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A flow cell was used for ESR monitoring of the state of copper
ions in Cu~ZSM-5 in situ at 20-500°C in a He stream containing
C3;Hg (or C;HsOH), NO, and O,. The gas mixtures approximate
those in the selective catalytic reduction of NO,, save for the
absence of steam. At room temperature, in propene flow, the
formation of an oligomeric, carbonaceous material is accompa-
nied by the reduction of a significant part of the Cu?* cations.
Heating of the sample at 200—-300°C leads to quantitative reduc-
tion of the cupric ions. Ethanol is a less active reductant, and its
sorption at 20—100°C results only in a coordination change of the
Cu?* by octahedral complex formation. The onset of the reduction
of the Cu?* ions in the [C,H;OH + He] flow is at ~200°C. The
equilibrium oxidation state of the copper in CuH-ZSM-5 depends
on both the temperature and the composition of the gas mixture.
At 500°C in the presence of propene or ethanol and in an excess of
oxidant, the condition prevailing during SCR, virtually all the
copper remains in the Cu?* state. At lower temperatures, in the
200-350°C range, in the same gas mixtures, a partial reduction of
the Cu?* ions takes place. High-temperature oxidation of the pro-
pene is accompanied by coke deposition on the outer surface of the
zeolitic crystals. © 1995 Academic Press, Inc.

INTRODUCTION

Cu—ZSM-5 has become the model catalyst in the study
of the low-temperature decomposition of NO to elements
and in the selective catalytic reduction (SCR) of NO, in
excess oxygen by organic compounds (1-3). In the past
few years Cu-ZSM-5 samples have been examined by
FTIR (4), XPS (5), MAS NMR (6), XANES (7), TPD (8),
etc. The examined specimens varied widely in Cu load-
ing, the SiO,/Al,O5 ratio, and preparation procedures.
Surface characterization methods yield contradictory
results about the changes in the coordinative and valence
states of the copper after treatment of the samples with
different gas mixtures. A facile thermal transition from
Cu?* to Cu'* was assumed or noted in several instances
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in an inert gas or in an oxidizing atmosphere (7, 9, 10).
Correspondingly, several investigators considered the
cuprous to be the active site for the decomposition of NO
(9, 10) and in SCR (11, 12).

Previously, we have shown that isolated cupric cations
in a H-ZSM-5 matrix preserve their oxidation state up to
500°C in the absence of reactive hydrocarbons (or hydro-
gen) and in the presence of other polar and nonpolar
molecules (13-15). Also, the catalytic activity of CuH-
ZSM-5 in total oxidation reactions was correlated with
the concentration of coordinatively unsaturated square-
planar Cu?* cations in CuH-ZSM-5 (16-17). The next
logical step is to apply the previously developed high-
temperature in situ method (13) to the monitoring of the
state of the copper at 300-500°C in a flow of complex
mixtures, containing different reductants.

ESR spectroscopy is a very sensitive method for ob-
taining information on both the oxidation and the coordi-
nation states of copper ions, especially for such dilute
systems as isolated Cu?* cations in CuH-ZSM-5 (18-20).
Spectra taken at high temperatures afford very specific,
but not necessarily complete, information about the
course of the catalytic reaction taking place in the flowing
gas. The interaction of the copper ions with C;Hs,
C;HsOH, NO, O,, and their mixtures, as registered by
the changes in the ESR spectra, is presented in this pa-
per.

EXPERIMENTAL

The ESR spectra were taken in the X band on a Bruker
ESP300 spectrometer, equipped with a high-temperature
ER4111 HT-VT cavity. The ESR signal from the Mn?*
ions in a diluted MnO/Al,O; solid solution was used as an
internal standard to ensure stable operation of the spec-
trometer (13). Bruker ESP300E software and the special
Bruker program WIN-EPR (version 901201) were used
for the treatment (baseline correction, double integration,
and subtraction) of the recorded spectra. The normaliza-
tion of the magnification by comparison of the narrow
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Mn?* lines (fifth and sixth components) afforded an accu-
racy of intensity comparison, for different Cu?** ESR
spectra, of £5%.

