro compounds and NO or mined with the aid of a gas chromatograph (HP 6890) and
NOs. Vasallo et al. suggested that NO acted as a homoge-the concentration changes of NQNO + NOy) in the gas
neous catalyst in the oxidation of hydrocarbons over Cu-, mixture were recorded by a chemiluminescence,NDa-
Co-, and H-mordenite and thatatihanol selectively reduced lyzer (APl 200AH). Two condensers, kept-ab°C and at
NO in the gas phase. —25°C, were used to trap out the water from the gas prior
Nitrogen formation within organic reactions usually in- to analysis.
volves either hydrazine or deamination reacti¢h@,11]
In the latter case, nitrogen is known as one of the leaving 2.3. GC/MS studies
groups in the reaction of primary amines and the nitrosonium

ion NO*, originating from nitrous acid. The intermediate, In order to trap unreacted species in the gas phase af-
R—N2" (diazonium ion), is very unstable and undergoes ter the catalyst, the Ag/aluima catalyst was placed at the
rapid fragmentation to nitrogen and an alkyl catj@a]. entrance of a U-shaped stainless-steel tube, which was im-

In this study, the possibility of forming nitrogenin the gas mersed in liquid nitrogen. A block heater was placed around
phase by reaction of activated forms of N@ithaminesand  the tube at the position of the catalyst. The isolated species
ammonia as well as with other organic intermediates, which were dissolved in acetone and injected into a GC-MS (HP
can be converted to amines and/or ammonia, was investi-6890-5973) equipped with a 15 m, 0.25 mm (diameter), and
gated. The activation of NO was carried out by passing NO 0.50 um (film thickness) INNOWAX column (J&W Scien-
together with oxygen and small amounts of hydrogen over tific). Prior to the experimestthe catalyst was treated in
an Ag/alumina catalyst. a gas mixture containing 6 vol%:at 400°C for 30 min.
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carried out to measure the effect of thgl/drocarbon chain
on the NO to N conversion.

2.5. FTIRanalysis
. . (Ag/alumina?)
Ammonia or N-containing

hydrocarbons — m

In situ IR spectra were recorded on an ATl Mattson In-

e ' finity FTIR spectrometer equipped with an IR cell made
| Ag/alumina of stainless steel. A mixture containing 1000 ppm NO and
i 6 vol% O in presence and absence of 1 vol% id He

was introduced to the chamber using mass-flow controllers
(Brooks 5850E). In some tests 750 ppm of octane was intro-
duced by saturation of gas. The catalyst was pressed into a
self-supporting wafer (weight 0.021 g) and mounted in the
IR cell. In situ pretreatment of the catalyst at 4@) using

T a gas mixture containing 6 vol%dn He, was performed
before each experiment. Aéxperiments were conducted
0, +NO + (H,) at 250°C. The spectra were measured by accumulating 64

agome tests were carried out in the absence of Ag/alumina in the side port. SCans at a resolution of 4 crh

Fig. 1. Schematic illustration of the T-shaped quartz reactor used for inves-
tigation of gas-phase reactions. ) .
3. Resultsand discussion

. N 3.1. Activity tests
The following combinations of reactants were led through

the catalyst bed, which was kept at 38D (1) 375 ppm oc-
tane+ 6 vol% O, in He; (2) 375 ppm octang 6 vol% O,
+ 500 ppm NO in He; and (3) 375 ppm octae vol% O
+ 500 ppm NO+ 1 vol% Hy in He.

In our previous study7] it was shown that the 2 wt%
Ag/alumina is a very active catalyst for the reduction of
NO using octane as reducing agent. However, the activity
is limited to temperatures above 300. As reported by
) i Satokawd5], hydrogen significantly enhances the HC-SCR
2.4. Experimental setup for gas-phase reaction studies reaction, especially at low temperatures. In order to investi-

gate the effect of hydrogen on the NO conversion, 1 vol% H

A special T-shaped quartz reactor, as showriin 1, was was added to the basic gas mixture and the result compared
constructed to study the formation of nitrogen from different to conversions obtained without,Hs shown inFig. 2. As
kinds of proposed intermediate species in the gas phase. Thean be seen, conversion values close to 60% were recorded
basic idea was to investigate if an amine or ammonia (intro- already at 250C in the presence of hydrogen. On the other
duced from the side of the reactor) reacts in the gas phasehand, hydrogen alone exhibited practically no capacity to re-
with species, resulting from reactions of NO O, as well duce NO to N.
as NO+ O + Hay over Ag/alumina, to form B In addition, A substantial amount of carbon monoxide is formed in
possible intermediates, which can be converted, hydrolyzed,parallel with the NO to N conversiori7]. The CO can easily
or decomposed to amines/ammonia over Ag/alumina, werebe removed by using an oxidation catalyst. However, adding
tested in the same manner. In separate tests, FTIR analysian oxidation catalyst directly after the Ag/alumina bed re-
using a heated long-path gas cell (Graseby Specac Ltd) induces the NQ conversion dramatically as shownHig. 3.
combination with GC measurements were used to determinelnterestingly, addition of 1 vol% Kto the feed reduces al-
the gas product distribution after the catalyst. Model com- most completely the contribution of the gas-phase reaction
ponents for the intermediates were hexylamingh {ZNH2 to the conversion of NO to § as visualized irFig. 4. The
(Acros Organics), heptanenitrile gB13CN (Acros Organ- rather high NO conversion at 18CQ (over 30%) with H
ics), hexylisocyanate, dE113NCO (Acros Organics), and in the feed is due to the activity of the oxidation catalyst.
1-nitrohexane, gH13NO> (Aldrich). According to a test with only the oxidation catalyst, the ac-

