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Abstract

The reactions of formamide and nitromethane, two possible intermediates in the selective catalytic reduction of nitrogen
oxides by methane, have been studied over Co-ZSM5, H-ZSM5 and Cu-ZSM5. Formamide, a possible surrogate for nitro-
somethane, reacts completely below 26@ver Co-ZSM5 with formation of Nkland CO by one route and HCN and®l
by another. Inclusion of NO causes partial conversion ogMHN, at 300C. H-ZSM5 behaves similarly but with a higher
conversion of NH in the presence of NO. Cu-ZSM5 gives gé&nd N> alone, apparently because of its high oxidation activity.

The reaction of nitromethane over H-ZSM5 is similar to that previously established for Co-ZSM5 witamNHCQ as the

initial products and subsequeng formation by the NH-SCR reaction. Again Nformation is more extensive with H-ZSM5

than Co-ZSM5 when NO is present while Cu-ZSM5 gives only,@@d N>. Deactivation is characteristic of the reaction of
nitromethane over all three zeolites at temperatures beld80° C with eventual breakthrough of isocyanic acid (HNCO) as

a product. In situ FTIR measurements with H-ZSM5 indicate that deactivation is due to reactions of HNCO to form deposits
of s-triazine compounds which can be removed by,NThe overall conclusion is that nitromethane and formamide, and

by inference nitrosomethane, react in ways which are consistent with the possibility that species of these types could be
intermediates in the methane-SCR reaction over zeolite catalysts. Distinction between them is possible only with catalysts of
low oxidation capability when CO formation is consistent with the involvement of nitrosomethane gnidi@@tion with

that of nitromethane. ©1999 Elsevier Science B.V. All rights reserved.
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1. Introduction effect indicates that the slow step is abstraction of hy-
drogen by a surface site [3] and FTIR studies show that
The mechanism of the selective catalytic reduction adsorbed N@provides that site [4-6]. The subsequent
of nitrogen oxides using methane (¢43CR) hasbeen  fate of a methyl species which could arise through
a subject of considerable interest since its discovery such an abstraction is difficult to track but combina-
with Co-ZSM5 as the catalyst [1,2]. There is now some tion with NO to produce nitrosomethane (@RO),
agreement concerning the initial stages of the reaction. or with NGO, to form nitromethane (CENO;) are two
The existence of a strong deuterium kinetic isotope possibilities [7—9].
Recent work has firmly established that the latter
- is sufficiently reactive to be an intermediate [10-15].
* Corresponding author. Tel.: +61-2-9850-8285, It decomposes to COand NH; below 300C on
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curious feature of the reaction of nitromethane over could also used to generate HCN as required by pass-
Co-ZSM5 is that conversion drops precipitously after ing it through a Pyrex tube with a volume sf6 cn?®
some hours on stream below 280due to the forma-  heated to 498C where decomposition of formamide
tion of deposits, probably derived from the isocyanic to HCN was near complete. Water, residual formamide
acid (HNCO) which eventually breaks through and and traces of by-product HNCO were then removed by
becomes the major nitrogen-containing product [15]. passage through a drierite trap at room temperature.
Recent in situ FTIR measurements indicate that the The standard test conditions were 100 mg of catalyst
deposits comprise one or more s-triazine compounds in a PyrexU-tube reactor with 100 cB(STP)/min to-
such as melamine [16]. tal flow.

The reaction of CHNO has not been investigated The exit stream was analysed by a combination of
but the reaction scheme of Lobree et al. [17] proposes gas chromatography and on-line FTIR measurements
that it is converted to plvia a Co-CN species, the both of which allowed measurements every 2 min [15].
generation and reactions of which were established by Formamide was analysed by FTIR with calibration us-
in situ FTIR measurements. In practice it is not possi- ing a feed stream passed through an empty reactor.
ble to investigate the reactions of @NO itself since The infrared cell and all tubing carrying formamide or
its tautomer, formaldoxime (C##NOH), is thermo- the exit gas were heated4al 00°C to prevent conden-
dynamically more stable. Further rapid conversion to sation of formamide and formation of solid deposits
yet more stable formamide (NCHO) by a Beck- through secondary reactions. In situ FTIR measure-
mann rearrangement also seems likely give the work ments of H-ZSM5 were carried out as described pre-
of Beutel et al. [18] indicating that acetone oxime un- viously [16] on~70 mg pressed discs contained in a
dergoes such a reaction on Cu-ZSM5 at temperaturessmall volume, flow-through cell in conjunction with a
below 100C. different analysis system which allowed analyses for

