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Infrared evidence for the existence of nitrate species on Cu-ZSM5
during isothermal rate oscillations in the decomposition g®N
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Isothermal oscillations in the rate of decomposition gfNwvere studied on an over-exchanged Cu-ZSM-5 catalyst by mass spectroscopy
andin situ transient FTIR. Oscillations in the production op @nd N, were observed to occur in a temperature range of 4102@%1
a total pressure of 1.0 Torr pureD. FTIR has provided the first spectroscopic evidence that surface nitrate species are present under
oscillatory conditions. This study confirmed a previously proposed model that predicts a slow build-up of surface nitrates, followed by a
rapid nitrate decomposition coupled with an increase in the rate,6f composition. The IR signature of the surface nitrates suggests
they are monodentate nitrate species bound #'Gans. Temperature-programmed desorption studies reveal a strong correlation between
the stability of the surface nitrate species and the temperature range in which oscillations occur.
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1. Introduction The purpose of this study is to examine isothermal
rate oscillations in the decomposition ob® on an over-
The decomposition of nitrous oxide £8) has received a exchanged Cu-ZSM5 catalysin situ transient FTIR spec-
great deal of attention lately due to interest in reducing thescopy was used in tandem with mass spectrometry (MS)
emission of nitrogen oxides (NQfrom various sources. In in order to correlate surface species with gas phase products

particular, NO is most commonly released by the producand further the understanding of the underlying mechanism
tion of adipic acid and from the combustion of coal in flugriving these oscillations.

idized beds. The role of O as a greenhouse gas is a par-
ticular concern [1,2].
Two independent research groups have recently reportedeyperimental
isothermal rate oscillations in the decomposition ofCN
over Cu-ZSM5 catalysts. Oscillations were first observed The Cu-ZSM5 catalyst used in this study was pre-

by Linz and Turek [3] with 1000 ppm 20 over Cu-ZSMS  nar6d from Na-ZSM5 (Bayer Si/Ak 37) via ion ex-

with Si/Al = 37 and a C#" exchange level of 160%. Oscil- change with aqueous copper acetate, as described previ-
lations were observed to occur betwder= 375 and 450C ously [4,11]. The copper loading was founth atomic

with & corresponding period of 30-3 min [3]. Further kinetig,qqhtion spectroscopy (Perkin—Elmer atomic absorption
and transient experiments led the to the conclusion that ectrometer 3110) to be 1.75 wt% corresponding to% Cu
oscillations were caused by the existence of a nitrate specé hange level of 153%

bound to thg exc_hanged copper [4-6]. However;mgtu For our experiments, the catalyst powder was pressed into
spectroscopic evidence was presented to support this CO”%\'H'IR transparent wafer 14 mm in diameter. The wafer was

sion. then placed in a sample holder and inserted into a flow reac-

Ciambelliet al. [7,8] also reported oscillations over Cu'tor built from a 2.78 conflat five-way cross, as described

exchanged ZSM-5. In this case the starting zeolite hadp%viously [12,13]. The reactor was equipped with BaF
: 4 o P ,13].
Si/Al ratio of 80 and an exchange level of 640%. OSCIIIaWindows to allow for transmission infrared spectroscopy

tions Vgere observ_ed with 3(.)0 ppm Ob® from 7 3.24 . (Nicolet Protégé 460) and was connected to a mass spec-
to 385°C. The period of oscillation also decreased with in* . . .

