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Catalytic ethane oxidation, with 02, using H-ZSM-5 and H-mordenite containing differ- 
ent discrete types of isolated Cu(II) cations was studied. An ESR spectroscopic study was 
carried out on copper ion coordination in zeolites. It was shown that the intrinsic activity of 
Cu(II) ion depends strongly on the Cu2+-site local topography. Covalent-bonded Cu(II) 
cations in the most coordinatively unsaturated square-planar coordination in H-ZSM-5 
demonstrated the highest activity in C2H 6 complete oxidation. 
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1. Introduction 

Copper(II)-containing supported catalysts are well known to be active in 
redox processes (alkane oxidation, for instance). At the same time, the surface 
of complex heterogeneous catalysts usually contain many types of isolated and 
clustered ions differing in coordinative and valent states, and the elucidation of 
a relation structure/propert ies is too difficult for such systems. Polyvalent ion 
introduction into high-silica zeolites is a way of preparation of more simple 
diluted systems with regular location of isolated cations (Cu 2§ for example) in a 
few discrete types of local environment [1-5]. Such systems are interesting from 
the catalytic point of view: CuH-ZSM-5 zeolites were found to be promising 
catalysts for the NO decomposition [6,7], methylaromatic ammoxidation [8] or 
CH 4 traces complete oxidation [9]. 

Thermal treatment of Cu(II)-containing high-silica zeolites as well as the 
introduction of different anionic ligands (F-;  PO 2- permits the local topogra- 
phy of isolated Cu2§ [2] to be changed. So, the comparative catalytic testing 
of such systems containing only isolated cations diluted in zeolitic matrix enables 
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us to elucidate the influence of local crystal field symmetry on catalytic proper- 
ties of isolated Cu z+ ions. 

This work describes the  detailed study of catalytic C2H 6 oxidation, with 02,  
on isolated Cu(II) cations located in different coordinative states inside H-ZSM-5 
or HM channels. Distribution and coordination of Cu 2+ ions in zeolites were 
studied by ESR spectroscopy. 

2. Experimental 

1. MATERIALS 

X-ray data confirmed the high crystallinity of  the parent  NH4-ZSM-5 (Si/A1 
=21;  Na20  content < 0.1% wt.) having the ZSM-5 framework structure. 
NH4-zeolite without binder was pressed and crushed into 0.5 to 1.5 mm pieces. 
After drying at 400 K the samples were impregnated with aqueous Cu(NO3) 2 or 
Cu3(PO4) 2 solutions of appropriate concentrations (incipient wetness impregna- 
tion; 0.7-0.8 cm 3 per 1 g of zeolite). Cu /H-ZSM-5  and Cu-P /H-ZSM-5  
obtained (1.5% wt. Cu) were dried at 400 K and calcined in an air stream at 773 
K for 5 h or at 1023 K for 2 h; C u / H M  (1.2% wt. Cu) was prepared by a 
conventional cation-exchange procedure using NH4-M (Si/A1 = 5). The sample 
was then dried at 400 K and calcined in an air stream at 773 K for 1 h. The 
copper content was determined by chemical analysis. 

2. ETHANE OXIDATION ACTIVITY MEASUREMENTS 

Dried catalyst (80-90 mg; 0.25-0.5 mm pieces) was placed in a fixed-bed 
quartz microreactor (0.15 cm 3) and activated at 773 K with dry air flowing at the 
rate of 50 m l / m i n  for 5 h. Then the temperature  of catalytic run was fixed 
(543-673 K) and the gas mixture of reactants [80.8 vol.% of He + 18.3 vol.% of 
O 2 + 0.87 vol.% of CzH6] was fed to the reactor under  1.0 atm. pressure. 
Catalyst activities were measured at low alkane conversion, in contrast with 
results obtained in [9] where space velocity data under  99% CH 4 conversion at 
773 K were used to compare catalyst activities. 

Samples of the reactor effluents were injected periodically into a chromato- 
graph. Carbon dioxide and water were obtained as major products in all 
catalytic runs. Traces of ethene were also detected in some runs. The space 
velocity ranged from 1.2.10 4 to 6" 10 4 h -1. After the catalytic testing the 
catalyst charge in the reactor was calcined in an air stream at 1023 K for 2 h and 
the catalytic testing at 573-773 K was repeated. 

