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Abstract

Fe/ZSM-5 catalysts prepared by sublimation of Fadito H/ZSM-5 catalyze the selective reduction of N hydrocar-
bons to N. The order of the relative rates and Melds obtained with different alkanes reveals a non-trivial chemistry. The
maximum yield is lower for propane than forbutane but about the same ferandiso-butane. However, at temperatures
below this maximum, the Nyield is higher for propane antbutane than foiso-butane. Deposits are formed on the catalyst
that contain N atoms in a low-oxidation state which are able to react with td@rm N,. TPO and FTIR results show
that the amount and also the character of the deposits depend on the nature of alkanes. The change of the oxidation state of
nitrogen from a high value in NO or NQo a lower value in nitrile and amino groups of the deposit is rationalized by applying
mechanistic concepts of organic chemistry, including the Beckmann rearrangement and fragmentation. FTIR spectra and
the observed oxygen- and nitrogen-containing compounds by GC-MS are potential clues to the reaction mechanism. ©1999
Elsevier Science B.V. All rights reserved.
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1. Introduction NO>. A substantial fraction of the Nyield in the SCR
of NO, over Fe/ZSM-5 appears to be formed along this

In a previous paper, we reported that the catalytic route. In the present paper, a more systematic study of
activity of Fe/ZSM-5 depends on the type of hydro- the catalytic performance with different light alkanes
carbons used: methane is inactive, while propene is will be reported and evidence of possible relevance for
less active than propane @o-butane [1]. The SCR  the formation of these deposits and their interaction
mechanism over these catalysts was shown to includewith NO, will be presented.
formation of a nitrogen containing deposit on the cat-
alyst; its interaction with N@ (NO + Q) yields Np.
Isotopic labeling showed that, in these Molecules,
one N atom comes from the deposit, the other from

2. Experimental

The Fe/ZSM-5 catalysts were prepared by our sub-
limation method; for the details of the preparation
fax +1.847.467-1018 and. characterization of the samples we refgr to our
E-mail addresswmhs@nwu.edu (W.M.H. Sachtler) ?ar“?r papers [2_4]' The parent ZSM-5 zeolite used

1 present address: UOP Research Center, P.O. Box 5016, Desin this work was obtained from UOP (lot # 13923,
Plaines, IL 60017, USA. SilAl=14.2).

* Corresponding author. Tel.: +1-847-491-5263;

0920-5861/99/$ — see front matter ©1999 Elsevier Science B.V. All rights reserved.
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Catalytic tests were performed with 0.2 g Fe/ZSM-5 sealed with NaCl windows, calcined in situ to 3@@)
in powdered form in a micro-flow reactor at atmo- and then cooled to 20C€ in flowing Ox/He (5%,
spheric pressure. The products were analyzed by 100 ml/min). In situ reaction measurements were car-
on-line GC-TCD with Alltech 13X molecular sieve ried out at 200C under a flow of NO (0.5%), alkane
and Parapak Q columns. The feed gas containing (C3Hg, n-C4H1g or i-C4N1g, 0.2%) , Q@ (3%) and
0.2% NO, 3% Q and the hydrocarbon adjusted to He with a total flow rate of 100 ml/min. Spectra were
a flux of 0.8% carbon (0.27% 4Elg, 0.2% n-C4H19 recorded as a function of time upon exposing the
or i-C4H10) with He as a diluent was passed through calcined sample to the feed. Fifty scans were accumu-
the catalyst bed with a total flow rate of 280 ml/min lated with a spectral resolution of 1 cth A reference
(GHSV=42000h1). The temperature dependence spectrum of the calcined sample was subtracted from
of the catalytic performance was measured by rais- each spectrum.
ing the temperature stepwise from 200 to 500
Sampling was done 30min after a preset tempera-
ture had been reached, the thus obtained activity may 3. Results
not represent a true steady state if catalyst perfor-
mance changed with time. This time dependence was3.1. Catalytic activity and formation of by-products
measured in separate runs at 30Pin which case
sampling was made every 5min. After 3h testing  Fig. 1 shows the temperature dependence of the N
at a constant temperature, the catalyst was purgedyield using GHs, n-C4H10 andi-C4H10 as reductants.
at 300C for 30min, and cooled to room tempera- The onset temperature of NO reduction is at ca®#00
ture in flowing He (100 ml/min). The catalyst was The N, yield always increases initially with increasing
subsequently subjected to temperature-programmedtemperature until it reaches a maximum, and is then
oxidation (TPO) in order to analyze any deposits that followed by a decrease. The temperature at which the
might have been formed on it during the 3-h run. maximum N yield is observed at the same carbon flux

TPO was carried out with a 5% fAr flow of depends on the type of alkane used, it shifts upward in
60 ml/min and a temperature ramp rate 6£C@min.