The purpose of the present work was twofold. CO,, CO, N, NO and NQ but not NH; or HNCO.
Firstly, as a possible surrogate for nitrosomethane, A total of 64 scans at 2 crit resolution was accumu-
we have investigated the reactions of formamide lated for each spectrum.
over Co-ZSM5 and, to a lesser extent, Cu-ZSM5  The Co-ZSM5 (Si/Al=11.2, 110% exchange) was
and H-ZSM5. The reaction of HCN, derived from a gift from Dr J.N. Armor of Air Products Inc.
formamide, has also been examined. Secondly, we The H-ZSM5 was prepared by complete exchange
have extended investigations of the reactions of ni- of Na-ZSM5 (Tosoh, Si/Al=11.9) with ammonium
tromethane in @ to include a comparison between acetate and Cu-ZSM5 by exchange with copper ac-
the above zeolites in the presence and absence of NOetate followed by calcination at 500. In the case
and in situ FTIR measurements of the formation and of Cu-ZSM5 the replacement was limited to a single
reactions of deposits with H-ZSM5. The data enables exchange of 80% in order to minimise the introduc-
an evaluation of the circumstances under which it tion of Brgnsted acidity. Additional pretreatments and
may be possible to decide which, if either, of nitro- regenerations were carried out in the reactor using
somethane or nitromethane are feasible intermediateseither 3% Q/He at 380C (with Co-ZSM5) or 10%
in CH4-SCR. Oo/He at 450C (Cu-ZSM5 and H-ZSM5) in the

standard reactor system but limited to 280with the
infrared cell.
2. Experimental

Reactions involving nitromethane were carried out
as described in detail previously [15]. The reactant 3. Results and discussion
flow was established with a set of mass flow con-
trollers with one supplying helium through a saturator 3.1. Reactions of formamide
containing nitromethane atG. Formamide was in-
troduced in the same way using a purpose-built satura- Initial tests with formamide were carried out with-
tor which allowed operation at 881°C. This stream  out NO in the feed in order to avoid secondary
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Fig. 1. Product distribution as a function of time-on-stream for
the reaction of~300ppm formamide in the presence of 2.9%
O, over 100 mg of Co-ZSM5 at 25C€ with a total flow rate of
100 cn?(STP)/min.

reactions involving it. Fig. 1 shows the result of a
time-on-stream test witkz300 ppm formamide and
2.9% Q@ over Co-ZSM5 at 250C. Conversion of for-
mamide is complete throughout. By comparison the
CH4-SCR reaction does not commence until ca.”850
[1-3]. After an initial period in which C@ domi-
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Fig. 2. Product distribution as a function of time-on-stream for
the reaction of~300ppm formamide in the presence of 2.9%
O, over 100 mg of Co-ZSM5 at 36C with a total flow rate of
100 c?(STP)/min.

The effect of NO on the reactions of formamide
in the presence of Ywas investigated at 30C, the
steady state results being as shown in Table 1. In the
absence of NO the relative amounts of CO, \tihd
HCN are intermediate between those in Figs. 1 and
2 and N is almost undetectable indicating that BiH

nates the system reaches a steady state in which theoxidation is minimal. Introduction of NO results in

products are CO, Nkland HCN in similar amounts.

conversion of~60% of the NH to N2, presumably

Water was also observed but the amount could not be by the NH;-SCR reaction

guantified accurately. Thus, the two reactions are

NH>-CHO — HCN + H,0O Q)
and
NH>-CHO — NH3 + CO 2)

Since reaction (2) is thermodynamically much more
favourable than (1), formation of HCN is kinetically
controlled.

3

This is as expected given that this reaction is faster
than ammonia oxidation over Co-ZSM5 [15]. The con-
centration of HCN is also reduced slightly but it is not
possible to decide if it has been converted to CO or
COs.

Table 1 includes the results of similar experiments
with H-ZSM5 and Cu-ZSM5. The data for H-ZSM5 in
the absence of NO are similar to those for Co-ZSM5.