3. ESR MEASUREMENTS 

X-band ESR spectra were taken at 77 K, and 293 K with DPPH (g  = 2.0036) 
as a standard. The samples (50-80 mg), placed in quartz ampoules, were 
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Table 1 

Zeolite Calcination ESR parameters 
temperature A~ A • 
(K) gH g• lljl--4 cm -1 10 -4 cm -1 

Cu(II) local environment 

Cu/HM 773 and 1023 2.32 2.055 144 19 square pyramidal 

2.27 2.045 175 29 square planar 
773 2.31 2.06 153 square pyramidal 

Cu/H-ZSM-5 

Cu-P/H-ZSM-5 

2.30 2.05 156 23.5 
1023 2.31 2.05 156 23 ) 

2.29 172 
773 2.33 160 

2.35 153 
1023 2.40 120 

/ 2.41 125 

distorted square pyramidal 

distorted square pyramidal 
square pyramidal 

distorted octahedral 

octahedral 

calcined in air at 773 K and then evacuated at 293 K for 5 min. In some cases 
the samples taken from the reactor after catalytic runs were purged by He, 
placed into ampoules and evacuated at 293 K. Evacuation of the samples was 
necessary to prevent dipole-dipole broadening of Cu(II) ESR lines, caused by 
interaction of cations with 0 2 molecules. Interaction of the samples with 
pyridine (Py) was studied in air at 293 K. Precalcined zeolites were impregnated 
by Py for 10 min and then evacuated for 1 h. 

3. Results and discussion 

ESR data show that high temperature treatment of zeolites in air results in 
the stabilization of isolated Cu(II) ions in different local environments. Parame- 
ters of ESR spectra as well as Cu 2+ coordinations are listed in table 1. 
Assignment of specific ESR spectra to different modes of Cu(II) coordination 
has been given in refs. [2,10-13]. ESR data confirm a 100% dispersion of Cu(II) 
in all samples studied. 

The different geometry of zeolitic channels stabilizes Cu(II) in different local 
environments (HM; H-ZSM-5). However samples differing drastically in a local 
topography of isolated Cu2+-sites may also be prepared on the basis of the same 
ZSM-5 zeolitic matrix (table 1). Two procedures after scope for the change of 
Cu 2§ coordination mode in H-ZSM-5 from a square-planar environment to an 
octahedral one: (1) calcination at different temperatures; (2) introduction of 
anionic species. Fig. 1 demonstrates such influence of calcination temperature 
and PO 3 - introduction on the hyperfine structure of Cu(II) ESR spectra. 
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Fig. 1. Part of the ESR spectra (parallel components) at 77 K of copper-containing H-ZSM-5: 
(a)-Cu/H-ZSM-5 calcined at 773 K; (b)-Cu/H-ZSM-5 calcined at 1023 K; (c)-Cu-P/H-ZSM-5 

calcined at 1023 K. (ESR-spectra remain unchanged after catalytic runs.) 

Inlet of oxygen leads to reversible drastic dipole-dipole broadening of all 
Cu(II) ESR spectra i.e. isolated copper(II) ions are fully accessible for 0 2 
molecules. Moreover, all Cu 2+ cations in our samples are capable of interaction 
with Py molecules: Py sorption results in an immediate transformation of 
different Cu2+-ESR signals listed in table 1 into the same new spectrum with 
ESR-parameters of gll = 2.30-2.31; g z = 2.06 and  All = (156-163)" 10 -4 cm -1. 
Intensity of such ESR signals from different samples treated with Py is practi- 
cally the same. So, Py as a strong ligand is able to form specific complexes with 
all types of Cu 2+ ions inside H-ZSM-5 channels [4,5], and anionic phosphorato- 
species do not hinder this interaction. It may be concluded that any noticeable 
aggregation or incapsulation of copper(II) does not occur as a result of either 
calcination or PO~- introduction. Therefore, the set of samples prepared allows 
us systematically to probe the intrinsic catalytic properties of isolated Cu 2+ ions 
differing in local environment only. 

The Cu(II) ESR spectra of the post-reactor samples are identical to those of 
the samples before catalytic runs (fig. 1). Therefore, the coordination geometry 
of the copper species in all samples remains unchanged during the catalytic 
reaction. 

The study of catalytic C 2 H  6 oxidation by 0 2 shows that activity of pure 
H-ZSM-5 is negligible up to 823 K. So, the parent zeolitic matrix may be treated 
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Fig. 2. Correlation between the C2H 6 conversion to CO 2 +H20 (V=2"104 h -1) and the 
temperature of reaction for the samples calcined at 773 K (a) and 1023 K (b): (1)-Cu/H-ZSM-5; 

(2)-Cu-P/H-ZSM-5; (3)-Cu/HM. (dotted ]ines-C2H 6 to C2H 4 conversion). 

as a fully inert catalyst support,  and Cu(II) stabilization alone results in the 
formation of active sites. This conclusion agrees fully with the data of our 
previous work where CH 4 oxidation on Cu/H-ZSM-5  has been studied [9]. 