In additional experiments, the same model intermediatestivity at temperatures higher than 150 can be related to
were tested for their activity to reduce NO over Ag/alumina. the Ag/alumina catalyst. It seems that the hydrogen effect is
These experiments were carried out by feeding 250 ppm of either due to increased reaction rate of surface reactions or
the N-containing hydrocarbon together with 500 ppm NO reactions in the gas phase (ttesctions are completed al-
and 6 vol% Q in He over the Ag/alumina bed at temper- ready in the pores and in the void space between particles).
atures ranging from 150 to 60C. A reference run using  The role of hydrogen will be dealt with more in detail later
250 ppmn-hexane, 500 ppm NO, and 6 vol% @ He was in this study.
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Fig. 2. Activity tests over Ag/alumina in the preserare absence of hydrogen. Gas mixtures: (a) 500 ppm NO, 375 pptpgCl vol% Hy, 6 vol% Oy, 10
vol% COy, 350 ppm CO, 12 vol% b in He. (b) 500 ppm NO, 375 ppmgEi1g, 6 vol% Oy, 10 vol% CQ, 350 ppm CO, 12 vol% bO in He. (c) 500 ppm
NO, 1 vol% Hp, 6 vol% Oy, 10 vol% CQ, 350 ppm CO, 12 vol% KO in He. GHSV= 60,000 i1 and volumetric gas flow= 550 mi/min.
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Fig. 3. Comparison of the conversion obtained over Ag/alumina (singleametiover Ag/alumina in combination with a Pt oxidation catalyst (0 mm betwe

beds). Gas mixture: 500 ppm NO, 375 ppmHGsg, 6 vol% Op, 10 vol% CQ, 350 ppm CO, 12 vol% b0 in He. GHSV= 60,000 i1 and volumetric gas
flow = 550 ml/min.

3.2. GC-MSstudies species formed over the catalyst surface. The trapped species
were dissolved in acetone and injected into a GC-MS. In
In order to investigate how addition of hydrogen to the the first experiment, using only octane and oxygen, some
feed influences the formed gas-phase species, GC-MS studpartially oxidized hydrocarbons such as 2-propenoic acid,
ies on trapped compounds after the catalyst were carried outcrotonic acid, and acetophenonere detected. In addition,
During these experiments a U-shaped reactor was placed insome cyclization seemed to take place as well as dimeriza-
a bath filled with liquid nitrogen in order to trap (isolate) tion to decane. The very low amount of products in this test
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Fig. 4. Comparison of the conversion obtained over Ag/alumina (singleametiover Ag/alumina in combination with a Pt oxidation catalyst (0 mm hbetwe

beds) in the presence of hydrogen. 500 ppm NO, 375 pphii6 1 vol% Hp, 6 vol% Oy, 10 vol% CG, 350 ppm CO, 12 vol% biO in He. GHSV=
60,000 v and volumetric gas flow= 550 ml/min.

could depend on the low catalyst temperature (I50re- gen transforms the nitriles into a more reactive form or that
sulting in minimal activity for oxidation of octane or the lack  hydrogen speeds up the transformation of cyanide species
of a highly reactive componeastich as NO and/or hydrogen. to isocyanate species on the surface. On the other hand, the
When NO was added to the gas mixture, the distribution of effect of hydrogen might be in several parallel processes in-
species changed significantly. The majority of compounds cluding the activation of NO. It is possible that withoug,H
belonged to the nitrile group. Also some ketones, aldehy- the activation process of NO at this temperature is limited.
des, and carboxylic acids were formed. Again also some

cyclization could be observed. The nitriles may be formed 3.3. Gas-phase reaction studies involving intermediates

through nucleophilic addition of cyanide ions (on the sur-

face) to aldehydes and keton@srmed through partial oxi- In all tests the formation of the desired produgt MWas
dation via alcohols over Ag/alumina). It is also possible that determined by means of gas chromatographic analyses and
the nitriles are by-products, which are not important dur- the amount of formed Nwas used to calculate the con-
ing effective HC-SCR. Another hypothesis would be that the version of NO. Conversion of NO in the reaction between
nitriles are hydrolyzed to amides, which are then further hy- NO and N-containing functional groups in the gas phase
drolyzed to carboxylic acids and ammonia or amifiey. has been calculated assuming that one NO molecule reacts
In this case the reason for the high number of nitriles in the with one N-containing functional group to form one mole-
GC-MS spectrogram would be that effective hydrolysis did cule of Np:

not take place. On the other hand, it has been proposed that

cyanide species on the catalyst surface are slowly convertedconversion of NQ%) =
into isocyanate specidd]. Isocyanate species are widely

considered to be potential intermediates in the HC-SCR re- When the reaction is taking place over the catalyst, also a
action. Due to the slow rearranging of the CN group into the possible contribution of the hydrocarbon chain to reduction
NCO group a majority of the untransformed cyanide ions of NO must be taken into account, especially at temperatures

could form the detected nitriles together with left over alde- above 350C. By measuring the amount of;produced it -
hydes and ketones. was not possible to distinguish between these two possible

When hydrogen was added to the gas mixture at the réactions and thus the conversions in these cases were calcu-
same temperature (35C) the GC-MS spectra changed lated as conversion of N-containing compounds:
completely. Almost no compounds of interest, except some
partially oxidized hydrocarbons (ketones), were seen, most
probably due to the complete oxidation of the hydrocarbons — 2 X CNy(oun (2)
and/or very high HC-SCR activity. It could be that hydro- CN-containing comp(in)