After 500°C was reached, the temperature was held at
this value for 30 min. The evolution of carbon dioxide

(M/e=44), water 1/e=18) and nitrogen Nl/e=28) —o— Cify

was monitored by mass spectrometry. THée=12 —#— nCHy,
andM/e= 14 signals, both indicate that CO formation 801 A FCH
during TPO runs is negligible. Therefore, to calculate
the N in the gas obtained by oxidizing the deposit,

only the contribution of thevi/e=28 fragment from S €0
CO, was subtracted from thiél/e= 28 signal [5]. 3

Mass spectrometry, coupled to gas chromatography Zi
(GC-MS, Hewlett—Packard, G1800A, GCD system)
was used to detect oxygen- and nitrogen-containing
compounds. Products from the reaction at 200 20

the light-off temperature, were trapped in liquic N
for 30 min, separated on a 50-m PONA (cross-linked
methyl silicone gum) capillary column with a tempera-
ture program from 35C (5 min) to 150C (15°C/min). 0 ' ‘ ‘ ' ' ‘ '

: . 200 250 300 350 400 450 500

FTIR measurements were carried out on a Nico-

let 60SX FTIR spectrometer equipped with a lig-
uid Nz-cooled MCT detector. The Fe/ZSM-5 cat- Fig 1., yield as a function of temperature for different alkanes.
alysts were pressed into self-supporting wafers of conditions: NO, 0.2%; @ 3%; GHg, 0.27% (or n(i)-CsH1o,
8-10 mg/cr. The wafer was placed into a quartz cell 0.2%); GHSV 42000,

Temperature (°C)
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the order GHg < n-C4H1g < i-C4H10. The maximum
N> yield is about the same farC4H1g andi-C4H1o,
but it is lower for GHg. This shows that propane is
a less effective reductant for SCR of NQWVhereas
in the descending branches above ¥75the differ-
ences in N yield are less obvious, the Nield in the
ascending branches is higher fogHz and n-C4H1g
than fori-C4H1g. This shows that H abstraction from
the alkane is not necessarily a rate-limiting step. In
addition to N, the effluent contains CO and GQCas
reported previously [2]. Below 30C, traces of NO
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is confirmed by the TPO profiles of the catalysts af-
ter 3-h testing at 30@, as shown in Fig. 3. With
CsHg as a reductant, there is virtually no g¢®@e-
ing detected during the TPO run (profile not shown).
Evolution of CQ is observed with catalysts previ-
ously exposed tm-C4H1g or i-C4H10. Although the
peak areas are rather similar, the shapes of the TPO
profiles are different. For the deposit formed by us-
ing n-C4H10, one broad peak with a maximum tem-
perature at 40 was registered, but in the case of
i-C4H10, an additional peak was recorded at lower

were also detected; however, the concentration wastemperaturesl{=359C). This suggests that the nature

too low for quantitative analysis by our on-line GC.
With CgHg, the Nb yield does not change with
time-on-stream in the whole temperature region. With
n-C4H10 andi-C4H10, the same holds for the descend-
ing branch, but for the ascending branch, theyi¢ld
is found to decrease with reaction time. Fig. 2 shows
the N\, yield at 300C as a function of time-on-stream
with n-C4H1g or i-C4H10 as the reductant. While the
initial activity is roughly the same for both hydrocar-
bons, it clearly decreases more rapidly wit84H1o.
This deactivation is caused by the formation of an

of the deposits is different fan-C4H19 andi-C4H1o.
This conclusion is further supported by the differences
between the KO and N features in Fig. 3. From
the peak areas, the relative amounts of deposit on the
catalyst can be estimated: withC4H1g, the ratio of
COy/Fe is about 1.9, and the composition of the de-
posit corresponds to Gi5No.140,; with i-C4H1g, the
COy/Fe ratio is about 2.0, and the composition for-
mula is CH 04Ng.220;. (In these calculations, the first
H>O peak which is due to desorption from the zeo-
lite has been disregarded.) Clearly, the deposit formed

inactive deposit, as the color of the catalyst changes with n-C4H1¢ is ‘harder’ and contains less nitrogen

from yellow to gray. The presence of organic deposits

70
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Fig. 2. N, yield as a function of time-on-stream fofi)—C4H1o.
Conditions: NO, 0.2%; @ 3%; n(i)-C4H10, 0.2%; GHSV
42000h1, 300°C.

than the deposit formed withC4H10.