Catalytic activity of copper(II)-containing samples reaches a steady state 
within the first 10-15 rain on stream: no drop in the effectiveness of the 
catalysts occurs after 6-10 h of continuous use. Fig. 2 gives the catalytic 
conversion of ethane on the samples listed in table 1 as a function of tempera- 
ture. The apparent  activation energy calculated from these data is listed in table 
2. From fig. 3, which presents a plot of C2H 6 conversion vs. contact time for 
some samples, it may be concluded that the reaction rate is zero order in 
ethane. Linear dependence  of lga from the inverse temperature (fig. 4), con- 
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Table 2 
Apparent activation energy of C2H 6 complete oxidation. 

Sample Temperature E 
of calcination (kcal/mol) 
(K) 

773 30 
Cu/HM 

1023 21 

773 40 
Cu/H-ZSM-5 

1023 22 

773 33 
Cu-P/H-ZSM-5 

1023 21 

firms that the kinetics of catalytic oxidation may be described by the zero-order 
rate equation at all temperatures. It is seen from fig. 2 that activities of our 
samples differ drastically and no direct comparison of all experimental catalytic 
data at one fixed temperature is possible. The representation of results given in 
fig. 4 allows an extrapolation of catalytic data for a formal comparison of 
catalyst activities at one temperature, as shown by dotted lines. 

The contribution of partial oxidation becomes measurable at temperatures 
above 673 K on the less active catalysts (Cu /HM;  Cu-P/H-ZSM-5/1023 K), 
and the conversion of ethane to ethene is shown on fig. 2 by dotted lines. 
However, the most active samples catalyse the complete C 2 H  6 oxidation selec- 
tively, and in all catalytic runs no products other than CO 2 and H 2 0  were 
detected up to 673 K. 
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Fig. 3. Correlation between the oxidative activity of Cu(II)-containing samples and the contact 
time: (1 ) -Cu/H-ZSM-5/773  K, testing at 573 K; (l ')-Cu/H-ZSM-5/1023 K, testing at 653 K; 

(2)-Cu-P/H-ZSM-5/773 K, testing at 633 K. 
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Fig. 4. Correlation between the logarithm of C2H 6 conversion (a) and the inverse temperature of 
reaction. (1)-Cu/H-ZSM-5, calcined at 773 K; (2)-Cu-P/H-ZSM-5, calcined at 773 K; (3)- 

Cu /HM calcined at 773 K. 

In catalysis by zeolites the role of diffusion is quite serious. No special testing 
of this problem was carried out in our work, but it may be noted that both a 
zero-order kinetics (fig. 3) and great values of activation energy (table 2) are not 
typical of diffusional processes. So, it is safe to assume that diffusive constraints 
play a minor role upon our catalytic runs. 

Let us now compare the structural data with the catalytic properties of 
Cu(II)-containing zeolites. It is clearly seen from ESR data that our samples 
contain isolated Cu 2+ ions only, and that all these ions are capable of interact- 
ing readily with reactant molecules. This result agrees with other data (refs. 
[2,5,14]). In other words, the samples do not differ noticeably in the total 
number of accessible active Cu2+-sites diluted in an inert support, and the 
specific activity of Cu z+ ion is compared in each case. Therefore, the drastic 
difference in specific catalytic activity of the samples, as shown in figs. 2 and 4, 
gives unambiguous evidence that the intrinsic activity of Cu 2 +-site is determined 
mainly by the degree of Cu(II) coordinative unsaturation (or by a local topogra- 
phy of Cu2+-site). The comparison of extrapolated data, as shown in fig. 4, 
demonstrates that a 1000-fold change in specific activity of isolated Cu2+-site 
may occur as a result of local topography transformation. Activity of the sample 
Cu/H-ZSM-5/773  K (which contains the most coordinatively unsaturated square 
planar Cu(II) ions) exceeds activities of the samples containing five-coordinated 
Cu 2+ ions by a factor of 30-100. Subsequent transformation of copper(II) 
environment to the most symmetrical octahedral one (Cu-P/H-ZSM-5/1023 K) 
results in a further activity fall by a factor of ~ 30. Such a drastic suppression of 
complete oxidation is accompanied by a selectivity change: an activity in high- 
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temperature partial oxidation becomes measurable for the samples with more 
symmetrical Cu 2+ environments (fig. 2). 

Preliminary experiments with NzO as C 2 H  6 oxidant on the same catalysts 
demonstrate that the process depends strongly on the type of oxidant. In this 
case a pure H-ZSM-5 cannot be treated as inert support. A detailed compara- 
tive analysis of this problem will be a subject of our further work. 

4. Conclusions 

The H-ZSM-5 structure as a macroligand is able to provide stabilization of 
Cu(II) in the most coordinatively unsaturated square planar environment. Such 
isolated low-coordinated Cu(II) cations play the decisive role in catalytic low 
temperature complete oxidation of alkanes. Regulation of local topography of 
CuZ+-site in H-ZSM-5 by either anionic ligand introduction or thermal treat- 
ment permits effectively the catalytic properties of active site to be changed. 
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