CNa(oup
CNO(in)

1)

Conversion of N-containing como)
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In the cases where a hydrocarbon (no N-containing func- in a separate test it was confirmed that introducing 1 voo H

tional group) was used as reducing agent, the conversion wago a mixture of 500 ppm NO and 6 vol%;@owing through

calculated as the catalyst in the bottom part and with only He from the
side did not result in any formation ofJN

(3) The importance of this new finding lies in the fact that
it is possible to homogeneously convert NO tp by reac-

In this case all the pformed is originating from the in-  tion with NH3 in excess of oxygen at temperatures far below

troduced NO, which is consumed both in the formation of those reported to be valid for selective noncatalytic reduction

N-containing species and in the reaction with these speciesof NO. Depending on the gas components and their concen-

2 x CNy(out)
CNO(in)

Conversion of NO%) =

to form Np. trations, NO reduction by ammonia in the gas phase should
by no means take place below 600-7QJ13]. The crucial
3.3.1. Ammonia point is to activate NO over the Ag/alumina catalyst for fur-
The results of the gas-phase reaction at 250 and@00 ther reaction with ammonia. 8w activation seems to take
between NO+ O, as well as NO+ Oz + H» (flowing place without a reducing agent, but hydrogen is a good ac-

through the catalyst) and ammonia are showfi@n 5. Pass- tivator for NO. It can be assumed that also hydrocarbons
ing NO + Oy over the catalyst and introducing Nafter during the HC-SCR process are involved in the activation
the catalyst bed resulted in a NO conversion of about 9.5%. process of NO probably as a source of hydrogen. It is gen-
The conversion was almost exactly the same both af@50 erally known that nonthermal plasma treatment induces ac-
and at 400C. By addition of H to the NO+ Oz mixture, tivation of both NO and hydrocarbon. In our case a similar
a significant improvement of the NO conversion was ob- kind of activation seems to take place over the Ag/alumina
served. At the first point, which was analyzed 6 min after catalyst and is enhanced by addition of hydrogen.

the H, introduction, approximately 26% of NO was con- The conversion of NO to pusing ammonia as a reduc-
verted to N in the gas phase at both temperatures. With time ing agent over the Ag/alumina as a function of temperature
on stream the conversion slightly decreased. The NO con-is shown inFig. 6. As can be seen, the conversion of NO
version value of 26% means that approximately half of the at 250 and 400C was 0 and 8.0%, respectively. The con-
available ammonia is used for the reduction of NO ta N  version increased with the temperature and was about 20%
According to the stoichiometry of the SCR of NO with am- at 600°C. The lower conversion in this test both at 28D
monia, the NGNHj3 ratio is usually adjusted to 1. In fact, and at 400C compared to the T-reactor test may be due
when 500 ppm NH was introduced after the catalyst bed to adsorbed ammonia on the catalyst, which partly inhibits
and 500 ppm NGO+ 6 vol% O, + 1 vol% Hy was flowing the activation of NO. A similar activity pattern as shown in
through the catalyst, the NO conversion increased to 43.7%Fig. 6 was also shown by Richter et al. for the SCR of NO
(not shown). Empty reactor tests showed about 3% conver-by ammonia over Ag/alumind4]. They reported that in the
sion and there was no effect of hydrogen addition. Moreover, presence of hydrogen almost complete conversion of NO to

50
45 A I

401NO + 0, NO + O, from bottom
from bottom and ammonia from side

L
w
I

(Ammonia) ——»

(5] so0,

i NO + 0, + H;, from bottom
and ammonia from side

W
<
|

Conversion of NO (%)
a8 B

§f

w
I

Q

<

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
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Fig. 5. T-reactor tests with ammonia at 250 (l) and at 400 C (O). Gas mixture through bottom port: 500 ppm NO6 vol% O, in presence and absence
of 1 vol% Hy in He. Gas mixture through side port: 250 ppm Hid He.
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Fig. 6. The conversion of NO over Ag/alumina as a function of temperature usingalfeducing agent. Gas mixture: 500 ppm NO, 250 ppm,Nifd 6
vol% O, in He. GHSV= 60,000 i1 and volumetric gas flow= 550 ml/min.
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Fig. 7. Time on stream in situ FTIR on Ag/alumina at 2%Din a flow of 1000 ppm NO and 6 vol%/n He.

N2 was observed at temperatures starting from°Z00The of flowing NO + Oz as well as NO+ Oz + Hz over the
boosting effect of hydrogen on the NO conversion in our Ag/alumina as a function of time are showrFiys. 7 and 8
T-reactor test is in good agreemt with their results taking  In the case of NOr O flowing over the catalyst, slow for-
into account that we used 500 ppm NO and 250 ppmyNH mation of peaks mainly at 1250, 1295, and 1550 éwas
compared to 1000 ppm NO and 1000 ppmdNH [14]. recorded. Additionally a shoulder at about 1605 ¢mvas

The effect of hydrogen on the formation of ad-NO detected. These peaks have been attributed to monodentate
species was studied by in situ FTIR at 280 The results nitrate (peaks at 1250 and 1550 chand bidentate nitrate
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Fig. 8. Time on stream in situ FTIR on Ag/alumina at 2%Din a flow of 2000 ppm NO, 6 vol% & and 1 vol% H in He.