. . trometer (Hiden HAL 201RCVia a variable conductance
creasing temperature from 80 to 10 min. The authors p

'Rak valve. The base pressure of the system was kept at

posed a redox mechanism to describe the oscillations i, "5
which copper ions alternated between a reduced JGund 1107 Torr by a turbomolecular pump (Leybold). A 60 mg

an oxidized (CA*—C?—C(?*) state [8]. Both research wafer was placed in the sample holder along with a 40 mg

groups were subsequently able to model the observed Bg_rtial wafer. The partial wafer only occupied half the cross-
cillations based on their proposed mechanisms [6,9,10] sectional area of the sample holder. This allowed the total

mass of catalyst to be 100 mg without increasing the thick-
* To whom correspondence should be addressed. ness of the entire cross-section. Oscillations were not ob-
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167 Table 1
1624 o’ Previous assigments of IR absorption of Nfype species on Cu-ZSM5.
1.4
A Peak position Assignment Reference
1.2 | (cm_l)
5 107 /\ 1572-1576 Monodentate nitrate [14,20,22,23]
< ] /\ 1576 NO™ stretch of CGt—(NO,)(NO™) [18,21]
gos | | 1620-1630 C&-NO, [14,16,21]
8 064 \~ 1630 Monodentate nitrate [17]
Q |
9 | \ 1611 NG [20]
£ 04 / \ 1614, 1628 Bridging nitrates [22]

1631 Bidentate nitrate on Eti-O—Ci#+ [23]
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Figure 1. IR spectra collected under oscillatory conditicfis=f 460°C =3 \ / 1% €
P = 1.0 Torr, NpO flow rate= 5.0 sccm). The two spectra shown are >< i i 1% F
during the high and low reaction portions of the oscillations. E 4 : 12 8
S N, (M= 28) 1o B
. . — 4 é
served and the conversion ob® was low if the total cata- 3 *] 1s @
lyst weight did not exceed 90 mg. £ . : l¢
Once a catalyst pellet was inserted into the reactor, the 1 o,(M-32) 1, %
system was pumped down tax110~8 Torr for 8 h. Prior to ! / o e 2 g
each experiment, the catalyst was heated in a linear ramp tc, -ivesiedpimmmnirmib-uy i P

0 5 10 15 20
time (minutes)

400°C in flowing helium (20 mI(STP)/minP = 100 mTorr)
over 30 min and then held at 460G for 30 additional
minutes. The temperature of the reactor was then adjus’[e(f*—'i&re 2. Isothermal rate oscillations in the decomposition ONas
the reaction temperature (350-5@), and NO was passed monitored by both FTIR and MS. Reaction conditions @re= 460°C,
over the catalyst at 5-10 mI(STP)/min at a total pressure of P =1.0Torr, and NO flow rate= 5.0 sccm(STP).
1.0-2.0 Torr. Gas phase species O,, N2, and NO)
were monitored by MS at a rate of 12 points per secon@nge on Cu-ZSMS5 catalysts are typically assigned to some
while surface species were measured using transient FTIRQN of NO. species and are typically observed when,NO
a spectral resolution of 2 c. In transient mode, 32 spectralS adsorbed or NO is passed over the catalyst in the presence
were co-added at a rate of 6 spectra per minute. Due to #feQ2 [14-23]. Table 1 gives a summary of previously as-
fact that mass 30 is also asigniﬁcant fragmentw,\la por- Signed IR peakS in this range. It should also be noted that
tion of the NoO signal was subtracted from the NO signal ithe peaks observed in this system are virtually identical to
order to compensate for this overlap. The portion subtract®¥° peaks observed whenp® is passed over Fe-ZSM5 at a
(31.1%) was based on the tabulated fragmentation patterr?80°C. Oscillations were also observed over the iron cata-
N,O. lyst, but only in the presence of water vapor [24].