4NH3 4+ 4NO + O2 — 4Ny 4 6H20

Similar tests at higher temperatures showed less However, the introduction of NO has a much greater

HCN. Fig. 2 shows the results for reaction at 360
Again CG is dominant initially with CO and Nl

effect with both NH and HCN eliminated almost
completely. The implication is that H-ZSM5 is a better

taking over in the steady state. The amounts of HCN catalyst than Co-ZSM5 for NFHSCR and is also able

are less than those of bothy ldnd NO which are likely

to convert HCN to CQ by reaction with NO in some

to be produced by the oxidation of ammonia for which way. Both aspects require follow up since there is no
Co-ZSM5 gives considerable conversions at this tem- evidence in the literature to support either proposition
perature [15]. However, as shown later, some may also and they are contrary to normal expectation. The re-
arise directly or indirectly from HCN. sults for Cu-ZSM5 are different again since even in
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Table 1
Product concentrations for the reaction~e800 ppm formamide in 2.9% £at 300C in the presence and absence of 1000 ppnf NO
Catalyst Feed mixture Steady-state concentrations (hpm)
CO CQo NH3 HCN N2
Co-ZSM5 NHCHO/G, 220 30 180 80 <10
NH2CHO/QG,/NO 230 30 70 60 160
H-ZSM5 NH,CHO/O, 220 20 180 50 <10
NH2CHO/G,/NO 150 100 <10 <10 250
Cu-ZSM5 NHCHO/O, <10 290 <10 <10 130

aUsing ~100 mg catalyst with a flow rate of 100 é@STP)/min.
b The times on stream needed to reach steady state were in the range 90-180 min.

the absence of NO the only products were Cihd of HCN is ~40%. The major pathway seems to be
N>. It would appear that Cu-ZSM5 is an extremely ef- oxidation to CQ i.e.
fective catalyst for the oxidation of Nd;land/or HCN

and CO, but again this interpretation does require ex- #HEN+ 502 — 4CQ; + 2N + 2H,0 (4)
perimental confirmation. Further reaction of the water to produce j&hd CO
HCN 4 H,O — NH3 4+ CO (5)

3.2. Reactions of HCN over Co-ZSM5

is probably the reason for the increasing HCN conver-

Fig. 3 shows a time-on-stream plot for the reaction sion at longer times. Reaction (5) is thermodynami-
of ~300ppm HCN with @ in the absence of NO  cally very favourable K, ~ 6000 at 366C).

over Co-ZSM5 at 360C. As with formamide, CQ The results of similar tests of the reaction of

is the dominant product initially with emergence of HCN and @ in the presence of 1000 ppm NO are

HCN delayed by 30 min. At this point the conversion shown in Fig. 4. The conversion is close to 100%
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Fig. 3. Product distribution as a function of time-on-stream for Fig. 4. Product distribution as a function of time-on-stream for
the reaction of~300ppm HCN in the presence of 2.9%; O the reaction of~300ppm HCN in the presence of 2.9% @nd
over 100mg of Co-ZSM5 at 36C with a total flow rate of 1000 ppm NO over 100mg of Co-ZSM5 at 3€D with a total
100 cn?(STP)/min. flow rate of 100 crA(STP)/min.
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for times from 40min to 2h and then declines NHCHO
slowly. The initial products are almost entirely €O
and N, now in near equal amounts, indicating that <250°C >250°C

the latter contains one N from HCN and one from
NO. A noteworthy feature is that NOis an ini-

tial product but falls to zero at about the same time HON o+ 150 = 077 NHy + €O
that conversion starts to decline and HCN emerges. 360 S00c o

- . 3600C °C <360°C
This wou!d suggest that the HCN/NGO/Qeaction 0 NO/O, NO/O,
uses NQ i.e. (NO2)
4HCN+4NQ; +0p > 4COy + 4Nz +2H,0 () T2 " 02 7 10 e