(peaks at 1295 and 1605 ci) [15]. When b was added to  without Hp in the feed revealed that the amount was about
the feed together with N@ Oy, the formation of the nitrate 8.5 times higher in the presence of.H

species was significantly accelerated. As a matter of fact, the In a separate experiment the catalyst was first exposed
same amount of surface nitrates was achieved already in les$o a flow of 1000 ppm NO and 6 vol% £for 80 min at
than 3 min in the presence obltompared with the amount  250°C to generate nitrates on the catalyst surface. As ex-
formed during 80 min in the absence of.H his is in good ~ Pected, addition of 750 ppm octane to the feed for 60 min
agreement with the work of Shibata et f]. In a separate  did not change the spectra due to the low temperature (no
test at 250C, simulating introduction of blin the T-reactor ~ 'eaction took place). However, addition of 1 vol% Ire-

test, the effect of introduction of +bn adsorbed nitrates was ~ Sulted in a drastic change of the peak pattern. After 3 min

investigated. The adsorbeitrates were produced in a flow the intensity of the band belonging to bidentate nitrate at
of 1000 ppm NO and 6 vol% in He for 80 min. Addi- 1295 cnt! was doubled. In addition, the band at 1250¢m

tion of Hy to the mixture of NO and @resulted in rapid belonging to monodentate nitrate hgd disappeared. Weak
growth of the bands corresponding to nitrates, especially atbands of acetate a”O,' formate SPecies as well as a strong
1295 and 1550 cit, as can be seen Fig. 9. No decrease band at 1586 cmt, which has been assigned to carboxylate

in peak intensity of other detected peaks or growth of new specieq16], were also immediately formed and the intensi-

. . ties of these bands increased with time on stream. Moreover,
peaks could be observed. In addition, the adsorbed nitrate, . . .

) ; in the spectra recorded at 30 min after introduction of &
species seemed to be quite stable. In a flow of 6 vol3 O

0 . . .~ weak band at 2228 cmi could be detected. This band has
and 1 vol% H (in absence of NO) no decrease in intensity been assigned to NCO speciés16] The intensity of the
of the peaks corresponding to the nitrates could be detectedband belonging to bidentate nitrate at 1295-éndid not
but in a.flow containjng 1 vol% Halone, the peaks disap- change with time on stream; i.e., the intensity was the same
peared in about 3 T'”' both at 3 min and 30 min. In addition, no increase of the
Addition of 1 vol% hydrogento a flow of 750 ppm octane  gther hands of nitrates as observed in the experiment using
and 6 vol% oxygen at 250 resulted in a similar enhancing 4 fiow of NO, &, and H (Fig. 8 was found. Thus it seems
effect on the formation of oxygenated hydrocarbon species that in presence of octane the continuously formed nitrates
on the catalyst surface. In a flow of octane ands@w for- are consumed by taking part in the reaction or by desorption
mation of very weak peaks at about 1378, 1392, 1456, andinto the gas phase.
1574 cnr! were detected. These peaks have been assigned |n addition to the surface studies, the effect of hydrogen
to formate (1378 and 1392 crh) and acetate (1456 and  addition on the gas composition after the catalyst was inves-
1574 cm1) species on Ag/alumingb]. Addition of H, re- tigated by FTIR studies using a gas cell. At 2&8Dno NO
sulted in a rapid growth of especially the acetate bands andwas detected when a gas mixture containing 500 ppm NO
comparing the amount of formed acetate for 80 min with and and 6 vol% Q was led over the catalyst. At 40C small
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Fig. 9. The effect of addition of 1 vol% #ito the flow of 1000 ppm NO and 6 vol%-0n He on nitrates adsorbed on Ag/alumina. Catalyst temperature:
250°C.

amounts (below 10 ppm) of NOwere observed. Addition et al.[20] discussed that NO and nitrate precursor mole-
of 1 vol% Hy led to a significant conversion of NO to NO cules can be simultaneously formed by disproportionation
being 68% at 250C and 57% at 400C under steady-state  of NoO3 and NbOg.
conditions. Also strong peaks related to water were present. Another possible explanation of the effect of hydrogen
In addition, a small peak at 1260 crhwas observed. This s that it boosts the formation of highly reactive radicals,
peak could possibly be attributed tians-HONO [17]. No such as N@ NO,-, O-, H-, and OH. Richter et al[14] have
peaks corresponding to formation of® were observed. proposed that hydrogen generates on short-term scale zero-
It is clear that the rate of fanation of nitrates on the cat-  valent silver. Reactive O (and/or OH) species are formed via
alyst is drastically changed in the presence of small amountsdissociative interactions of (and H) with these metal-
of hydrogen. In the T-reactor test with NHand also inthe  |ic silver species. These reactive oxygen atomic species
corresponding tests with other intermediates described in theshould then accelerate the nesary oxidative transforma-
following sections) addition of Hto the flow of NO+ O tion of gaseous NO to adsorbed nitrite/nitrate species. The
resulted in such a strong formation of ad-N€pecies thata  jncreased concentrations of M@ the gas phase in the pres-
decrease in the NOconcentration at the reactor outlet could - ence of 1 in our case might be due to the reaction between
be detected for at least 10 min as observed from @8- O radicals and NO. It is possible that also some of the formed
lyzer values. Moreover, in a recent study it was shown that N, species are of radical character. Whether these kinds of
hydrogen dissociated and exchanged with deuteriug) (D agicals directly react with Nior N-containing hydrocar-
on oxidized Ag/alumina to form HIP18]. This could mean 4 forming Iy is unclear. It is worth noting that in an on-
that the catalyst has an ability to form HONO and HONO  45ing parallel work dealing with EPR combined with matrix
from the nitrates on the catalyst surface in the presence Ofigq|ation technique, there were indications of low molecular

dissociated hydrogen. It is possible that electron-deficient weight radicals trapped in the matrix behind the Ag/alumina
oxides of nitrogen such as NCand NG ™ are formed from catalyst.