In order to get some clues for the chemistry con-
verting alkanes with N@into a deposit containing N
atoms in low electrochemical valence, we have tried to
identify potential reaction intermediates. For this pur-
pose, catalytic tests were carried out with dry feeds
of different alkanes at 20C; the effluent gas was
trapped in liquid N, subsequently heated to RT and
analyzed by GC-MS. Fig. 4 shows the GC-MS anal-
ysis results. The first peak contains mainly, ®ly,
CO, CO, NO and NO. These gases cannot be well
separated by the column. Also, the retention times for
C3Hg, H20 and formaldehyde(CkD) are very sim-
ilar, so that their peaks overlap; the combined peak
will be labeled ‘GHg'. In a separate experiment, we
condensed the effluent at© and analyzed the liquid
condensate by GC-MS. Formaldehyde and acetic acid
were identified as oxygenated products for all three
alkanes.

In the condensate trapped at liquid,Mcetone was
found with i-C4H1g, but not with GHg or n-C4Hj.
With CsHg (Fig. 4(A)) hydrogen cyanide (HCN)
and ethane dinitrile (NCCN) were found as ma-
jor nitrogen-containing products. Hydrogen chloride
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Fig. 3. TPO of Fe/ZSM-5 sample after catalytic activity test at°®@@or 3 h with (A) n-C4H10, and (B)i-C4H10 as a reductant.

(HCI) and cyan chloride (CICN) were also detected. SCR reaction. Spectra were registered at°20@s a

The chlorine is presumably a remnant from the cata- function of time upon exposing the catalyst to a feed

lyst preparation with FeGl of 0.5% NO +0.2% (Hy + 3% . After 30 min, the
Remarkable differences were found forCsH1g hydrocarbon in this mixture was replaced by an equal

(Fig. 4(B)) andi-C4H1o (Fig. 4(C)). With n-C4H1p, amount of helium.

acetonitrile and acrylonitrile were detected in addition

to HCN and NCCN. Withi-C4H10, a rather signif- 3.2.1. GHg+NO+0O>

icant peak of methacrylonitrile was observed that  As shown in Fig. 5, a negative band appeared at
was absent with the other two alkanes. In addition, 3666 cnt! when the catalyst was exposed to the feed,
acetonitrile and HCN were detected, but virtually suggesting that OH groups disappeared. Its wave
no NCCN was found. Traces of other hydrocarbons number is between those typical for Si-OH groups
(CsHg, n-C4Hig or i-CsH10) were detected when  (3710cntl) and Brensted acid sites (3605¢h). A
n-C4H1p or i-C4H1p was used; these are not reaction pand at 3690 cm! was observed by Zecchina et al.

products but impurities in the feed gas. [6] over an MFI-type ferrisilicalite, it was assigned
to OH groups present in small clusters of extraframe-
3.2. FTIR work iron species. We, therefore, assume that the

3666 cnT! band can be assigned to OH groups at-
In situ FTIR was used to identify IR-active groups tached to iron ions, such as [HO-Fe-O-Fe-&H]
that are deposited on the catalyst surface during thethat we proposed previously [2—4]. Adsorption of
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Fig. 4. GC-MS chromatogram of products in the SCR of NO with: (AHg (B) n-C4H10; (C) i—-C4H10 as a reductant.

mononitrosyl (1878 cml[1]) and nitro/nitrate (1625, was observed at 1379 crh The latter band over-
1570cnt! [1]) groups on the iron sites will perturb  lapped with a band at 1357 crh, which might be
this OH group, so that a negative band will result at attributed to a carbonate [1]. In the double bond
this wave number. In addition, several weak bands (C=0O, C=N, N=0, etc.) region, a weak, broad band
were observed. Bands in the region 3000-2800tm at 1678cnt! was evident; it became less obvious
are due to the C—H stretching vibrations of adsorbed after GHg was eliminated. A band at 1435 crh
CzHg [7]. A band at 2131cm! has recently been  grew with time; it did not decline when 4Elg was
assigned to NO ions occupying Brensted acid sites eliminated. This band can be attributed to a carbonate
in the zeolite [8]. A weak band at 2255 crth be- group [1].

