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Abstract

Cu-ZSM-5 and Cu-AITS-1 catalysts were prepared by solid state ion exchange and studied infbabttidns. A NQ type
surface complex was found to be an active intermediate in the decomposition of NG@n&dpper was oxidized to &t
in the decomposition reactions. Oscillations at fullNconversion were observed in the gas phaseddcentration, without
any change in the Nconcentration. The oscillation was synchronized by gas phase NO formed from thedi®lex.
The same complex seems to be an active intermediate also in NO selective catalytic reduction (SCR) by methane, whereas
carbonaceous deposits play a role in NO SCR by propane. TPD reveals that only 10-20% of the total copper in the zeolites
participates in the catalytic cycles. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction 2. Experimental

Cu containing zeolites are active in DeNO Parent zeolites of different Al and Ti content were
reactions, both in the decomposition and selective cat- synthesized using propylamine template. Cu was
alytic reduction (SCR) by hydrocarbons. Despite the jon-exchanged into the NH form of the zeolites
extensive research work in this field the mechanism from CuCh-2H,0 by using solid state ion exchange.
is still not fully understood and there is a lack in the The mixed powders of the zeolite and the copper salt
elucidation of the similarities and differences in the were heated in a stream of nitrogen up to Ssmsmg
two types of reactions. In the present work we studied 10°C/min heating rate and keeping at constant tem-
the decomposition of pD and NO as well as SCR  perature for 2h. The ion exchange was monitored by
of NO by hydrocarbons on the same catalysts using measuring continuously the amount of HCI formed.
transient kinetic studies combined with in situ tem-  After having cooled the samples were washed with
perature programmed desorption of the intermediates. water until no Ct was detected in the water. Part
" Corresponding author. Tek+361-392-2534; of the samples was dissolved in HF and_ the Cu, AI
fax: +361-392-2703. and Na contents were measured by atomic absorption
E-mail address: schay@sunserv.kfki.hu (Z. Schay). spectroscopy (AAS). The catalysts are marked as a
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combination of the Si/Al ratio and the exchange level
(100% exchange means QNH,* = 0.5). Three cata-
lysts were tested in DeNQ reactions. Two of
them were Cu-ZSM-5 with SAl = 24 (NHst =
0.67 mmo)g) and CyNH," = 0.66 and 0.44, mar-
ked as Cu-ZSM-5-24-132 and Cu-ZSM-5-24-88,
respectively. The third one was Cu-AlTS-1 with
Si/Ti = 82, Si/Al =55 (NH4™ = 0.29 mmol/g) and
Cu/NH,* = 0.7, marked as Cu-AlTS-1-55-140.

The reactions were performed in a fixed-bed quartz
tubular flow reactor with 4mm i.d. About 160 mg
of catalyst of the 0.25-0.5mm sieve fraction was
placed between quartz wool plugs. Gas flow rates
of 20-40ml/min were applied. Premixed gases of
1.96% NOJ/Ar, 1.78% gHg + 3.8% O in Ar, 2%
CHy/Ar, 2.01% NO/Ar and pure @ and Ar were
further mixed by mass flow controllers. The reaction
products were analyzed by a QMS interfaced to the
reactor via a differentially pumped capillary and an
orifice. FT-IR with a flow through cell was used to
distinguish between Nand CO as well as Cfand
N2O. The reactor could be temperature programmed
to perform in situ TPD measurements. In every case
the heating rate was TC@/min. Details are given in
[1-3].

The sequence of the catalytic tests was the follow-
ing. First the catalyst was heated in 20 ml/min Ar to
600°C, cooled to 500C and contacted with 20 ml/min
1.96% NO/Ar. This is called as first contact with NO.
The temperature was stepwise decreased to°@00
the gas was switched to 20 ml/min Ar and TPD was
started with final temperature of 60C. The cycle
was repeated several times. After the NO decompo-
sition the NO decomposition was studied in a sim-
ilar way using 20 ml/min 2.01% pOD/Ar. This was
followed by SCR by GHg and CH, using 40 ml/min
0.9% GHg + 1% NO + 4.4% O, balance Ar and
40 ml/min 1% CH + 1% NO+ 2.5% O, balance Ar
mixtures, respectively.