the decomposition of HNPand HNG. In the case of ze- It is commonly known that NO reacts with alkylamines
olites, NQ. activation by interaction with aC|d|-c hydroxyls to form an alkyl diazonium iofi11]. In case of a primary

Samine this diazonium ion is very unstable and decomposes
to nitrogen and to a highly reactive alkyl cation. This alkyl
cation reacts with nucleophiles, for example, NGo give
nitroalkanes. The nitrosation of a primary amine with NO
proceeds according tbé following reactiorj11]:

NO™ in a process involving H [19,20] Iglesias-Juez et al.
[21] have detected these kinds of species on Ag/alumina dur-
ing reaction conditions and showed that acidic hydroxyls are
recovered by interaction with the hydrocarbon or derived
products, thus closing the catalytic cycle and regenerating
the active surface species. It can be speculated that éur
case is acting in the same manner. Furthermore, Hadjiivanov R—-NH, + NO* — R—N N: — N2t + R™. 4)
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As shown in the following section, a similar type of deam- In a separate test the temperature dependence of the gas-
ination reaction is indeed taking place after the Ag/alumina phase reaction between hexylamine and activated forms of
catalyst bed and is thus suggested to be part of the HC-SCRNO, was examined and the result is shownFig. 11 In
reaction. As shown above, it seems that some kind of acti- this experiment 250 ppm hexylamine was continuously in-
vated NQ species also reacts with ammonia. Whether these troduced after the catalyst bed and a mixture of 500 ppm
are the same kind of species that react with the amine is notNO, 6 vol% G and 1 vol% H was flowing through the cat-
clear. alyst. As can be seen, the temperature strongly influences on
Anyway, one important role of the Ag/alumina catalyst the conversion and the highest conversion (about 26%) of
during the HC-SCR is to feed the gas phase with acti- NO was obtained between 200 and 280 This means that

vated oxides of nitrogen as well as ammonia and/or amineshalf of the available amine was consumed at these tempera-
(formed by surface reactions between hydrocarbons andyres in the gas-phase reaction.

NO,). Reaction between these activated nitrogen oxides and
ammonia is proposed to be the final step in the HC-SCR

mechanism over Ag/alumina. 3.3.3. Formation of amines and/or ammonia from
hexylisocyanate, heptanenitrile, and nitrohexane over
3.3.2. Hexylamine Ag/alumina _ _ _
The results of the gas-phaseaction of species formed Isocyanate species and nitro compounds are widely pro-
by passing NO+ O as well as NO+ O2 + H» through posed to be importantintermediates in the HC-SCR reaction.
the catalyst with hexylamine at 40C are shown irFig. 1Q In addition, the GC-MS analysis of the compounds trapped

Passing NO+ O, over the catalyst and introducing hexy- behind the Ag/alumina catalysevealed a large formation
lamine after the catalyst bed resulted in a NO conversion of Of nitriles during the HC-SCR reaction. Also in the in situ
about 4.3%. When Hwas added to the feed together with FTIR experiments bands corresponding to the isocyanate
NO + O, a significant increase of the NO conversion was group were detected. Isocyanates are easily hydrolyzed to
obtained. The conversion increased by time and the max-amines in the presence of water. Also nitriles are known to
imum conversion obtained was approximately 18% in the undergo hydrolysis in the presence of®and as noted ear-
gas phase. The correspondiegpty reactor test showed a lier, the first hydrolysis product is the corresponding amide,
conversion of about 3.5% with no effect obtddition. It ~ which is then further hydrolyzed to carboxylic acid and
is obvious that the role of hydrogen is to activate NO over ammonia[12]. Nitrocompounds such as R-NMave been

the Ag/alumina catalyst as explained in the previous section proposed as intermediates originating from the reaction of
and hereby generate enough reactive™$pecies, which  adsorbed N@ species (mainly nitrates) and partly oxidized
react with the amine to form diazonium ions according to hydrocarbons (mainly acetatdd]. As noted earlier, the ni-
reaction(4). These diazonium ions are then subsequently de- trosation of primary amines results in the formation of a

composed forming N highly reactive alkyl cation. This alkyl cation reacts with
50
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Fig. 10. T-reactor tests with hexylamine at 48D with catalyst [J) and without catalyst®) in the bottom part. Gas mixture through bottom port: 500 ppm
NO and 6 vol% @ in the presence and absence of 1 vol%ikiHe. Gas mixture through side port: 250 ppm hexylamine in He.
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Table 1
The formation of R-NH and/or NH; from hexylisocyante, heptanenitrile, and 1-oftexane, under dry and wet conditions at 250 and®4D0
Intermediate Condition 250C 400°C
Conversion to R-NH (%) Conversion to NH (%) Conversion to R-Nbl (%) Conversion to NH (%)

Hexylisocyanate Di§ 230 8.0 0.0 360

wet 430 131 0.0 460
Heptanenitrile Dry @® 0.0 0.0 17.2

Wet 00 5.6 0.0 236
1-Nitrohexane Dry ® 80 0.0 362

Wet 00 133 0.0 555

Gas mixture: 250 ppm of N-containing hydrocarbon and 6 vol3s (@ vol% H,O) in He.
& No H,O in the feed.
b with 1 vol% H,O in the feed.