The ESR signals were registered in the field range of
2300-3800 G (two scans with a sweep time of 168 s).
Resonances for various levels of microwave power were
recorded to verify the lack of sample saturation.

A ion-exchanged sample of CuH-ZSM-5 (1.27 wt%
Cu, or 67% of the protons exchanged nominally for Cu?*
into a zeolite with SiO,/Al,O; = 50) was used. For details
of the sample preparation see Ref. (13). A coaxial quartz
ampoule was designed for in situ treatment of the sample
in the gas flow (13, 14). The gas flow was regulated by a
four-channel readout mass flow controller (Model 247C,
MKS Instruments). This system permitted one to change
the composition of the gas by regulating the flow through
any of the channels from 1.5 to 18 cc/min.

Pure He (5.0 grade) and the mixtures [20.2 vol% O, +
He], [0.41 vol% NO + He], and [0.39 vol% C;Hg + He]
were used for in situ sample treatment. The mixture {1.7
vol% C,HsOH + He] was obtained by bubbling the flow
of pure He through absolute ethanol cooled to 0°C.

RESULTS AND DISCUSSION

1. Ambient Temperature Exposure of CuH-ZSM-5 to
Flows Containing Hydrocarbons

Treatment with CiHg at 20°C. Figure 1 shows the
gradual change, at 20°C, of the ESR signal of CuH-ZSM-
5 (precalcined in situ at 500°C in a [O; + He] flow for 1 h
and cooled to 20°C) in a S ¢c¢/min flow of (0.39% C;Hg +
He]. The initial spectrum (Fig. 1a) is rather well resolved
and represents the superposition of two main signals
from isolated Cu®* ions in two differing coordinations:
square pyramidal, with g, = 2.32, A; = 154 G, and square
planar, with g, = 2.27, A; = 175 G (13-15). These param-
eters were first assigned to Cu?* ions in ZSM-5 in pre-
vious work (18). Treatment of the sample with a [0.39%
C;Hg¢ + He] flow is accompanied by the gradual irrevers-
ible change in the ESR spectrum shown in Fig. 1. The
normalized integral intensity (DI/N) of the cupric ion sig-
nal decreases by a factor of 3 after 85 min on stream.
Simultaneously, the process is accompanied by the ap-
pearance and growth of a new, narrow line, with traces of
hyperfine splitting (hfs) (g = 2.004, AH ~ 22 G; Fig. ).
There is no broadening of the Cu?* ESR signal, formed
after 1.5 hin a[C;H¢ + He] flow, upon the introduction of
oxygen into the gas flow. The temporal change of the
intensity decrease of the Cu?* ESR signal in the [C;H¢ +
He] stream is shown in Fig. 2 (curve 1).

As shown earlier (21, 22), fast oligomerization of al-
kenes takes place upon their sorption onto the H form of
ZSM-5 at 20°C, and the oligomer formed can be identified
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FIG. 1. ESR spectra, at 20°C, of CuH-ZSM-5 precalcined at 500°C
in a {0, + He] flow: (a) purged by an He flow at 20°C; (b) after 25 min in
a [C3H¢ + He) stream (5 cc/min); (¢) after 50 min; (d) after 85 min. The
six narrow lines are Mn?* ESR peaks from the internal standard; the
line with g = 2.004 and AH ~ 22 G is the ESR signal from oligomeric
cation radicals.

by ESR. The typical signal parameters are g = 2.004 and
a splitting of ~7 G between components. The presence of
Cu?* cations in the ZSM-S channels does not stop this
process, but the hfs of the ESR signal is less resolved
(23). The appearance of the line at g ~ 2.004 (Fig. 1)
indicates the formation of carbonaceous oligomers on the
CuH-ZSM-5. The lack of influence of O, on the Cu?*

[Cu2+*] DI/N, arb. un.
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0 60 120 180

T, min.