came obvious after 30 min. It could be assigned to a  Fig. 5 shows that, with §Hg as a reductant, the cat-
cyanide group at an iron site or to an organic nitrile alyst surface is rather ‘clean’; nearly no carbonaceous
group. A shoulder at 1543 cm appeared at 2min,  deposit was formed under reaction conditions, which
which was, however, masked after 10 min. This band is in agreement with the TPO result. This is also con-
could be attributed to the NOasymmetric stretching  sistent with the catalytic-activity result obtained in the
vibration in (CHs)2CHNO, [9]. The corresponding  micro-flow reactor, i.e. no decline of the;Nield was
symmetric stretching vibration of the —NGQgroup observed with time-on-stream.
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Fig. 5. FTIR spectra taken at 200 upon exposing Fe/ZSM-5
sample to a flow of NO 0.5% +£3% + GHg 0.2% + He for 2
(@); 5 (b); 10 (c); 15 (d); 20 (e); and 30min (f); following (f),
CsHg was replaced by He for 30 min (g).

3.2.2. n-GH1p+NO+0>

Fig. 6 shows that after 2min (spectrus), an
intensive band appeared due to a mononitrosyl
group (1878 cm?l). Simultaneously, a negative band
emerges at 3666 cm, similar to the case with §Hs.
However, the intensity of the band at 1625¢his
much lower than in spectrumin Fig. 5, indicating a
higher reactivity ofn-C4H1o toward the nitro/nitrate
group. This reaction might result in the formation of
nitro-butane, to which the bands at 15457:"nqu:o
asym.) and 1373 cmt (yn=0 sym.) are ascribed. At
the same time, butane nitrite might be formed; the
N=0 stretching vibration of organic nitrites has been
reported in the 1610-1685 cthregion [9]. The band
at 1683cm?! in Fig. 6 may contain a contribution
from butane nitrite. Of course, other double bonds,
such as €N and GO may also contribute. The
band intensity of the mononitrosyl decreased quickly
with exposure time, meanwhile, intensive bands in
the 1300-1800 cmt region grew very quickly, and a
broad band centering at 3154 chwith a shoulder
at 3196 cmi! emerged. The totality of these bands
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Fig. 6. FTIR spectra taken at 200 upon exposing Fe/ZSM-5
sample to a flow of NO 0.5% +£3% +n-C4H10 0.2% + He for
2 (a); 5 (b); 10 (c); 15 (d); 20 (e); and 30 min (f); following (f),
n-C4H10 was replaced by He for 30 min (g).

signed to a C—H stretching vibration from unsaturated
groups [10]. The shoulder at 3196 cinmight be due

to an N—H stretching vibration (see below). The broad
bands in the 1300-1800 crhregion show a few max-
ima for which unambiguous assignment is difficult.
Here, we tentatively assign the band at 1683¢&m
to the stretching vibration of a double band, such as
N=0, C=0 and GN. The band at 1625 cnt is most
probably due to nitro groups on iron [1]. The band at
1539cnt?! is likely due to a GC stretching vibra-
tion, while the band at 1482 cm could be attributed

to C—H deformation of the deposit [11]. The bands at
1430 cnt! and 1357 cm?® might be due to carbonate.
Interestingly, simultaneously with the formation of
the carbonaceous deposits, a negative band appeared
at 3605 cnT!, suggesting that Brgnsted acid sites (as
discussed previously [2};-20% Brgnsted acid sites
were regenerated after hydrolysis) were consumed.
This interaction, probably a protonation of unsaturated
hydrocarbons, led to the appearance of a very broad
band centering at 3400 cth. The deposit blocks the
sites onto which NO is adsorbed as is evidenced by

indicates formation of a carbonaceous deposit on the the intensity decrease of the bands due to mononitro-

catalyst. The broad band at 3154chcould be as-

syl groups. However, this site-blocking effect remains
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incomplete, the intensity of the band at 1878¢m band at 1625cm! that was assigned to a nitro
and also of the band at 1625 ci(nitro group), does  group on iron was hardly visible, suggesting an
not reduce to zero even after 30 min. These intensities even higher reactivity ofi-C4H1o toward the ni-
increased again whemC4H1o was eliminated from  tro/nitrate groups. In the same spectrum, bands at
the feed, so that the organic deposit was oxidized. In 1542 cnt! and 1380 cm?® which might be caused by
the triple band region 2100-2300cf a doublet at (CH3)3C-NO, were visible. The band at 1542 cth
2314cnt! and 2285cm! emerged when the cata- could also be assigned to the=® stretching mode
lyst was exposed to the feed. Its intensity increased from (CHz)3C—NO [9]. In the double-bond region,
with time, meanwhile, another band at 2255¢m  a band at 1680 cm appeared which may contain
emerged. When-C4H10 was removed from the feed, a contribution from (CH)3C—ONO. It is reason-
the intensity of the doublet decreased, but almost able to assume that (Ght—NO,, (CHs3)3C-NO