NO2~ to give nitroalkanes and this offers an alternative route corresponding value in the presence of water was 46%. At
for producing these species. this temperature no amine was detected. It is evident that if
In order to test if amines and/or ammonia are formed from isocyanate species are formed over the catalyst, they are eas-
isocyanates, nitriles, or nitroalkanes over the Ag/alumina, ily transformed into amines and ammonia, which, as shown
experiments were carried out where mixtures of 250 ppm above, can react with activated nitrogen oxides in the gas
hexylisocyanate, heptanenitrile, or nitrohexane and 6 vol% phase to form M.
O in presence and absence of 1 vol%GHwere fed over In the case of heptanenitrile, no conversion to amine
the Ag/alumina catalyst. Thcomponents at the reactor out- or ammonia was observed at 28D and under dry condi-
let were analyzed by FTIR using a gas cell and the resultstions. Adding water to the feed resulted in a conversion of
are shown infable 1 5.6% of the nitrile to ammonia, the rest being unreacted.
Under dry conditions at 25TC, about 23 and 8% of the At 400°C, the corresponding conversions to ammonia were
introduced hexylisocyanate was converted into amine and17.2% (dry) and 23.6% (wet). No amine or amide formation
ammonia, respectively. When 1 vol% of water was added was detected in any of these tests. It is quite clear that hep-
to the feed, the conversion of hexylisocyanate to amine andtanenitrile is much more stable in terms of hydrolysis and
ammonia increased to approximately 43 and 13.1%, respec-decomposition than the corresponding hexylisocyanate.
tively. Interestingly, at 400C about 36% of hexylisocyanate At 250°C and under dry conditions, 8% of nitrohexane
was converted into ammonia under dry conditions and the was converted to Ngland at 400 C the corresponding value
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Table 2
T-reactor tests with hexylisocyanate, heptanenitrile, and 1-nitrohexane at 250 &t@d 400
Time  Feed from Feed from side Hexylisocyanate Heptanenitrile 1-Nitrohexane
(min.) bottomport  port 250°C 400°C 250°C 400°C 250°C 400°C
XNo Max. Xno Max. Xno Max.  Xno Max. Xno Max. Xno Max.
) Xno* (%) Xno? (%) Xno? (%) Xno? (%) Xno? (%) Xno?
(%) (%) (%) (%) (%) (%)
6 NO+ Oy Oy 0.0 0.0 05 0.0 0.0 0.0 05 0.0 0.0 40 05 181
30 NO+ O7 0, + R—X
36 NO+ Oy 07 + R—X 09 155 6.7 180 11 0.0 6.3 8.6 0.8 40 6.7 181
66 NO+ Oz 0, + R—X 52 155 89 180 15 0.0 7.0 86 32 4.0 98 181
90 NO+ Oo 0y + R—X+ H0
96 NO+ Oz 0, +R-X+HO 60 281 9.7 230 09 28 7.9 118 45 6.7 145 278
126 NO+ Oo O + R—-X+ Hy0 45 281 105 230 09 2.8 6.7 118 45 6.7 130 278
150 NO+ Oy +Hy Oy 4+ R-X+ Hy0
156 NO+ O +Hy Oy +R-X+HyO 304 281 237 230 85 2.8 233 118 143 6.7 270 278
186 NO+ Oy +Hy O +R-X+HoO 165 281 128 230 05 28 81 118 36 6.7 213 278
216 NO+ O +Hy Oy +R-X+HyO 144 281 110 230 05 2.8 6.0 118

2 Maximum conversion of NO obtained if all the R-MHand/or NH; formed react(s) with NO to form p R—X = hexylisocyanate, heptanenitrile or
1-nitrohexane. Gas concentrations: 500 ppm NO, 6 vofdQol% Hy, 250 ppm hexylisocyanate, heptanenitrile, or 1-nitrohexane, 1 val@, Halance: He.