Post reaction temperature-programmed desorption of sur-Figure 2 shows the oscillations observed on the Cu-ZSM5
face species was also performed. The system was kepf@fple atl’ = 460°C, P = 1.0 Torr, and a flow rate of
the reaction temperature for 30 min in flowing®to allow 5 MI/min of N2O. In accordance with previous studies on
the catalyst to equilibrate. The system was then cooled f§S System and at this temperature [5,6], the period of the
room temperature in ﬂow|ng f@ This procedure ensuredosci”ations was 2—-3 min. An increase in the pI‘OdUCtion of
the surface nitrate species remained stable while the systdmand & corresponded to a decrease in the concentration
cooled. The reactor was evacuated and subsequently he&ety20 in the reactor. In addition to the MS data, figure 2
to 525°C at 10°/min. Desorbing species were monitoredlso shows the integrated peak area of the nitrate species as a

using MS. function of time. The surface nitrate concentration is seen to
oscillate in a saw-toothed manner. A slow increase in surface
nitrates is followed by an abrupt decrease in nitrate concen-
3. Results tration concurrent with a release of oxygen and nitrogen.

This observation provides spectroscopic evidence to sup-
Figure 1 shows an example of FTIR spectra obtained dymert the nitrate mechanism proposed previously [5,6].
ing the oscillations. The only peaks present are an intenfaet, the saw-toothed behavior of the surface nitrate peak
absorption band centered at 1624 ¢nand a smaller peak is precisely the behavior predicted by Ochs and Turek in
centered at 1562 cnt. The assignment of these bands in ththe analysis of their transient experiments (see figure 2, [6]).
literature is somewhat ambiguous. Absorption peaks in thdsslow buildup of surface nitrates and surface oxygen was
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of monodentate nitrate bonded to a%tuon. This assign-
ment is based on that of Komatsetial. [17] who have also
proposed that NO can react with theZu4O—-C#+ dimer
and chemisorbed oxygen to form a surface nitrate. Komatsu
et al. were able to rule out adsorbed N@s the surface
species, and specify the nitrate geometry as monodentate
based on adsorption experiments WithlO and80,. This
assignment would also be consistent with our TPD experi-
ment (figure 3) if nitrate decomposition is initiated by f@-
lease and subsequent desorption of the remaining NO. The
peak at 1562 cm! is most likely due to the N@symmetric
stretch of the monodentate nitrate species. It also appears in
- - - - - - : : the work of Komatstet al., and in our study it always ap-
80 35 30 F75 A0 4% 40 4 %00 8B pagrs in the same ratio to the peak at 1624 tnas shown
Temperature (°C) . . . .
in figure 5. The relatively small intensity of the 1562 thn
Figure 3. TPD of the Cu-ZSM5 catalyst after cooling in®ifrom the Pand compared to the 1624 chmay 'Imply that the angle
reaction temperature’(= 450°C). The heating rate used was’1@in.  Detween the two free oxygen atoms is large. This would en-
hance the change in the dipole moment of the anti-symmetric
predicted, followed by a release of both surface species catretch while diminishing the change in dipole moment of
current with a release of N O, and a small amount of NO. the symmetric stretch.
Ochs and Turek also observed a significant release aifd If the concentration of nitrate species is high and the band
NO when the inlet gas was switched to pure helium. As caat 1624 cmi! is very intense (typically>- 2.0 absorbance
be seen from figure 2, when the reactor is evacuated at tivéts), a weak band is observed at 2590 ¢ém This peak
reaction temperature, a significant amount gfa@d a small is most likely a combination band formed by the simulta-
amount NO is released. neous excitation of the anti-symmetric M@bration of the
Unlike the study by Ochs and Turek [6], this work showeditrate at 1624 cm! and a third vibration at approximately
no release of nitric oxide during the oscillations. In additior§60 cnt. This third vibration is most likely due to the
the shape of the oxygen transient during the oscillationsNs-O stretch of the portion of the nitrate complex bonded to
symmetric in this study while Ochs and Turek observedthe copper ion [25,26], and verifies that the adsorbed com-
complex transient with a sharp initial release followed by plexes observed in this system are nitrate gN@nd not ni-
broad shoulder. These subtle differences in the reaction e (NO,) type species.
havior are most likely due to the lower conversion observed Ochs and Turek [6] proposed a model to describe the os-
in this system as compared to that of Ochs and Turek. In atillations in this system involving the following six steps:
IR cell reactor, conversion is limited by the small amount