no change was observed for the band at 2255'cm  and (CH)3C—ONO could be initial products of the
Based on the spectra of adsorbed model compoundsreaction of i-C4H1o with the adsorbed NOcom-
(see below), the doublet at 2314 ciand 2283 cmt plexes. After a longer exposure time, the intensity
can be assigned to the CN stretching vibration of of the mononitrosyl group decreased dramatically
an adsorbed saturated aliphatic nitrile, the band at and vanished after 15min. Intensive bands in the
2255cm?! being assigned to the CN stretching vi- 1300-1800cm? region, together with a broad band

bration of a conjugated nitrile. centering at 3145cmt, grew quickly. Simultane-
ously, a negative band at 3605 cfand a very broad
3.2.3. i-GH1p+*NO+05 band centering at 3400crh appeared. These re-

As with C3Hg or n-C4H10, a mononitrosyl group ~ Sults suggest that the deposit formed witl4H10
(1878cntl) was observed at 2min, together with interacted vigorously with Brensted acid sites. It

a negative band at 3666 crh (Fig. 7(a)), but the eventually blocked the iron sites completely, so that
no more mononitrosyl and nitro/nitrate groups were

detectable after 15min. This site blocking was so
strong — or in other words, the deposit was so in-
I active — that these bands did not re-appear upon

01 interrupting thei-C4H1o flow for 30 min. As in the
case ofn-C4Hjg, a few maxima (1680, 1564, 1481,
1440, 1356 cm?) could be distinguished, but they
were not at exactly the same position. The intensity
of the band at 1680cmt was higher than in the
case ofn-C4H10. The band at 1564 cnt appeared
at higher frequency than the corresponding band for
n-C4H1o (1539cntl). Both maxima at 1680 cnt
and 1564 cm! decline wheni-C4H19 was omitted
from the gas flow.

In the triple-bond region, a band at 2255¢th
which could be assigned to a conjugated nitrile (see
below), appeared immediately upon exposing the
catalyst to the feed. Its intensity increased quickly

‘ T T ‘ and reached its maximum after 15 min. Meanwhile,
4000 3600 3200 2800 2400 2000 1600 a shoulder at 2238cmt emerged, which could
Wave number (cm™) be assigned to the =N vibration in a polymer
Fig. 7. FTIR spectra taken at 200 upon exposing Fe/ZSM-5 (see pelow)' onn .further increasing the expo-
sample 1o a flow of NO 0.5%-+£3%-+i-CaHo 0.2%+ He for sure time, the_mtensny of the band at 2255¢m
2 (a); 5 (b); 10 (c); 15 (d); 20 (e); and 30 min (f); following (f), decreased while the band at 2238dmbecame
i-C4H1o was replaced by He for 30 min (g). predominant.

Absorbance (a. u.)
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3.2.4. Spectra of adsorbed model compounds
IR bands in the triple bond region 2100-2300¢m
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ing vibration of a conjugated nitrile, such as acryloni-
trile, or methacrylonitrile. Fig. 8(e—g) are the spectra

have been observed by numerous researchers [12-23]using ethyl isocyanate ¢ElsNCO) as an adsorbate.
However, the assignment of these bands is contro- Three bands at 2377 cth, 2329 cnt ! and 2232 cmt
versial. To make an unambiguous assignment, we were observed at room temperature. This compound
recorded in Fig. 8 the IR spectra of some adsorbed is not stable on the catalyst. Upon heating to ZD0

model compounds.

in a He flow the bands at 2329 crh disappeared,

Fig. 8(a—c) are the spectra for acetonitrile as an ad- and the intensity of the bands at 2377 and 2332tm
sorbate. At room temperature, a doublet appeared atdecreased, while two new bands at 2273 énand

2316 and 2289 cm' (spectruma). This complex is
rather stable. Upon heating to 2@ under He flow,
the doublet remained intact with only a slight shift to
2314 cnt! and 2285 cm?, respectively, and a small
change of the relative intensities (spectrbmAn ox-

2211 cnt! developed. Under flowing £) the bands

at 2377 cnt and 2232 cm? disappeared. However,
none of the above bands was observed in the spectra
shown in Figs. 5-7. So, it seems that, with light alka-
nes as reductants and under our reaction conditions,

idizing atmosphere did not change the spectrum at isocyanates are not present at the surface of Fe/ZSM-5.