was 36.2%. In the presence of 1 vol%@®i the conversionto  ter addition of kb, an excess of activated forms of N@
NH3 increased to 13.3% at 28C and to 55.5% at 400C. released, resulting in highNormation. The excess of these
Thus, it seems that ammonia is easily formed from nitro- species depends on whether tealyst has become satu-
hexane especially at higher temperatures. No conversion ofrated by nitrates due to the flow of N® O, through the
nitrohexane to amines was detected in any of these tests. bed in the first part of the test. At the moment of hydro-
gen addition, a lot of activated NGspecies desorbs into the
3.3.4. T-reactor tests with hexylisocyanate, heptanenitrile, empty space after the bed and reacts further with the avail-
and nitrohexane able amines and ammonia. Under steady-state conditions,
Similar kinds of T-reactor tests were performed with the amount of the reactive epies desorbed into the gas
hexylisocyanate, heptanenitrile, and nitrohexane as with am-phase is probably much lower. It is worth noting that in this
monia and hexylamine. However, in order to form ammonia case there is also a possibility for the activated,Npecies
and amines from these reactsythe T-reactor was equipped o react not only with formed amine and ammonia (from iso-
with two similar Ag/alumina leds, one was placed in the side  Cyanate), but also with unreacted hydrocarbon species and
tube and the second one was placed in the bottom part. Mix-water. This might explain the more pronounced drop in con-
tures of NO and @as well as NO, @, and H were fed from version of NO compared to the test with ammonia, where a
the bottom of the reactor and hexylisocyanate, heptaneni-similar trend, but weaker, was visible. Also at 4@) the
trile, or nitrohexane and ©with and without the addition of ~ same type of increase in activity was observed whemweis
water was fed from the side. The results of these tests areadded to the bottom feed. In this case as well, the conver-
shown inTable 2 sion observed at the first measurement point (about 23%)
Passing NO+ O, from the bottom and hexylisocyanate is exactly what one could expect if the activated forms of
together with Q from the side resulted in a NO conversion NO, react with all the ammonia available. No nitrogen was
of about 5.2 and 8.9% at 250 and 40 respectively. The-  formed directly by reaction of hexylisocyanate and oxygen
oretically, according to the amounts of amine and ammonia over the Ag/alumina catalyst agidenced by a separate test.
formed at 250C, the conversion of NO could in the best Maximum NO conversions of about 1.5 and 7% in the
case be 15.5% (dry conditions) and 28.1% (wet conditions). gas phase at 250 and 40D, respectively, were achieved
At 400°C the corresponding values are 18 and 23%, respec-by passing NO+ O from the bottom and heptanenitrile
tively. Adding water together with hexylisocyanate did not together with @ from the side. Adding water to the feed
affect the conversion probably due to the limited amount of from side did not change the activity pattern. The low con-
activated NQ species present. As expected, the conversion version at 250C was expected, as there was simply nogNH
of NO was significantly improved in the gas phase immedi- in the gas phase. When hydrogen was introduced to the bot-
ately when hydrogen was added to the bottom feed contain-tom part of the feed, an increase in the conversion of NO
ing NO and Q. At the first measurement point (wet condi- was again observed. The conversion at the first experimen-
tions) at 250 C the conversion was about 30%, which means tal point reached values over 8.5% at 2&0and 23.3% at
that all the available amine and ammonia is consumed. How-400°C. The amount of Mformed at this first point exceeds
ever, a drastic drop in the activity took place as a function of the conversion values corresponding to the amount of ammo-
time. It might be that during the first experimental point af- nia available and apparently the activated N€pecies react
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directly with a part of the —CN group. On, the other hand, increase in conversion was obtained at 260When octane

the effect of hydrogen was only short termed and the activ- was used as the reducing agent in the standard activity test,

ity decreased by time to values obtained without hydrogen there was almost no conversion of NO at 280(seeFig. 2,

in the feed. test without k). This explains why no increase in conver-
Passing NO+ O» from the bottom and nitrohexane to- sion is observed in the T-reactor test at 280 The reaction

gether with Q from the side resulted in a maximum NO to generate intermediates, which form amines, ammonia, or

conversion in the gas phase of about 3 and 9.8% at 250nitriles, is simply not taking place at such low temperatures

and 400C, respectively. Adding water to the feed of ni- due to poor hydrocarbon oxidation activity.

trohexane and ®increased the conversion slightly. When Due to the same type of conversion increase as in the

hydrogen was added to the bottom part of the feed, the ex-T-reactor tests above, it is reasonable to assume that am-

pected increase in the conversion of NO was observed. Themonia and/or amines are also formed in the reaction of NO

conversion of NO measured 6 min aftes idtroduction was + O2 + octane over Ag/alumina. On the other hand, in

14.3% at 250C and 27.0% at 400C. The conversionof NO  the T-reactor test with heptanenitrile, higher conversion of

at 250°C exceeds the expected value of 6.7% but at°4D0  NO than expected (from the amount of lidvailable) was

the conversion corresponds exactly to the amount of ammo-observed. Because of this, it seemed that the nitrile group re-

nia available, i.e., about 27%. acted directly with activated NQand it is possible that also
the nitriles are responsible for the increase in conversion in
3.3.5. T-reactor test with octane the test with octane. The detected nitriles in the GC-MS stud-
To test if the reaction of octane with NO and 6ver the ies support this theory.

Ag/alumina catalyst genee# ammonia and/or amines af-

ter the catalyst bed, similar types of T-reactor tests as above3.3.6. Activity of hexylamine, hexylisocyanate,

were performed at 250 and 350. In this case, mixtures heptanenitrile, and 1-nitrohexane as reducing agents

