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Abstract 

Three Cu-zeolites with different structure, Cu-TNU-9, Cu-ITQ-2 and Cu-Y have been 

tested as catalysts for propane oxidation reaction and the activity follows the trend: Cu-

TNU-9 > Cu-ITQ-2 > Cu-Y, and in situ Electron Paramagnetic Resonance (EPR) and 

IR spectroscopies have been used to ascertain the origin of their different behavior. The 

IR spectra show bands ascribed to the formation of adsorbed COO- and -CHO as 

reaction intermediates in the oxidation of propane. The intensity of these bands for the 

Cu-zeolites show the same tendency that their oxidation activity. The EPR spectra of 

the three Cu-zeolites show that about 40-50 % of total copper is present as isolated Cu2+ 

species, and heating under propane or propane-oxygen mixture at 350 ºC provokes the 

reduction of Cu2+ to Cu+ following the same trend that the oxidation activity, i.e., Cu-

TNU-9 > Cu-ITQ-2 > Cu-Y. Further analysis of the EPR spectra suggests that the 

reducibility of exchanged Cu2+ cations in the Cu-zeolites is determined by their 

accessibility to the propane molecules.   
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Introduction 

Propane is the most abundant light hydrocarbon among the organic compounds emitted 

from combustion of liquefied petroleum gas (LPG), used in internal combustion engines 

in vehicles and in stationary applications. LPG is a common fuel because it has the 

advantage of giving clean combustion with no soot and few sulphur emissions and of 

simple storage. However, the exhaust gas from LPG combustor still contains a 

significant amount of hydrocarbons which are hazardous to the environment [1]. In 

order to fulfil the demanding environmental legislations, catalytic oxidation is a 

promising technology for controlling organic pollutant emissions such as propane [2].   

Typical catalysts for total oxidation of hydrocarbons consist of supported noble metal 

(Pt, Pd, Rh, Au ...) [2-6]. Alternatively, bulk metal oxides [7], mixed oxides 

(perovskites or hydrotalcites) [1, 8] or transition metal ion exchanged zeolites (TMI-

zeolites) have been explored as catalysts, and among them, those based on copper oxide 

give excellent activity in combustion of volatile organic compounds (VOCs) [9-14]. 

Moreover, Cu-zeolites have been investigated in the last years because they exhibit high 

activity for NO decomposition and for NO selective catalytic reduction (NO-SCR) [15-

20]. This pollutant is produced in different combustion processes such as those taking 

place in diesel engines, and in this case, hydrocarbons, such as propane, have been 

suggested to be used as a reducing agents in the NO-SCR reaction. As Cu-zeolites can 

catalyse both reactions, there is an intense activity on the investigation of Cu-exchanged 

zeolites aimed to elucidate the nature of copper active sites, their physical chemical 

properties and the reaction pathways.  

In this work we have investigated the reaction of propane with oxygen with the aim of 

getting information on the mechanism of hydrocarbon oxidation on Cu-zeolites, but also 

as a preliminary study to understand how Cu-Zeolites catalyse the selective reduction of 
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NO with propane in the presence of oxygen (HC-SCR-NO). For this purpose, we have 

chosen three zeolites with different topologies, Cu-Y, Cu-ITQ-2 and Cu-TNU-9, as 

catalysts. Zeolite Y possesses FAU-type structure consisting of a three dimentional 

system of 12 membered rings (12 MR) channels and supercages with diameter of about 

11,2 Å. ITQ-2 is the delaminated precursor of zeolite MCM-22 (MWW-type), being 

formed by single layers with external 12 MR cups and 10 MR channel system running 

in between the cups, inside the sheets. TNU-9 is a new zeolite with a structure 

consisting of a three dimensional channel system with pore openings of 10 MR. Here, 

we have employed EPR spectroscopy to study the redox properties of copper sites and 

follow their evolution upon heating in the presence of propane and propane-oxygen 

mixtures, and infrared spectroscopy to identify the intermediate species formed in the 

reaction of propane and oxygen. It will be shown that the ability of Cu-zeolites for 

propane oxidation depends on the redox properties of the copper sites.  