200°C (spectrumc). Interestingly, the band position

and the relative intensity of the doublet are exactly

the same as those in Fig. 6. Therefore, we assign the4. Discussion

bands to the CN stretching vibration in acetonitrile, or
more generally to saturated aliphatic nitriles. Fig. 8(d)

The catalytic performance and the FTIR spectra

is the spectrum of adsorbed methacrylonitrile, a single consistently show that the reaction path of SCR of NO

band was observed at 2255 ch Thus, we assign the
band at 2255 cm! in Figs. 6 and 7 to the CN stretch-

Lo
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T T
2500 2400 2300 2200 2100 2000

Wave number (cm")

Fig. 8. FTIR spectra of adsorbed GEN at room temperature (a),
at 200C in flowing He (b), and at 20@ in flowing &, (c); of
adsorbed Ch=C(CHz)-CN at 200C in flowing O, (d); and of
adsorbed gHsNCO at RT (e), at 200C in flowing He (f), and at
200°C in flowing O (Q).

over Fe/ZSM-5 depends on the type of alkane used.
Obvious differences exist betweeghdg, n-C4H10 and
i-C4H10. This illustrates the role of organic chemistry
in the SCR reaction. In this chapter we shall, there-
fore, compare the putative intermediates of hypotheti-
cal reactions at the catalyst surface with the observed
IR bands and the TPO results.

In previous papers [1,24], we have shown that
the first step for SCR of NQover Cu/ZSM-5,
Co/ZSM-5 and Fe/ZSM-5 is the formation of ad-
sorbed NQ complexes. Such groups interact with
hydrocarbons possibly via a free-radical mechanism.
The a spectra in Figs. 5-7 indicate that the rate of
this interaction between the nitro/nitrate group and
the hydrocarbon increases in the following order:
i-C4H10>n-C4H10>C3Hg. This is consistent with
the well-known chemistry: formation of a tertiary car-
bon radical is easier than that of a secondary one, and
n-C4H19 has two secondary carbon positions, while
C3Hs has only one.

It is reasonable to assume that these hydrocarbon
radicals react further with NQor the adsorbed NO
complexes to form organic nitrite, nitroso or nitro com-
pounds. Such compounds have been proposed to be
intermediates for the SCR of N@vith hydrocarbons
by a number of researchers. However, only a few ad-
dressed how these compounds could further react with
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other reactants formingN16-18,24—-31]. As the fol-
lowing chemistry strongly depends on the nature of
the hydrocarbons, we will discuss it separately for the
three alkanes studied here.

4.1. GHg+NO+O;

The combination of a secondary propyl radi-
cal with NO, will likely result in the formation of
2-nitropropane. The IR spectra of aliphatic nitro
compounds show the asymmetric and the symmetric
vibrations of the nitro group in the spectral regions
1500-1600 and 1300-1390ch [9]. IR bands at
1545 and 1387 cm' in Fig. 5 confirm that an or-
ganic nitro compound was formed on the catalyst.
Sincea-H is present, it will take part in a tautomeric
equilibrium with its aci-nitro form [32]:

Vas ,OH
(CH,),CH-N¢ o = (CH,),C=N¢ o

1)

Hydrolysis of aci-nitropropane, also called tNef re-
action, will produce NO and a carbonyl compound:

,OH
(CH,),C=Ng o (CH,),C=0 + NOH

()
®3)

Over Fe/ZSM-5, this nitro compound is likely to
dissociate into 2-nitrosopropane and oxygen, with the
latter bonded to iron. 2-Nitrosopropane, which can
also be formed by the combination sécpropyl rad-
ical with NO, is known to spontaneously isomerize to
its oxime:

2NOH — N20O + H20

(CH3)2C=HNO — (CHgz)2C=N-OH (4)

The chemistry of this oxime on Cu/ZSM-5 was studied
in detail by Beutel et al. [25]. Acetone oxime gives an
IR band at 1661 cm', attributed to the €N stretch-
ing vibration [33]. In Fig. 5, a weak band at about
1678 cnt! was found, which may contain a contribu-
tion from this oxime.

Hydrolysis of the oxime is known to give hydroxyl-
amine:

(CH3)2C=N-OH + H>0O

— (CH3)2C=0 + H>N-OH (5)
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Hydroxylamine is a well-known reductant, it could
react with NQ forming Np.