Dehydration to HCN is favoured below 28D and
The decline in NQ formation, and hence HCN con- decomposition to Nil and CO at higher tempera-
version, can be attributed to the generation of water tures. Hydrolysis of HCN to Nkland CO can also
which is known to inhibit NO oxidation. be significant at 360C. Nitrogen is made most ef-
Both reactions of HCN over Co-ZSM5 were much fectively by the NH-SCR reaction but can also be
more stable if the feed contained some water. Table generated by a reaction between HCN and NO/O
2 compares the exit gas concentrations observed us-(probably with prior oxidation to Ng). Thus, for-
ing the dry feed with those obtained when 1800 ppm mamide can be converted to;Nvia NH3z-SCR) at
of water was added. When reacting HCN/@he temperatures well below those required for £5CR,
effect of water is simply to enhance HCN conver- ~350°C [1-3], and hence it is a feasible interme-
sion by hydrolysis to CO and N4l reaction (5), diate in that reaction. The only possible argument
with little effect on the oxidation reaction (4). The against such a conclusion is the apparent moderate
same enhancement by water also occurs when NOactivity of Co-ZSM5 for removal of the co-product,
is present. Carbon monoxide production is higher as CO, since there are no reports that £Z6ICR over
a result of HCN hydrolysis but co-product NHs Co-ZSM5 vyields other that C£ However, such
not seen since it is converted te Ky the NH-SCR an argument would be premature without measure-
reaction (3). ments of the rate of CO oxidation concurrent with
On the basis of the above results the reaction of CHs-SCR under appropriate conditions. In addi-
formamide over Co-ZSM5 can be summarised by the tion, the argument against nitrosomethane relies
following scheme. on the assumption that its oxime tautomer under-
goes the Beckmann rearrangement to formamide.
However, if the transformation halted at the oxime,
Table 2 then it is conceivable that the latter would undergo
Exit gas concentrations for the reaction 800 ppm HCN and dehydration to HCN [19], and hence give; Nia
2.9% & with and without NO over Co-ZSM5 at 36Q in the reactions (4) and (6), without yielding NHand the
presence and absence of 1800 ppaOH telltale CO because of the unfavourable framework

Reactants HO (ppm) Concentrations (ppm) arrangement.
HCN CO CO NHs N, The present results do not provide any direct infor-
, mation as to how the catalyst brings about the chem-
HCN+0Q, nil2 160 20 115 33 32 . ) )
1800 75 85 130 115 25 istry in the first part of the above scheme. Lobree et al.
HCN+OpNO i 5 30 160 -10 160 [17] have suggested a set of reactions oR'Ceations
+Op+ ni < ; ; ;
1800 35 120 140 ~15 220 whereby a CHNO species could yield Nvia Co-CN.

: : However, there are standard transformations in the or-
2/;; Pego':'g_- 3 after 100 min. ganic chemistry of amides which can readily account
er 90min on stream. for the formation of HCN, NH and CO. Thus, amides

¢As per Fig. 4 after 300 min. . o N
d After 210 min on stream. are easily converted to nitriles throughelimination
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from the enol-form using dehydrating agents [20] i.e. “an,
—0-CO, o—0
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Water so formed could then facilitate deammination
of formamide via acid- or base-catalysed hydrolysis
[21] with the former more likely here i.e.
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Decomposition of Nt then liberates ammonia and
returns the Brgnsted site while decarbonylation of the e o
formic acid, another well known reaction [22], gives ok R S ==
CO and recycles the water. It seems feasible that these 200250 300 350 400 450
. - Temperature, °C

processes could occur using only the acidity of the alu-
minosilicate framework. H-ZSM5 is certain to contain  Fig. 5. Temperature dependence of the reactior4H00 ppm
the Bransted sites required while the initial formation CHsNO, and 3% Q over 100mg of H-ZSM5 with a total flow
of dimethyl ether in the Mobil methanol-to-gasoline rate of 100 crimin.
process on H-ZSM5 attests to its dehydrating power
[23]. It is also common for highly metal-exchanged
zeolites prepared by aqueous ion-exchange to contain
some protonic sites [24]. Conversion of HCN to NH
and CO, reaction (5), would be expected to proceed
with the amide as an intermediate.

It may be possible to identify the likely reaction
sites by further investigation but the important point in

connection with the ClFSCR reaction is simply that Unlike Co-ZSM5 and H-ZSMS5, the reaction of ni-

formamide, and by inference nitrosomethane, is very . .
. . tromethane in oxygen over Cu-ZSM5 yielded largely
reactive over the zeolites tested and can be a source . .
CO; and N> with very little NHz or other products.
of CO and HCN. . .
Table 3 provides a comparison between the three

zeolites for reaction at 30€ with and without NO

HCN and CO are seen with the former favoured at
lower temperature and the latter at higher temperature.
Several possible explanations for the origin of these
by-products were considered previously [15], but in
view of the present results for formamide the most
probable one is loss of an oxygen from nitromethane
to form CH;NO, or a derivative, which then reacts in
accordance with the scheme given previously.