of Oz, NO + Oz or NO 4 Oz + Hy in He were fed through Hexylamine, hexylisocyanate, heptanenitrile, and 1-nitro-
the catalyst in the bottom part and N©O, + octane was  hexane were also tested as reducing agents for NO over the
flowing through the catalyst placed in the side port. The re- Ag/alumina catalyst and their activities were compared to
sults of these tests are shownHig. 12 When G (6 vol% the activity of hexane. The results of these tests are shown in
in He) was fed from the bottom and N@O» + octane from Fig. 13 Using hexylamine as reducing agent, two maxima
the side, the conversion at 250 and at 36@vas about5and  of the conversion curve at 250 and 5%D were recorded.
26%, respectively. Adding NO to the bottom feed did not A comparison of this activity pattern with the corresponding
change the conversion. However, whenwhs added to the  curve obtained using hexane reveals that the first maximum
feed together with NO and £a similar kind of increase in  is probably due to the reaction involving the amine group.
conversion at 350C was observed as in the cases above. No With hexane as reducing agent this maximum is missing be-
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Fig. 12. T-reactor tests with octane at 250 (H) and at 400C (O). Gas mixture through bottom port: 500 ppm NO and 6 vol%i®the presence and
absence of 1 vol% plin He. Gas mixture through side po&00 ppm NO, 250 ppm octane, and 6 vol% i@ He.
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cause the formation of amines or other reactive intermediatesactivated forms of N@to form N,. Upon oxidation of these
is restricted to higher temperatures. The second maximum isN-containing compounds over an oxidation catalyst, NO is
probably obtained as a combined effect of the hydrocarbonreproduced. It is well known that ammonia and amines, for
chain together with the remaing amine or its decomposi-  instance, are oxidized to NO. The presence of ammonia and
tion product ammonia. amines in the gas phase could explain the observed behav-
A similar trend was observed using hexylisocyanate and ior when adding the oxidation catalyst after the Ag/alumina
nitrohexane as reducing agents. In the case of hexylisocyantéded. The T-reactor tests show that activated forms of NO
the first maximum is probably due to the reaction involv- react with these species in the gas phase producindrN
ing the amine group and ammonia formed by the hydrolysis addition, it seems that also nitriles react in the same way.
and decomposition of the isocyanate. The second maximum The role of hydrogen on the HC-SCR process is inter-
seems to originate from both the hydrocarbon chain and esting, as it has at least two main functions. First of all,
the ammonia formed from the isocyanate group. With ni- improved oxidation of all components involved is obtained.
trohexane the first maximum was not as pronounced as forin the presence of hydrogen the oxidation of octane is im-
hexylisocyanate. proved as evidenced by a test in which 1 vol%whs added
Opposite to the cases of hexylamine, hexylisocyanate,to a mixture of 375 ppm octane and 6 vol% @ 350°C.
and nitrohexane there was only one clear maximum at Without H in the feed the conversion of octane was 41.2%.
500°C in the activity pattern when using heptanenitrile as By introduction of 1 vol% H, the conversion increased to
reducing agent. The activity related to this intermediate is re- 73%. In addition, as shown earlier, the rate of formation of
stricted to higher temperatures because of its stability. If the adsorbed N@ species is much higher in the presence of hy-
temperature is high enough (over 4@) the heptanenitrile  drogen than in the absence o.H'he improved oxidation
is a very active reducing agent for NO. The activity seems of the hydrocarbon also results in faster formation of dif-
to be a result of formed ammonia in combination with the ferent oxygenates which react with these ad;N&pecies

hydrocarbon chain or possibly of the —CN group itself. to form N-containing compounds. From these N-containing
compounds amines and ammonia are easily formed as shown
3.4. Mechanistic aspects by our FTIR gas cell experiments. Secondly, in this study hy-

drogen has been shown to activate NO over the Ag/alumina

It is clear that gas-phase reactions are involved in the catalyst to react with the produced amines and ammonia
HC-SCR process over Ag/alumina. It is also evident that or with other N-containing species in gas phase, but the
the components participating in these gas-phase reactions insame reactions certainly also take place on the surface of
clude a nitrogen-coatning functional group that reacts with  the Ag/alumina catalyst. Hydrocarbons could be a source of
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place. The transformation of nitrile to NHn step 7 is restricted to high temperatures. Step 8da@unced at high temperatures. (a) From the literddire

hydrogen and may at temperatsinehere partial oxidation 4. Conclusions

takes place play an important role in the activation proce-

dure of NQ.. The possibility of forming nitrogen in the gas phase by re-
The observations made within the present study fit well action of activated forms of NOwith amines and ammonia

into the mechanism proposed by Meunier efE8], where a or with other organic intermediates, which can be converted

similar kind of Ag/alumina catalyst was used. We would like to amines and/or ammonia, wanvestigated. Both ammonia

to stress the importance of gas-phase reactions as a part oknd hexylamine were shown to react in the gas phase with

their proposed mechanism. Afematic illustration, of the ~ activated NQ species to produce N This new finding re-

proposed mechanism of HC-SCR over Ag/alumina includ- veals that it is possible to homogeneously convert NO4o N

ing the new observations made within this study is shown PY reaction with NH in excess oxygen at temperatures far
in Fig. 14 In this mechanism, R-N© R-NCO, and R-CN below those reported for selective noncatalytic reduction of

are intermediates for the formation of amines and ammo- VO Components such as R-NM-NCO, and R-CN were
tproved to be intermediate spies from which amines and

nia, which are consumed both on the surface of the catalys .

as well as in the gas phase behind the catalyst bed b reacgmmoma are formed for the last step of the HC-SCR reac-
. . . gas p . e y . y tion mechanism. Nitrohexane was transformed tgMtihe
tion with activated NQ species. The nitriles are quite stable

d . | hiah h presence of @over the Ag/alumina already at 25G and
and transform to ammonia only at high temperatures. T €% the amount of NH produced increased by the addition of

fore, itis unlikely that these ggies are the key intermediates H,0. Hexylisocyante was hydrolyzed to amine and ammo-
at temperatures below 40C. Isocyanate species, on the pjg at 250°C over the catalyst under conditions of excess
other hand, can be responsible for the activity also at low oxygen but only to ammonia at 46C. At 250°C the con-
temperatures, as they easily hydrolyze to form amines andversion to amine and ammonia was almost doubled by the
ammonia at temperatures below 280 It was shown that  addition of HO. Heptanenitrile was very stable and only
hydrogen boost the formation rate of isocyanate and therebysmall amounts of Nl were observed at 40@C; however,
enhances the low-temperature activity during the HC-SCR nitriles can react directly with activated NGpecies form-
process. ing Na.
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The role of hydrogen on the HC-SCR process involves References

several functions. Improved oxidation of all components was
obtained in the presence ofHIn the oxidation of octane,
addition of hydrogen increased the conversion from 41 to
73% at 350C. As a consequence, the improved oxidation
rate of the hydrocarbon also results in faster formation of
different oxygenates, whit react and form N-containing
species. The rate of formation of adsorbed,Nspecies was

also found to be much higher in the presence of hydrogen.

In addition, hydrogen was shown to activate NO over the
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