Another possibility is the Beckmann rearrangement
of the oxime to N-methyl acetamide:

(CHg)2C=N—OH — CH3C(O)-N-CHs (6)

which hydrolyzes to methylamine and acetic acid:

CH3C(0)-NH-CH; + H,0

— CH3NH> 4+ CH3COOH (7
The amine will readily react with N@leading to N
via a diazo compound.

On the other hand\-methyl acetamide could also
react with HONO:

CH3C(0)-NH-CH; + HONO

— CH3C(O)-N(NO)~CH; + H,0 8)

? 0
CH,-C-N-CH, ~ CH3-£-O-N=N-CH3 - CH,=N=N + CH,COOH

o

9)

Decomposition of this diazo compound will formpN

For the Beckmann rearrangement, the formation
of ions, their migration and recombination must oc-
cur simultaneously. However, steric limitations in the
ZSM-5 zeolite structure may inhibit this reaction.
Some of the ions may react with other nearby active
agents, such asQor NQ,. In that case, fragmenta-
tions could occur such as:

(CH3)2C=N-OH+ 10,

— CH3-CN+ CH,0O + H,0 (10)
Acetonitrile could react further with NGr NO, lead-
ing to the formation of HCN and/or NCCN.

4.2. n-GH10+NO+0O2

When n-C4H1g is used instead of 4Hg, a simi-
lar chemistry can be assumed. However, additional
effects should also be considered due to the longer
carbon chain. Decomposition of 2-nitrobutane is
possible, since an adjacent secondary carbon is
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available: Once a nitroso group is attached to the terminal car-
bon atom, further reactions will be similar to those
CH3—CH—CH(NO2)-CHs discussed above, leading te formation.
— CH3—-CH=CH-CH; + HONO (12) Another possible product that could be formed from

. . the same compounds is methacrylonitrile:
Also for the fragmentation of 2-butanone oxime there P y

exist two possibilities: CH, wo CH:  Hono
CH,-C-CN=0 2 CH;-C-C=N CH,~C(CH,)-C=N
CH3CH,C(CHz)=N-OH e o T e
— CHp=CHz + CH3CN + H20 (12) o 0 oo )
16
CH3CH,C(CH3)=N-OH + 30 . .
sCHC(CH) ta2 This reaction path seems to be supported by the present
— CH3CH2CN + CH20 + H20 (13) FTIR spectra (Fig. 7) which show a band at 2255¢ém

Reactions (11) and (12), both lead to the formation of 2SSigned to a conjugated nitrile. This band appeared
olefins. It is well known that these strongly interact Immediately when the catalyst was exposed to the

with the Bransted acid sites and easily form oligomers f€€d, its intensity increased rapidly. _
on the catalyst. Methacrylonitrile is known for its strong propensity
Propionitrile could react further with NOor NO,, to polymerize. This is the most likely cause for the

one possibility being the abstraction of hydrogen lead- ©Pserved decline in intensity of the band attributed to
ing to the formation of acrylonitrile. Since acryloni- Cconjugated nitriles after 15min. At the same time, a

trile has a conjugated structure, it is more stable than a Pand appears at 2238 crh which could be assigned

saturated nitrile. Nitrile groups are strongly adsorbed © the CN vibration in a polymer. This polymer will
by Lewis acid sites, thus blocking the Fe sites of eventually block the iron sites, which will lead to sup-

Fe/ZSM-5. (Co-)polymerization of adsorbed nitriles Pression of the oxidation of NO to NQthat is cat-
and olefins will result in the formation of deposits on  &lyzed by iron. Indeed, fast deactivation was observed

the catalyst. in this reaction system as shown in Fig. 2.
Of course, the chemistry discussed above is over-
4.3. i-CqH10+tNO+0, simplified. Much more complicated reaction pathways
may occur under reaction conditions. However, the

With i-C4H19, a free radical will easily be formed crucial point is that a compound, such as NO orNO

and it will react with NQ forming tertiary nitro and/or with a high formal OX|_dat|o_n state of the N atom, is
nitroso compounds. The subsequent reactions will rearranged to a state in which the N atom has a lower
" level of oxidation so that it can form a new N/N bond

with another NQ. The examples shown above illus-

trate that this necessary change in formal oxidation

state of the N atom can be achieved by oxidizing an
adjacent methylene or methine group.

(CH3)3C-NO; — (CH3)2C=CH, + HONO (14) With the above-mentioned chemistry in mind, the
effect of different alkanes on the catalytic activity over
Fe/ZSM-5 for the SCR of NOcan be rationalized as
follows:

" When GHg is used as a reductant, the rate-limiting

step seems to be the activation of the hydro-

however, be different from that of 2-nitro-butane, be-
cause there is na-H available. A possible reaction
that may occur with 2-methyl-2-nitropropane is the
decomposition:

by which an olefin is formed.