3.3. Reactions of nitromethane over

H-ZSM5 and Cu-ZSM5
Table 3

. . . Reaction of~1000 ppm nitromethane in 3% oxygen with and
The aim here was to establish the extent to which the \ihout NO at~300°C

reactions of CHNO, over these two zeolites resem-
bled that already established for Co-ZSM5 [15], and

Catalyst Oxidant  Product concentrations (ppm)

hence allow a comparison with the reactions of for- CO CQ NHz HCN N,

mamide over all three catalysts. Fig. 5 shows the tem- co-zsm5 o 20 670 580 140 100
perature dependence of the reaction of nitromethane 0;+NO 30 690 580 75 160
in the presence of Pover H-ZSM5. The pattern is  H.zsms o, 45 630 630 65 50
very similar to that with Co-ZSM5 [15]. Nitromethane 0,+NO 45 630 330 50 200
is almost completely converted by 28D with NHz Cu-ZSM5 G <10 930 20 <10 370
and CQ as the dominant products. The concentration 0,+NO <10 1020 15 <10 860

of NHj falls, du,e t‘? oxujatmn to bland some NO_’ 2In the pseudo-steady state reached after 60-120 min of ex-
above 350C which is a little above that needed with  osyre.

Co-ZSM5. Also as with Co-ZSM5, small amounts of b Approximately 60 ppm of MO was also formed.
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present. Co-ZSM5 and H-ZSM5 behave similarly
with O2 alone, but the inclusion of NO results in
the removal of much more NfHwith H-ZSM5 than
with Co-ZSM5 as with the corresponding reaction of
formamide (Table 1). However, with Cu-ZSM5 both
reactions of nitromethane give,Nand CQ almost
exclusively. Their ratio is much higher when NO is
included as expected with the NFBECR reaction re-
placing ammonia oxidation. The pattern in Table 3
for reaction with NO present conforms to that ob-
served by Lombardo et al. [14]. Only Co-ZSM5 gives
substantial amounts of ammonia at 3G0

We have previously established that deactivation
sets in, and the product distribution changes, after
some hours on stream when nitromethane is reacted
at 280C and below over both Co-ZSM5 [15] and
Cu-ZSM5 [25]. In a test with H-ZSM5 no deactiva-
tion was observable in 6 h when reacting nitromethane
in the presence of both NO and>Gt 280C but
it did occur at lower temperatures especially in
the absence of NO. Fig. 6 shows the behaviour at
230°C. Deactivation with parallel reductions in the
concentrations of C® and NH; commences after
~100 min and, as with Co-ZSM5 and Cu-ZSM5, it
is accompanied by the appearance of another prod-
uct, isocyanic acid (HNCO). This gradually increases
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Fig. 6. Product distribution as a function of time-on-stream for
the reaction of~1000 ppm CHNO> in the presence of 2.9% 0
and 1000 ppm NO over 100 mg of H-ZSM5 at 280with a total
flow rate of 100 crA(STP)/min.
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in concentration approaching that of Nkafter 6h
on stream.

The reactions of CENO2 on the three catalysts
can then be summarised according to the following
scheme.

CH;NO, -0 HCN, CO
HNCO deposits
+ H2O

CO, + NHj NOO2 \, + m,0

The major pathway is an initial decomposition
to NHz and CQ, almost certainly via hydrolysis
of HNCO, with the latter also giving rise to deac-
tivating deposits [15]. Nitrogen is produced from
ammonia by NH-SCR as in the formamide sys-
tem. Formation of the minor products HCN and CO
starts after removal of an oxygen from nitromethane
and then resembles the chemistry acting with
formamide.