 

Experimental 

Zeolite TNU-9 was synthesized according to the procedure described previously [21, 

22], using 1,4-bis-(N-methylpryrrolidinium)-butane and Na+ cations as structure 

directing agents (SDAs). ITQ-2 was prepared by swelling the MCM-22 precursor with a 

water solution of hexadecyltrimethylammonium bromide and tetrapropylammonium 

hydroxide following the method depicted in previous publications [23, 24]. Zeolite Y is 

commercially available (CBV 720, Zeolyst International). Prior to ion exchange, all 

zeolites were rinsed with a 0,04 M solution of NaNO3 in order to have the materials in 

the sodium form. The metal exchange was carried out by immersing the zeolite in an 

aqueous solution of the desired amount of Cu(CH3COO)2⋅4H2O, with a zeolite/liquid 
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ratio of 10 g/l and under stirring for 24 h at room temperature. The chemical 

composition of the samples was analyzed by ICP-O ES (Varian 715-ES), and the results 

are reported in Table 1. 

EPR spectra were recorded with a Bruker EMX-12 spectrometer operating at the X-

band, with a modulation frequency of 100 KHz and amplitude of 1.0 Gauss. All spectra 

were measured at -168 °C and quantitative analysis was carried out by double 

integration of the spectra, using CuSO4 as an external standard. About 20 mg of the Cu-

zeolite sample was placed into 5 mm quartz EPR tubes adapted to a high vacuum valve 

and dehydrated under dynamic vacuum at 500 °C for 1 h reaching a final pressure ≈10-6 

mbar. Propane and/or oxygen were then adsorbed at -196 °C by connecting the sample 

tube on a vacuum line and admitting onto the Cu-zeolite the desired amount of gas 

using a calibrated volume. In all experiments 2 molecules propane per atom of Cu were 

adsorbed. In another set of experiments, an excess of oxygen, about nine molecules of 

oxygen per atom of Cu, was admitted into the sample tube immersed into liquid 

nitrogen after the adsorption of propane. 

IR spectra were recorded with a Bruker Tensor 27 spectrometer (equipped with a MCT 

detector) with a spectral resolution of 2 cm-1. Thin wafers of Cu-zeolite (5-10 mg/cm2) 

were activated in the IR cell under vacuum at 500 °C for 1h, and then the adsorption of 

propane and/or oxygen was carried out at room temperature. Carbon monoxide 

(PRAXAIR 9.5) was used as a probe molecule. 

Catalytic tests were carried out in a fixed bed, quartz tubular reactor. In the C3H8 

oxidation experiments, 66.7 mg of catalyst, as particles of 0.25-0.42 mm size, were 

introduced in the reactor, heated up to 500 ºC under nitrogen flow and kept at this 

temperature for 30 minutes. After that, the desired temperature was set and the flow 

changed to the reaction feed consisting of 500 ml.min-1 of a mixture composed by 
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0.33% C3H8, 6.9% O2 and N2 as gas balance. The reaction was followed by the CO2 

formed that was analysed with a non-dispersive infrared detector Servomex 4900. 

 

Results and discussion 

 Table 1 shows the chemical composition and the level of copper exchange of the 

Cu-TNU-9, Cu-Y and Cu-ITQ-2 zeolites used in this work, as well as the conversion of 

propane to CO2 in the oxidation reaction at 350 ºC. This temperature is within the range 

typical for total oxidation and for SCR-NO reactions. As it can be observed in Table 1, 

the three Cu-zeolites display a very different conversion being the highest for Cu-TNU-

9 and the lowest for Cu-Y, with an intermediate value for Cu-ITQ-2. In order to 

rationalize the different catalytic activity of these Cu-zeolites we have combined EPR 

and infrared spectroscopy. The EPR and infrared spectra of Cu-zeolites were acquired 

after gas adsorption, and then after subsequent heating in an external oven at 350 ºC. 

EPR Spectroscopy 

EPR spectroscopy allows the detection of paramagnetic Cu2+ cations with a d9 

electronic configuration, although only isolated Cu2+ are observed because the dipolar 

coupling among paramagnetic cations in aggregated species inhibit the observation of 

any EPR signal. The interaction of the magnetic moments associated with the unpaired 

electron of Cu2+ with the nuclear spin I=3/2 of the two copper isotopes, 63Cu and 65Cu 

with natural abundance 69.15 % and 30.85 %, respectively, gives rise to a hyperfine 

structure consisting of four lines. The EPR signals of Cu2+ in Cu-zeolites are usually 

axially symmetric and the hyperfine structure is better resolved in the low field region 

of the spectra, corresponding to the parallel component.   
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The EPR spectra of the Cu-zeolites studied here under ambient conditions (not 

shown) consist of an axially symmetric signal of octahedral Cu2+ resulting from the 

coordination to six H2O molecules, or more probable to H2O and oxygen atoms of the 

zeolite framework [CuOx(H2O)6-x]
2+ [25-33]. According to the quantification of the 

paramagnetic signals, isolated Cu2+ species accounts for 40-50 % of total in the three 