On the other hand, the nitro group could be consid-
ered as an active group to activate the primary carbon
so that it may react further with HONO:

CHsH (|:H3H carbon, i.e. GHg reacts with the NQ groups
CH3-(‘3-C/-H + HONO CH;-(lj-C:-N=0 + H,0 formmg _asec—p_ropyl radpal. ane it is formed,
s "H N H this radical will combine with N@Q forming

o \\0 o 0 2-nitroso/nitro-propane. Since an-H atom is

(15) present in the latter compound, it can easily un-
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dergo isomerization and hydrolysis as discussed sites. As a result, the reduction rate decreases very

above. Thus, the impinging nitrogen atom ex,MO rapidly withi-C4H1o at temperatures in the ascend-

reduced to a low-oxidation state. As subsequent ing branch, where surface cleaning by deposit com-
reduction with NQ leads to the release of,N1], bustion is incomplete (Figs. 1 and 2). Since the de-
no N-containing deposit will be built up on the posit is mainly formed by a polymerization process,

catalyst surface. Also, olefin formation fromyidg it contains more nitrogen and hydrogen atoms per
would be unlikely. This leaves the catalyst surface  C atom, but it is less reactive than the deposit from
rather ‘clean’, no coke will be formed on the cat- n-C4H1o.

alyst under reaction conditions. This conclusion is  As the reaction steps in which the valence of the N
supported by the present data on catalyst activity, atom is lowered require participation of an adjacent

as well as the TPO and FTIR results. methylene or methine group, some of the partially oxi-
Whenn-C4Hjp is used as a reductant, reaction with dized hydrocarbon fragments will not be active reduc-
the NQ, complexes will be faster than withz8s, tants. This could explain why the maximum yield is

since two secondary carbon atoms are available in lower for GsHg, but about the same fer-C4H1¢ and

n-C4H10. Again,a-H atoms are available in the ob-  i-C4H19, when the same carbon flux is fed.

tained 2-nitroso/nitro-butane, so basically the same

chemistry can be applied and an active N-containing

compound can be easily formed. However, a fast 5. Conclusion

reaction between-C4H19 and NQ complexes will

deplete the latter groups which are also needed for Over Fe/ZSM-5 catalysts prepared by subliming

the N\, formation step [1]. Therefore, N-containing FeChk onto H/ZSM-5, the maximum MNyield in the

compounds will accumulate on the catalyst. This SCR of NQ at constant carbon flux is lower forz8g

is confirmed by the spectra in Fig. 6. Also, ow- thann-C4H10, but about the same far-C4H10 and

ing to the longer carbon chain mC4H1, olefins i-C4H10. However, at temperatures below this maxi-

can be formed as shown above. They will be mum, the N yield is higher for GHg and n-C4H1¢

strongly adsorbed on the Brgnsted acid sites and than fori-C4H10. Formation of a deposit at low tem-

form coke. They might also co-polymerize with perature was observed withC4H1 andi-C4H10, but

the N-containing compounds forming catalyst de- notwith GGHg. TPO and FTIR results show that differ-

posits which will block the active sites. As a result, ent deposits are formed with either alkane. Potential

the catalyst activity withn-C4H1o decreases with  reaction paths for the SCR of N@ave been proposed;

time on stream at lower temperatures, i.e. in the a crucial point is that compounds with N atoms in a

ascending branch of the activity test curve where high oxidation state are converted to compounds with

the hydrocarbon conversion is lower than 100% N atoms in a lower oxidation state. This conversion is

(see Figs. 1 and 2). basically achieved by oxidation of an adjacent methy-
Wheni-C4H1g is used as a reductant, the presence lene or methine group. As shown elsewhere [1,25], by

of the tertiary carbon atom thoroughly increases the means of labeled compounds, N-N bonds are formed

reactivity of the molecule with the N@roups. Un- by reaction of NQ with a surface compound contain-

like the case of gHg or n-C4H1p, Noa-H is present ing an N atom in a low valence state, for instance an

in the resulting nitroso/nitro compound; as a conse- amine or amide. This appears to be the major route

quence, subsequent valence lowering steps becomeor the formation of N.

difficult. The intermediates will, therefore, accu-

mulate on the catalyst. Under actual reaction con-

ditions, they will decomposed or react with other Acknowledgements
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