FIG. 2. Decrease in the intensity of the Cu?* ESR signal (DI/N,
normalized double integral) after treatment of CuH-ZSM-$, at 20°C, by
propene-containing gas mixtures: (1) [0.39% C;Hq + He], S cc/min; (2)
[0.04% C;Hs + 0.37% NO + He], 15 cc/min; (3) gas mixture (1) after
NO, pretreatment.
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ESR signal (Fig. 1d) in propene-free flows at ambient
conditions (14) confirms once more the shielding of the
residual cupric cations inside the zeolitic channels by the
carbonaceous material.

There remains a question: is the 2/3 loss of the ESR
signal upon sorption of the propene at 20°C (Fig. 2, curve
1) due to a redox process or is it caused by formation of a
complex with Cu?*? The spin cannot be lost by formation
of a complex between the non-paramagnetic propene (or
some secondary alkene formed upon oligomerization)
and the Cu’* ion. In the case of complex formation with
charge transfer, subsequent heating of the sample in He
flow should lead to the restoration of the original ESR
signal shown in Fig. 1a, as a result of propene desorption.
The heating of the sample in He flow at 100-200°C is
accompanied by a further drop of the signal intensity
down to a trace. Hence, the loss of the cupric ions due to
the interaction between CuH-ZSM-5 and propene is irre-
versible. The reduction of the cupric cations by a reactive
alkene is a facile process. The quantitative reduction of
Cu’* by the formed carbonaceous material takes place at
200°C even in a stream of [20.2% O, + He]. It is plausible
that the reactive deposit blocks the access of the oxygen
to the pores and the reduction of the residual cupric ions
is faster than pore deblocking.

Referring back to the two main coordination sites of
Cu?* in CuH-ZSM-5 which differ in their reactivity, the
present results confirm this representation: the interac-
tion with propene at 20°C leads to a total loss of more
reactive square-planar Cu’* cations. This is shown in Fig.
1 by the more rapid disappearance of the signal associ-
ated with the square-planar configuration of Cu?*, the
resolved g and g, components of which are marked with
arrows.

Treatment by [CiHq + NO]. Treatment of CuH-
ZSM-5, at 20°C, by the gas mixture [0.04% C;H, + 0.37%
NO + He] results in the gradual irreversible change in the
Cu?* ESR spectrum, as shown in Fig. 3. Two differences
from the case mentioned above must be noted: (i) the
narrow line at g ~ 2.004 does not appear upon the inter-
action of CuH-ZSM-5 with C;Hg in the presence of NO;
and (ii) the intensity drop of the Cu?* ESR signal occurs
much faster (Fig. 2, curve 2) despite the much lower
alkene concentration in the flow. The absence of the car-
bonaceous radicals may indicate the absence of the oligo-
mers which may be due to the low concentration of pro-
pene or to the inhibition of the formation of the deposits
by NO. Conversely the deposits may still be present, but
the signal may be quenched by the pairing of spins be-
tween the NO and carbonaceous radicals. A similar be-
havior persists at 500°C (vide infra). Indeed, the presence
of NO does not prevent the reduction of Cu?* ions be-
cause some accumnulation of reactive alkenic species in-
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FIG. 3. ESR spectra of CuH-ZSM-S$ precalcined at 500°C ina [O, +
He] flow: (a) purged by He; (b) after 23 min in [0.04% C;H, + 0.37% NO
+ Hel; (c) after 100 min.

side the zeolite does take place during the treatment, and
subsequent heating of the sample at 200°C, followed by a
stoppage of the flow, results in a complete reduction of
the cupric ions.