Cu-zeolites, indicating that about half of copper is EPR silent and must be in the form of 

small CuO particles not detected by X-ray diffraction, or of Cu2+−O−Cu2+ dimmers [34-

36]. Prior to gas adsorption, samples were degassed at 500 ºC under high vacuum, 

which produced a strong decreases in the Cu2+ detected by EPR, to around 10 % of 

total, indicating that most Cu2+ has been reduced to diamagnetic Cu+. These data are 

shown in Figure 1, which represent the amount of Cu2+ respect total copper content 

detected in the EPR spectra of Figures 2-4 recorded after submitting zeolites Cu-TNU-

9, Cu-Y and Cu-ITQ-2 to different treatments. The parallel region of the spectra is 

magnified on the right part of Figures 2-4. 

Figure 2a shows the EPR spectrum of zeolite Cu-TNU-9 evacuated at 500 ºC, 

which is formed by the superimposition of two axially symmetric signals, A and B, of 

isolated Cu2+. The g⊥, and g// and A// determined from the analysis of the expanded 

spectral region of Figure 2a right, are summarized in Table 2. To our knowledge, this is 

the first EPR study of zeolite Cu-TNU-9 and the assignment of signals of spectrum 2A 

to specific copper sites requires deeper investigation, which is out of the scope of this 

manuscript. Nevertheless, from comparison of the parameters shown in Table 2 with 

those reported in the bibliography for other Cu2+ exchanged zeolites [37], signals A and 

B can be attributed to Cu2+ in square pyramidal and square planar configurations, 

respectively. Figure 2b displays the spectrum recorded after the adsorption 2 molecules 

of C3H8 per Cu atom on Cu-TNU-9. Inspection of the low field region of the spectrum, 
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Figure 2b right, shows the appearance of a new signal C characterized by the parameters 

listed in Table 2, which must come from the interaction of Cu2+ with propane (Cu2+-

C3H8). Although the spectrum of Figure 2b is clearly dominated by signal C, there may 

be some contribution of signal B and, in any case, it is difficult to rule out the presence 

of signals A and B. After subsequent heating at 350 ºC, a sharp intensity decrease (see 

multiplication factor in the spectrum of Figure 2b) of the EPR spectrum is observed due 

to the reduction of Cu2+ to diamagnetic Cu+. Interestingly, only signal A remains in the 

spectrum, indicating that Cu2+ in square planar coordination (signal B) is more 

reducible, probably because its easier accessibility to propane molecules due to the 

lower coordination number. The spectrum recorded after the co-adsorption of propane 

and oxygen on zeolite Cu-TNU-9, shown in Figure 2d, is only slightly broader than that 

of Figure 2b, suggesting that the Cu2+ interacts preferably with propane. Subsequent 

heating at 350 ºC the Cu-TNU-9 zeolite with the mixture propane/oxygen decreases the 

intensity of the Cu2+ signals but to lesser extent than in the absence of oxygen (see 

Figures 1 and 2d), and provokes the disappearance of signals A and B and the 

appearance of a new signal D due to hydrated Cu2+ in octahedral coordination, and a 

second signal C’, whose parameters are collected in Table 2. The g// (2.372) and A// 

(131 Gauss) values of signal D are smaller than those of the EPR signal of Cu2+ sites in 

the hydrated Cu-TNU-9 zeolite (g// = 2,383 and A// = 138 Gauss), strongly suggesting 

that in the treated sample Cu2+ is coordinated to less water molecules and to more 

framework oxygen atoms of the zeolite [25, 38]. The formation of this [CuOy(H2O)6-y]
2+ 

complex points out that water must have been produced upon heating, probably by 

oxidation of propane. The parameters of signal C’, typical of Cu2+ in square pyramidal 

coordination, are very close to those of signal C (see Table 2) and then must be 
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originated by the interaction of paramagnetic Cu2+ with and intermediate reaction 

product, in agreement with the results obtained by infrared spectroscopy (vide infra). 

Figure 3 shows the EPR spectra of zeolite Cu-Y submitted to treatments similar 

to zeolite Cu-TNU-9. The spectrum of the sample degassed at 500 ºC, displayed in 

Figure 3a, consists of two axially symmetric signals E and F, characterized by the 

parameters listed in Table 3. Signals E and F have been previously assigned to Cu2+ 

located at two different exchange positions of the FAU type zeolite [29, 30, 39-42], or 

at sites containing different number of Al atoms in their close environment [43]. 