The question as to whether nitrosomethane or ni-
tromethane is more likely to be an intermediate in
CH4-SCR can be summarised as follows. Both un-
dergo rapid transformations which result in the forma-
tion of N2 at temperatures well below the onset tem-
perature for the ClHSCR reaction over the catalysts
studied here. For a catalyst with low oxidation power a
high preponderance of G@lone would be consistent
with nitromethane being an intermediate while signif-
icant amounts of CO would favour the hypothesis that
nitrosomethane might be involved. No distinction is
possible with a catalyst with high oxidation power (as
Cu-ZSM5 in particular seems to be) since £&one
will be seen in both cases. However, measurements
of the oxidation of CO (and HCN) concurrently with
CHj3-SCR are needed to firm up the actual interpre-
tation for any given catalyst. One important point is
that both potential intermediates are predicted to pro-
duce N largely via ammonia and this step, unlike the
preceding chemistry, is likely to require the exchange-
able cation. Hence if they, or surface species related
to them, are true intermediates then the initial part
of CHy-SCR can be viewed as simply a front-end to
NH3-SCR.
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3.4. In situ FTIR measurements of deposits formed lium and exposure to NgHe. Analyses for CENO>
from nitromethane and NH; were not possible with the system used in
this part of the work but the Canalyses in Fig.
Deactivation like that seen in Fig. 6 persisted at 7 indicate an initial conversion of ca. 75% declin-
rather higher temperatures in reactions over H-ZSM5 ing to ~235% after 210 min. A spectrum recorded af-
discs probably because of the smaller catalyst masster 10 min (Fig. 8) shows the development of a broad
and the different flow geometry in the infrared cell. band at 1433 cmt, which can be assigned to NH
Figs. 7 and 8 detail the progress of one such reaction ions, and weaker peaks at 1723 and 1663nThe

at 280C which was followed by flushing with he- NH4" band disappears between 15 and 20 min dur-
ing which time the 1723 and 1663 cthbands grow

strongly with the latter going off-scale. Thereafter,
1400 F _q_co " the latter band continues to grow in width while the
L _o—co, 1723cm! band reaches a maximum intensity after
1200 | -m—N, " 30 min and then gradually disappears. Similar exper-
r iments with a disc comprising H-ZSM5 diluted with
o
L}

N

o

o

o
T

SiO; showed the same behaviour except that the most
800 '_o\ intense band remained on-scale with a peak wavenum-
ber of~1667 cnt! and substantial tailing on the low
wavenumber side. It seems highly likely that it is the
°\o\ build-up of the species responsible for the strong ab-
400 |- °—o—o sorption at this position which causes deactivation.
Our previous work with Co-ZSM5 showed the same
ey o gy ®0 sudden growth in the intensity of a band at 1662 ¢m
L = ) [16] but the band at 1433cmt due to NHt was
0 100 200 300 absent and that at 1723 ch while present, was
Time, minutes much less intense. As discussed previously [16] the
Fig. 7. Product distribution as a function of time-on-stream for 172‘_?’ cn’_l‘l band is prObab'Y due to cyanuric acid, the
the reaction 0f~1000 ppm CHNO in the presence of 2.9%-0 cyclic trimer of HNCO, while the one at 1663 crh
over a 70mg disc of H-ZSM5 at 28C with a total flow rate of is caused by another s-triazine compound, melamine
100 c?(STP)/min followed by flushing with helium and exposure  and/or derivatives of it such as the two intermediate

Concentration, ppm

to 1700ppm N@ in hefium. compounds, ammeline and ammelide.
(l) NH, E NH,
1723 em” 1663 cm'’ H\N/(I:\N/H N? é\i\ By \g H\N/&\N
1.0 Abs O¢Jj\N/J‘\\O HQN/J:\\N/ NH, HZN/!:\ “NH, 04&\ /(L\\O
30 min - - - I E
X cyanuric acid melamine ammeline ammelide

40 min - -~

50 min- - -
20 min- - -|

210 min- -

All have a size which approaches that of the chan-
143\3 om’ nels in the ZSM-5 structure. Oligomers such as melam
(a linear dimer) and melem (a fused ring trimer)
may also contribute. All are very stable compounds
with melting points above 30€ and resistant to
hydrolysis at similar temperatures when adsorbed on
alumina [26]. Melamine is made commercially by the
vapour phase reaction of HNCO and excesszNii
Fig. 8. FTIR spectra of H-ZSM5 disc during exposure to the presence of an oxide or phosphate catalyst [27]
~1000 ppm CHNO; and 2.9% Q at 280C as per Fig. 7. with ammeline and ammelide as possible impurities.
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— 1663 cm™