Interaction of CiHg with CuHH-ZSM-5 pretreated by
[NO + 0,;]. As shown previously (14), the treatment of
CuH-ZSM-5, at 20°C, with [NO + O,] results in the for-
mation of a strong adsorption complex with NO, mole-
cules. It is of interest to establish whether these strong
ligands influence the subsequent interaction between the
Cu?* sites and propene molecules. Figure 4 shows the
change in the Cu?* ESR signal upon the interaction, at
20°C, between propene and CuH-ZSM-5 pretreated with
[NO + O,] flow. The loss of the integral intensity of the
signal is shown in Fig. 2, curve 3. Figure 4 also demon-
strates that the sorption of propene results in a noticeable
change in the coordination of the cupric ion. At the same
time, there is no drastic drop in the signal intensity (Fig.
2, curve 3), as distinct from the two cases discussed
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FIG. 4. ESR spectra, at 20°C, of CuH-ZSM-5: (a) after the satura-
tion of the sample with NO, from a [NO + O,] flow; (b) after 25 min in a
[0.39% C;H, + He] flow (5 cc/min); (c) after 43 min; (d) after 85 min.

above. Hence, the preadsorption of NO,, which changes
the coordination of the cupric ion (14), also inhibits the
interaction with propene at ambient temperature. There
have been suggestions (24) that in the selective catalytic
reduction one of the effects of oxygen is to maintain the
copper ions in the cupric state. As our data show, this is
indeed the case at low temperatures.

Interaction of C,HsOH with Cu-ZSM-5 at 20-
200°C. The sorption of ethanol onto CuH-ZSM-5 at
200°C is accompanied by a sharp change in the shape of
the Cu?* ESR signal without a decrease in the integral
intensity. The new signal (Fig. 5a), with g; = 2.38 and
Ay = 125 G, is typical of octahedral complexes of Cu?*
which form, as a rule, with polar molecules. Spin-echo
measurements from Sass and Kevan (19, 20) have shown
that small alcohols link to Cu?* cations inside H-ZSM-5
through the oxygen atom of the OH moiety. It was pos-
ited that the bonding with three or four alcohol molecules
is accompanied by the displacement of cupric ions to the
intersection of the channels, with the formation of the
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most symmetrical octahedral environment. Our results
(Fig. 5a) agree very well with this representation. Both
square-planar and pyramidal cupric cations participate in
this complex formation. The comparison of the DI/N val-
ues for the original ESR signal and the spectrum obtained
after the sorption of C;HsOH (Fig. 5a) shows that there is
no change in the oxidation state of Cu?* upon C;HsOH
sorption at 20°C.

The spectrum shown in Fig. 5ais not altered by heating
the sample at 100°C for 1 h and cooling in a C;HsOH
stream. The most exact comparison by subtraction dem-
onstrates the complete coincidence of the two spectra. A
more severe treatment of the sample at 200°C for 1 hin a
flow of [C;HsOH + He] does change the Cu?* ESR signal
(Fig. 5b). The signal retains only ~25% of its original
intensity, The difference between the two spectra (Fig.
5¢) is due to reduction by the ethanol at 200°C. Not sur-
prisingly, ethanol is less active in the reduction of the
cupric ions than propene.
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FIG. 5. ESR spectra of CuH-ZSM-5 treated with a [1.7%

C,H;OH + He] flow: (a) saturated with C,H;OH at 20°C; (b) after
heating at 200°C in the flow; (c) (a) — (b) (magnified x3).
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FIG. 6. Change in the Cu?* ESR signal, at 500°C, after contact of
CuH-ZSM-5 with [C;Hg + O,] (15 cc/min): (a) in [2.7% O; + He] flow;
(b) 20 min in [0.21% C;H, + 2.7% 0,]; (c) 20 min in [0.26% C;H¢ + 2.7%
0,] stream; (d) 15 min in [0.355% C;He + 1.84% O,].

2. High-Temperature Interaction of CuH-ZSM-5 with
[Hydrocarbon + Oxidant] Gas Mixtures

The dynamic state of CuH-ZSM-5 during the SCR cat-
alytic process at 300-500°C in gas mixtures with changing
ratios of components is of the most direct relevance to
the understanding of the behavior of a catalytic site. To
this end we followed the oxidation of propene and etha-
nol by O, and NO at 500 and 300°C.

Virtually all the cupric ions in our sample contribute to
the ESR signal (15). When the gas flow is switched from
the [O; + He] to the complex mixture containing both the
oxidant and the reductant the drop in the DI/N reflects
quantitatively the extent of Cu?* reduction. The dynamic
steady state is established rapidly at 300-500°C.