Pressure (Torr x 109

of catalyst and significant bypassing of the catalyst wafer by N20 + 200 — Os + N2 1)
the reactant gas flow. 20s —> O+ 40 (2)
. tﬁdditioniﬂl efzvide_nci to sypfport (‘;h.e rt(k)lle_I(3If3§)urfacetnitratef N20O + Os — 2NO+ 2] 3)
in the onset of oscillations is found in the spectrum o

the adsorbed species. Figure 3 shows the TPD spectrum of NO 4205 — NOgzs + 30 (4)
the Cu-ZSMS5 catalyst after being cooled to room tempera- NOzs — NO+ Oz + 0 ()
ture from 450 C in flowing NoO and then evacuated. The ni- N20 + Og — Oz + N2 + 200 (6)

trate species are seen to desorb as approximately equal por- ) ) _

tions of O, and NO with a small amount of N In addition, Wherell designates an active site [6]. It was assumed that
the desorption peak occurs betweBn= 350 and 500C, the active site in this mechanism is Cand that the surface
which is comparable to the parameter space for oscillatiofygen is exclusively in the form of Gti-O-Cif*. This
observed by Lintz and Turek for this reactiofi & 375— €Xplains the need for two active sites for each adsorbed oxy-
450°C) [3]. Figure 3 also shows that the maximum in th@€n atom. (1) and (4) have high corresponding rate con-
oxygen desorption peak occurs at a slightly lower tempergi@nts while (2), (3), and (6) have much lower rate con-
ture than does the nitric oxide peak & 423°C compared Stants. The rate constant of (5) is intermediate but the re-
to 430°C). This difference in the desorption temperature&ction is assumed to be inhibited by the presence of surface

suggests @is released first when the nitrate species decoif¥ygen. The rate of (5) is taken to be zero until the sur-
poses. face concentration of oxygen drops below a critical value

(6 = 0.34) [6].
4. Discussion According to this mechanism, nitrate species are formed
via (3) and (4). Nitric oxide is first formed in (3) fromJD
Based on the results of this study, it is possible to assigmd a bridged oxygen atom. This reaction is essentially iden-
the IR peak at 1624 cnt to the anti-symmetric N@stretch tical to the reverse of a reaction proposed by éeil. over
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also involved in the release of;Grom Cu-ZSM5 [28], thus
o2 NO, two pairs may not be necessary.
/N [ Second, the details of (4) are also unclear. Again, two
NO 4 Cw?* Cwt — Cu* Cu* (4a) pairs of Cu ions are needed for the reaction. Figure 4 shows
NO, o NO, an al_ternate pathway f(_)r (4) in which only one pair of Cu
I sN 7 ions is necessary. In this pathway, adsorbed MCdormed
Cut Cut + N,O — CW?* Cl¥t  +N» (4b) first from gas phase NO and a bridged oxygen atom. An
0 e additional molecule of MO then reacts with the Cupair
\\N// to reform the bridge. It is also possible that the Ndke-
0 NO 6 sorbs and reacts with a bridged oxygen atom at a different
SN T2 I location. In (4c), the bridged oxygen combines with the
ct cw¥t - cut cit (4c) adsorbed N@ to form a monodentate nitrate species. It
Figure 4. Proposed reaction mechanism for the formation of nitrate specigsassumed that (4b) and (4c) proceed rapidly and that the
on the surface of Cu-ZSMS. concentration of adsorbed N®mains low during the reac-
tion. Experiments with®0, suggest that the bridged oxy-
1.2 [ gen species becomes the atom that links the copper ion to
the nitrogen atom in the monodentate nitrate complex [17].
1.0 This sequential formation of nitrate through NO and NO
] has also been proposed in the Fe-ZSM5 system [24]. Based
08 on this mechanism, in a situation where the concentration of
] N2O decreased, one would expect a small amount of %O
06 desorb from the catalyst. This desorption of Nikas been
; E observed when the catalyst is in the high state of reactiv-
047 ity [S].
l Finally, it is unclear why and how the critical concentra-
02 tion of surface oxygen affects the stability of the adsorbed
] nitrate species. (4c) of figure 4 shows a proposed reaction
00 — e l8ading to the formation of the monodentate nitrate species.
0 5 10 15 20 25 30 35 If it is assumed that a nearby bare Cion is necessary for
Area of 1624 cm”' Peak the decomposition of the nitrate to occur, an adsorbed oxy-
gen atom on the Clion could inhibit this reaction. Due to
Figure 5. Comparison of the area of the FTIR peak at 1624 and e charge on the Cu ion bonded to the nitrate species, this
1562 cm . The peaks always appear at the same ratio and are therefgsg, o hajr is no longer able to react with® and reform
most likely different vibrations of the same surface species. . . .
the oxygen bridge as it can in (4b). Thus, some other mech-