3. Results and discussion
3.1. Decomposition of NO

For the Cu-ZSM-5-24-132 catalyst the first contact
with NO at 500°C is given in Fig. 1. Similar curves
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Fig. 1. NO decomposition: (a) first contact of Cu-ZSM-5-24-132
catalyst with 20 ml/min 1.96% NO at 50C; (b) TPD after
NO decomposition on Cu-ZSM-5-24-132, 20 ml/min Ar°X@min
ramp; (c) steady state NO conversion in 20 ml/min 1.96%
NO/Ar. (M) Cu-ZSM-5-24-132; @) Cu-ZSM-5-24-88; A)
were obtained for the other catalysts too. All three Cu-AITS-1-55-140.



Table 1
Quantification of the transients and TPDs
Catalyst Missing O3 in first NO TPD TOF x 10°, N,O TPD TPD after NO SCR by propane TPD after NO SCR by methane

NO contact, O2/Cu ———————— NO/Cuxs

NO/Cu 0,/Cu NO/Cu Oy/Cu  CO/Cu COz/Cu NO/Cu NO/Cu 0O3/Cu

Cu-ZSM-5-24-132  0.15 0.18 0.17 0.72 0.12 0.15 0.04 0.14 0
Cu-ZSM-5-24-88 0.2 0.18 0.18 1.28 0.09 0.12 0.09 0.17 0 0.19 0.16
Cu-AITS-1-55-140 0.23 0.29 0.27 1.7 0.18 0.20 0.14 0.26 0.12 0.18 0.18
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catalysts take up a substantial amount of oxygen
indicated by the delay of the oxygen signal. The same
time there is a transientJD formation and an over-
shoot in Nb. These transients indicate a change in the
oxidation state of copper. An estimation of the missing
oxygen given in Table 1 results in 0.15-0.23/Cu,

i.e. a substantial amount of the copper in the catalyst
is oxidized. Copper is stabilized in this oxidized state
as this type of transient is observed only after NO
SCR by propane in the rich conditions (not presented
in this paper), when the reaction mixture is reduc-
tive. This also means that during NO decomposition
only a small fraction of the copper might be present
as Cu'.

A typical TPD curve after NO decomposition
is given in Fig. 1b. NO and & form at about
400-420C in equal amounts, which is explained
by the decomposition of a N type surface com-
plex [1]. This complex seems to be an active in-
termediate in the reaction [3] as NO conversion
has a maximum at about 450-50D (see Fig. 1c),
which is slightly above the decomposition of this
complex. TOF values at maximum NO conversion
shown in Table 1 do not support the role of cop-
per dimers as active centers in the decomposition
of NO as TOF in the over-exchanged catalyst is
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Fig. 2. N,O decomposition in 20ml/min 2.01% J/Ar.

(M) Cu-ZSM-5-24-132; @) Cu-ZSM-5-24-88; A) Cu-AITS-1-
55-140; (¥) N2O + NO, Cu-AlTS-1-55-140.

when a small amount of copper is oxidized. This is
rather a stoichiometric surface reaction than a cat-

less than in the 100% exchanged one. The possiblealytic one. As copper is oxidized theo® decompo-

role of the acidity is indicated by the high TOF for
the Cu-AITS-1 catalyst, which is more acidic than
Cu-ZSM-5.

3.2. Decomposition of NoO

On all three catalysts there is a complete decom-
position of NO into N» and Q at about 400C (see
Fig. 2) which is just the starting temperature for NO
decomposition. TPD after theJ® decomposition is
similar to the one measured after NO decomposition.
The only differences are that there is a slight excess
in oxygen as given in Table 1 and the, @eak is
slightly broader than the NO one. This indicates that
besides the N®type complex there is some other
type of oxygen present in a small amount. In this re-
action the NQ type complex is also an active inter-
mediate, which is proved by the isothermal transient
at 406°C given in Fig. 3a. On switching from Ar to
the reaction mixture there is a complete decomposi-
tion of NoO in the first few seconds of the reaction