Oxidation of CiHg by O, on Cu-ZSM-5 at 500°C.
Figure 6a presents the spectrum of CuH-ZSM-5 taken at
500°C in a flow of (2.7% O, + He]. A switch of the gas
flow to a strongly oxidizing propene-containing mixture
[2.7% O, + 0.21% C3Hg] results in a minor change of the

spectral shape (Fig. 6b) during the first few minutes on
stream. No further change of this signal occurs upon
treatment of the sample for 20 min. Comparison of the
double integrals of the spectra in Fig. 6, taken subse-
quently under identical conditions, shows, with an accu-
racy of +5%, that no measurable reduction of CuH-
ZSM-5 takes places at 500°C as a result of the switch
from [2.7% O, + He] to the strongly oxidizing, propene-
containing gas. Shifting the gas composition nearer to
stoichiometry, as in a mixture of [1.84% O, + C;Hql],
where the O,/C3H¢ mole ratio is 5.3, compared to the
stoichiometric ratio of 4.5, leads to a noticeable decrease
in the signal intensity (Fig. 6d; ~84% of the initial value).
Thus, the reduction of the cupric ions becomes measur-
able only when the excess of the oxygen becomes small.
Under SCR conditions the excess is, as a rule, large. A
further decrease in the oxygen/reductant mole ratio be-
low 4.5 induces a sharp change in the catalyst state: a
complete reduction of the copper occurs very quickly at
500°C, and the restoration of the parent state of the cata-
lyst, with isolated Cu®* cations, takes 1-2 h when treat-
ing the sample with a flow of [20% O, + He].

Figure 6 also shows that the catalytic oxidation of pro-
pene in excess oxygen, at 500°C, is accompanied by the
appearance and gradual rise of a narrow ESR singlet
(AH ~ 8 G; g = 2.004) typical of carbonaceous residue.
The dependence of the intensity of this line on oxygen
concentration, noted at 20°C, is evidence of graphitiza-
tion (21). Graphitized ‘‘coke’’ particles are too large for
accommodation in the pores and can be located only on
the outer surface of the zeolite crystals.

Interaction of CuH-ZSM-5 with [CiHg + O] at
300°C. ESR spectra were also taken during the treat-
ment of CuH-ZSM-5 with {C;He + O,] at 300°C (Fig. 7).
Distinct from the process at 500°C, the addition of 0.26%
C;H¢ to a stream of [2.7% O, + He] stream causes a
measurable decrease in the Cu?* in the sample: a 15%
loss of the signal intensity after 70 min on stream. The
reduction of the cupric ions is much faster when the con-
centration of propene in the flowing gas is adjusted to a
oxygen/propene ratio of 5.3. The more reactive square-
planar cupric ions are reduced first. Here, again, the ap-
pearance of the sharp signal due to coke formation is
observed after only 5 min on stream.

Interaction of CuH-ZSM-5 with [C;Hes + O,] at
500°C. At a NO/propene ratio of ~16 [0.024% C;H¢ +
0.38% NOJ, 80% excess oxidant over stoichiometry, the
Cu?* signal does not change at 500°C after 1 h of treat-
ment, within the +5% accuracy of the measurement (Fig.
8). Increasing the propene concentration to 0.0365%,
which corresponds to only 15% excess oxidant, induces a
gradual reduction of the cupric ions. The switch to a flow
of 0.38% NO in He does not quickly restore the signal.
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FIG. 7. Change in the Cu?** ESR signal after contact of CuH-ZSM-5

with [C366 + O, + He] mixtures at 300°C: (a) in {2.7% O, + He] flow; {(b)
22 min in [0.269% C;H;s + 2.79 O, + He]: (¢) 70 min in the same flow; (d)
S min in [0.355% C;H, + 1.84% O, + He].

As could be expected, oxygen is more active than NO at
reoxidizing the reduced copper ions.