Cu-ZSMS5 in which NO adsorbed on a pair of Cu ions reac@lism would have to exist to transport an oxygen atom to
to form N,O and a bridged oxygen [27]. The formation ofhe Cu" ion. Dandekar and Vannice [1] have suggested that
NO from N;O in this manner has also been reported to occifiolated Cd are capable of reacting withAD to form N
over Fe-ZSMS5 catalysts [24]. Once NO is formed from (3nd Cé*—O~ or Cl#*—(OH)™ species. In addition, other
it immediately is reacted in (4) to form nitrate. Thus NO iguthors have proposed that lattice and extra-lattice oxygen
critical in this system as an intermediate in the formation @€, in general, very mobile and that Cand Cd*-O sites
nitrate species. However, it should be noted that at no tirfi@n act as “portholes” for oxygen into and out of the zeolite
during the experiments were IR absorption bands visible fifucture [28]. Itis conceivable that one of these processes
the 1800—1900 cmt region, which would correspond to ad-iS able to transport oxygen to the Cions adjacent to the
sorbed NO. nitrate species, thus inhibiting nitrate decomposition. When

The advantage of the Ochs and Turek model over thatt overall concentration of “surface” oxygen is depleted,
Ciambelli [10] is that it accounts for the release of NO dufare Cuf ions then catalyze the decomposition of nitrate into
ing the highly reactive phase through (5). It also can accodNP and Q. This process then becomes autocatalytic as NO
for the observation that NO quenches the oscillations af@n then attach other surface oxygen siies(4). Further-
drives the reaction into the high state of reactivity [4,5]. Inore, this type of mobile oxygen may also be involved in
this case, the rate of (4) is increased by the increased cond§-formation of @ (2) and in the formation of nitrate from
tration of NO. This then limits the amount of surface oxygefidsorbed N@(4b).
and thus allows (5) to never be inhibited.

Several aspects of the above reaction mechanism, hayv-symmary
ever, remain unclear. First, in order for (2) to occur, two
pairs of Cu ions would have to exist in very close proximity, This letter has provided spectroscopic evidence that the
which seems unlikely in a zeolite with a Si/Al 30. How- kinetic rate oscillations previously observed in the decom-
ever, isotope experiments have shown that lattice oxygerpigsition of O over Cu-ZSM5 are related to the levels

Area of 1562 cm' Peak
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of monodentate nitrate surface species orf'GO-C#+  [g]
dimers. Transient FTIR data supports the previous reac-
tion mechanism to describe oscillations proposed by OcHél
and Turek [6]. The additional information provided b>i101
FTIR allows for a refinement of the previously proposed

model. In addition, the thermal stability of surface nif11]

trate species as measured by TPD corresponds to the t&¥#-

perature range in which oscillations occur, providing fur—13
ther evidence for the role of surface nitrates in this reak—]
tion. [14]

[15]
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