1.0 Abs 1.0 Abs

1722,gm’” 1433 cm”

1663 e 1520 cm”
cm

1 min
10 min

MM NO,/He for 10 min

He for 30 min

Absorbance
Absorbance

MM\,A NO,/He for 30 min
1 n 1 n 1 1 1 1
1800 1600 1400 1800 1600 1400

-1
Wavenumber, cm’ Wavenumber, cm
Fig. 10. FTIR spectra of H-ZSM5 disc after exposure to
~1000 ppm nitromethane in 3% Cfor 18 min and subsequent
flushing with helium alone, 2400 ppm2B in helium and then
1700 ppm NQ in helium.

Fig. 9. FTIR spectra of H-ZSM5 disc during NQbxidation of
deposits formed by exposure 1000 ppm CHNO, and 2.9%
O, at 280C as per Fig. 7.

More of the latter might be expected with the present minium in the H-ZSM5 disc was:90mol which im-
system where Nl can be sub-stoichiometric. The plies approximately five s-triazine molecules per ex-
match between the spectra of such compounds andchangeable site.
Fig. 9 is not totally convincing. While all possess Experiments were also carried out to determine
very strong bands between 1720 and 1600tm  which of the three species deposited on H-ZSM5
with a steady progression to lower wavenumber as (i.e. NHs+, cyanuric acid and the melamine-type
C=0 groups are successively replaced by N#hes, compounds) were removed most rapidly by NO
their room temperature solid state spectra also show This was done by flowing nitromethanef®e for
complex splitting not evident in Fig. 8 [28-30]. The 18min, after which time peaks due to all three
difference may be because the 1663¢nband is species were evident in the spectrum, flushing with
actually a composite of several overlapping bands, He and HO/He and then exposing to Ne.
or because the deposits comprise isolated moleculesSpectra recorded at the various stages are shown in
tightly constrained within zeolite channels and Fig. 10. It is evident that ammonium ions (i.e. the
hence free of intermolecular interactions. Gaseous 1433 cnm! band) and the melamine-type compounds
melamine shows only one band (at 1598¢pin the (the 1663 cm?! band) are removed by NObefore
region [31]. cyanuric acid (the 1723 cnt band). This is not un-
The species responsible for the 1663 ¢rband was reasonable since the latter contains ring nitrogens only
stable in He, HO, O, and NO/Q at 280 C. However, whereas the former also contains aliphatic ones with
it was readily and completely removed by exposure hydrogen attached and these are likely to be more
to NO, as illustrated by the spectra of Fig. 9 and this reactive.
treatment restored the activity of the H-ZSM5. The Atthistime itis impossible to decide if the s-triazine
products of the reaction with Nsee Fig. 7) were N deposits are simply spectator side products in the reac-
(=114pmol), CO; (&56umol) and CO £&8umol). tion of nitromethane, as implied by the scheme given
Assuming that the nitrogen is derived half from the earlier, or intermediates through which a significant
deposit and half from N@ as in the recent work of  fraction of the NH passes on its way toNIt might be
Chen et al. [32] on the reaction of NQvith deposits possible to resolve this through FTIR measurements
formed during isobutane-SCR over Fe-ZSM5, then the at temperatures above 3@where deactivation is not
N to C ratio in the deposit is<1.8 (i.e. in between  apparent but this was impossible with the cell avail-
that in ammeline and melamine). The amount of alu- able here.
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4. Conclusions

Formamide is fully converted to HCN, 2@, NHs

and CO on Co-ZSM5 and H-ZSM5 at temperatures be-

low 250°C. Further reactions, principally NfHSCR,
then give N above 300C but some CO remains even
at 360 C. Nitromethane is converted to Nknd CQ

via HNCO on Co-ZSM5 and H-ZSM5 below 300,
again with subsequent conversion of NHb No.
Both reactions give almost entirely.Nand CQ over
Cu-ZSM5, probably because its oxidation activity is
higher. All three zeolites eventually undergo deactiva-
tion during the reaction of nitromethane at tempera-
tures below 280C and this is due to the deposition of
s-triazine compounds formed from HNCO and fNH
They are readily removed by NQwith formation of

N2 and CQ. Since all this chemistry can occur at
temperatures below that required for £BCR over

these catalysts nitrosomethane and nitromethane, or
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