As was noted at room temperature, at 500°C the pres-
ence of NO in the gas strongly inhibits the narrow ESR
line associated with the carbonaceous deposits. Thus, the
two spectra taken under close to stoichiometric condi-
tions, one in the presence of O, (Fig. 6d) and the other in
the presence of NO (Fig. 8d), differ greatly in the g ~
2.004 signal. It is very prominent in the former and al-
most absent in the latter. Two explanations are possible:
(a) very little carbonaceous deposit is formed in the pres-
ence of NO at relatively low propene concentrations or
(b) the unpaired electron in the NO couples with the car-
bonaceous radicals, quenching the signal of the latter.
There is indirect evidence that the bonding of NO to the
carbonaceous deposits does take place on zeolitic cata-
lysts (25), but more work is needed for confirmation.

Effect of the ternary gas mixture [C3He + O, + NO] at
500°C. Addition of 0.05 to 0.14% NO to the strongly

oxidizing gas [2.7% C;He + 0.21% O] does not affect the
equilibrium oxidation state of the copper in CuH-ZSM-5
at 500°C. No changes are discernible in the ESR spectra
when using the most exact subtraction method.

Figure 9 summarizes the relations between the concen-
trations of the Cu?* ions and the oxidant/propene ratio
for all studied cases.

Oxidation of ethanol on CuH-ZSM-5 at 500°C. The
contacting of Cu~ZSM-5, at 500°C, with flows of [20.2%
O, + 1.7% C,Hs;OH] (a fourfold excess of oxidant) and
(10.1% O, + 1.7% C,HsOH] (a twofold excess) does not
change the ESR signal shape or decrease its intensity.
The oxidation of ethanol engenders only a trace of the
sharp line characteristic of carbonaceous residues. This
agrees well with previous observation that the formation
of coke is negligible during the oxidation of less reactive
hydrocarbons.
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FIG. 8. Change in the Cu?* ESR signal, at 500°C, after contact of

CuH-ZSM-5 with [C;He + NOJ (15 cc/min): (a) in [0.41% NO + Hel;
(b) 30 min in [0.024% C;H, + 0.38% NOJI; (c) 8 min in [0.0365% C;H, +
0.38% NOJ stream; (d) 35 min in [0.0365% C;H, + 0.38% NOI.
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FIG. 9. Concentration of Cu?* ions in CuH-ZSM-5 vs the ratio of
oxidant/propene in the gas at 500°C: (a) [C4H, + O-]; (b} [C3H¢ + NOJ:
(*) [CsHg + 02 + NOJ; (<) 300°C.

CONCLUDING REMARKS

This work demonstrates unambiguously that at steady
state, under typical conditions of selective catalytic re-
duction with a large excess of oxygen, virtually all of the
copper is present in the Cu?* state. The dynamic equilib-
rium Cu?* « Cu™ is shifted completely to the left. The
reoxidation of any reduced sites by O,, or even more so
by NO,, is very fast. Only at lower temperatures and/or
close to stoichiometry does this equilibrium begin to shift
to the right.

The earlier results, that the square-planar isolated cu-
pric ions are the most reactive, were confirmed. It is
plausible that the same sites are also most susceptible to
deactivation.

Exposure of CuH-ZSM-5 to a high-temperature reduc-
ing environment, i.e., oxygen-deficient gas mixtures,
causes fast reduction of the copper, possibly with the
formation of Cu® crystallites leading to deactivation. Sub-
sequent reactivation in an oxidizing environment is slug-

gish. In this context, in practical automotive implementa-
tion one needs to avoid copious adsorption of
hydrocarbons at cold start which may subsequently re-
duce the copper in the warm-up time period.

The results indicate the possibility of an interaction
between NO and the carbonaceous deposits which entails
spin-coupling between the radicals in both reactants. This
must be confirmed further.

The present findings pertain strictly to CuH-ZSM-5
where the cupric ions are isolated and all are sensed by
ESR (13, 14). The sample was deliberately chosen so as
to avoid the ambiguities associated with ‘‘overex-
change,’” extra-framework copper, etc.
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