sition slows down indicated by the increase ofON
and decrease of Nsignals. Simultaneously the oxy-
gen containing surface complex builds up and stable
catalytic activity develops. As the amount of the com-
plex is sensitive to the reaction conditions any change
results in a disturbance as shown in Fig. 3b. On chang-
ing the flow rate from 20 to 40 ml/min and back to
20 ml/min there are overshoot and undershoot type
changes in the @ N2 and NO signals. This sen-
sitivity results in oscillations in the 9and NO gas
phase concentrations at fulb® conversion given in
Fig. 4 for the Cu-AlTS-1-55-140 catalyst. In contrast
to reports in the literature [4—-8] in our case not the
reaction rate itself but the amount of the surface com-
plex changes as there is no oscillation in theON
and N signals. Synchronization is via the gas phase
NO concentration evidenced by the phase shift be-
tween the @ and NO oscillations. Even traces of
NO added completely quench the oscillation [9], al-
though it has no effect on the,® conversion itself
(see Fig. 2).
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Fig. 3. Isothermal transients in,® decomposition on Cu-ZSM-5-24-88 at 408 (a) change from 20 ml/min Ar to 20 ml/min 2.01%
N2O/Ar; (b) flow rate changes.
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Propane and NO conversions vs. temperature arei%’ 1.2E9 1 I
shown in Fig. 5a. For all three catalysts the NO ., 1T w / L
conversion shows a maximum at about 320-320 = 0.8E-9 v ‘\m co
The shape of the curves is similar to that already re- c . Moy a2
ported in the literature [10—12], but the maximum in 0.4E-9 .
NO conversion is 80-100%. TPD after the reaction “maptet, 0,
(Fig. 5b) proves that both oxygen containing surface 0 et NO

species and carbonaceous deposits are on the surface * * *
Their amounts are given in Table 1. No oxygen des- 200 300 400 500 600
orption was observed and NO desorbed only from (b) Temperature ("C)
the Cu-AITS-1-55-140 catalyst. Isothermal transients _ .

itching from Ar to the reaction mixture showed Fig. 5. NO SCR by propane: (a) NO conversion vs. tem-
on swi : g ] R . perature. @) Cu-ZSM-5-24-132; @) Cu-ZSM-5-24-88; A)
a delay in the NO signal indicating the formation of Cu-AITS-1-55-140; O) Cu-ZSM-5-24-88, GHg conversion. Con-
NO containing surface complex. ditions: 40ml/min flow rate, 0.9% £Hg + 1% NO + 4.4%

O, and balance Ar. (b) TPD after NO SCR by propane on

3.4. NO SCR by CH, Cu-ZSM-5-24-132, 20 ml/min Ar, 10C/min ramp.

CH4 and NO conversions vs. temperature are given active centers are different in the SCR by propane and
in Fig. 6a. Here again NO conversion has a maximum methane. Their structure is probably similar to the
but at much higher temperature than for SCR by ones active in the decomposition reactions indicated
propane and the conversion maximum is also much by the similar amounts of NO and>OThe function
lower being only about 20%. TPD after the reaction of methane is not quite clear as the NO conversion
(Fig. 6b) also shows different characteristics as only vs. temperature curves are similar but not identical to
NO and Q@ evolves without CO and C© Amounts the methane free NO decomposition. Further work is
are given in Table 1. This clearly shows that the needed to clear the problem.
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Fig. 6. NO SCR by methane: (a) conversion vs. temperature.

(H) NO, Cu-ZSM-5-24-88; @) CHy, Cu-ZSM-5-24-88; A)

NO, Cu-AITS-1-55-140; ¥) CHj, Cu-AlTS-1-55-140. Condi-
tions: 40 ml/min flow rate, 1% CkH 1% NO+2.5% O, and bal-
ance Ar. (b) TPD after NO SCR by methane on Cu-ZSM-5-24-88,
20 mi/min Ar, 10°C/min ramp.

4. Conclusions

There are similarities in the decomposition of NO
and NbO as an NQ@ type surface complex is the active

intermediate in both reactions. The temperature range

399

for the decomposition of NO andJ® is at different
temperature sides of the stability of the complex re-
sulting in different sensitivity of the reactions to the
state and amount of this complex. Oscillations in the
N2>O decomposition are also explained by the stability
of the complex. Most probably this complex plays a
role in NO SCR by methane, whereas in NO SCR by
propane NO containing carbonaceous complex is part
of the active center.
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