Assuming different location, signal E has been attributed to Cu2+ at the six member ring 

of SII site in the supercage [40, 41] or at SI’ within the sodalite cage [29, 30], and signal 

F to Cu2+ at SI’ [40, 41] or at SI sites inside the D6R [29, 30]. Adsorption of propane on 

zeolite Cu-Y does not modifies the spectrum of the dehydrated zeolite (spectrum not 

shown), while subsequent heating at 350 ºC produces an intensity decrease (see Figure 

3b) due to the reduction of Cu2+ to Cu+, although less than for zeolite Cu-TNU-9 (see 

Figure 1). The spectrum 3b is dominated by signal F, indicating that the species 

associated to signal E have been reduced probably because their easier accessibility to 

propane molecules. Then, signal E must be originated by Cu2+ species located at SII 

sites in the supercage, or alternatively inside the sodalite cages (site SI´), which move to 

accessible supercage positions upon heating. Figure 3c shows the spectrum recorded 

after co-adsorption of propane and oxygen on zeolite Cu-Y. The EPR signals of Cu2+ 

are broadened because of the dipolar interaction with paramagnetic oxygen molecules, 

making difficult the identification of the Cu2+ species. Comparison with the spectrum of 

Figure 2d suggests a stronger interaction with oxygen than in zeolite Cu-TNU-9. 

Indeed, when Cu-Y is heated at 350 ºC with the propane-oxygen mixture, the overall 

intensity of the EPR spectrum (Figure 3d) increases indicating that, opposite to the 
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results obtained for Cu-TNU-9, copper has been oxidized.  Despite the low resolution, 

analysis of the spectrum suggests the presence signals E and F. 

Figure 4 shows the EPR spectra of zeolite Cu-ITQ-2 evacuated at 500 ºC (Fig. 

4a), and heated at 350 ºC with propane (Fig. 4b) or with propane/oxygen (Fig. 4c), and 

Table 4 collects the spectral parameters of the corresponding Cu2+ signals. The 

dehydrated Cu-ITQ-2 zeolite shows the presence of three axially symmetric Cu2+ 

signals, G, H and J. We have not found any publication reporting EPR results of Cu-

ITQ-2 zeolites. However, since ITQ-2 is obtained by de-lamination of the MCM-22 

zeolite precursor, we have made a tentative attribution of the signals detected here by 

analogy to previous assignments made for Cu-MCM-22 [44-46]. Accordingly, signals G 

and H are attributed to Cu2+ species in square pyramidal coordination and signal J to 

Cu2+ in square planar symmetry. Propane adsorption produces only subtle modifications 

in the spectrum of the evacuated sample (not shown), and after subsequent heating, the 

intensity of the spectrum decreases and consists mainly of signal H, indicating some 

reduction to Cu+, especially of species J and G (see Figure 4b). Heating zeolite Cu-ITQ-

2 under propane-oxygen produces the spectrum of Figure 4c, with intensity and shape 

similar to that of Figure 4a for the evacuated zeolite, but with the signals shifted. Indeed 

the spectrum consists of two new signals K and L, characterized by the parameters 

listed in Table 4.  Although the interpretation of spectrum 4c is not straight forward, 

signal K can be attributed to Cu2+ bonded to water molecules, based on the similarity of 

its parameters with those of signal D (Table 2). Meanwhile, the parameters of signal L 

are close to those of signal H and then can be tentatively attributed to Cu2+ in square 

pyramidal coordination in slightly different environment which may be due to the 

interaction with reaction intermediates.           
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Comparison of the results shown in Figures 2-4 and the intensity of the Cu2+ 

EPR signals depicted in Figure 1 evidences different reducibility of Cu2+ in Cu-TNU-9, 

Cu-Y and Cu-ITQ-2 zeolites when they are heated at 350 ºC in the presence of propane 

and propane/oxygen. When propane is used, the EPR signals intensity decreases due to 

the reduction of Cu2+ to Cu+, and the amount of Cu2+ detected by EPR follows the trend: 

Cu-Y > Cu-ITQ-2 > Cu-TNU-9. The higher degree of copper reduction is attained in 

CuTNU-9, which takes place even in the presence of O2, whereas heating with propane-

oxygen oxidizes Cu+ to Cu2+ in zeolite Cu-Y. Meanwhile, an intermediate situation is 

observed for zeolite Cu-ITQ-2, as the intensity of isolated Cu2+ does not change 

significantly when the sample is heated at 350 ºC with a mixture of propane-oxygen 

 

Infrared Spectroscopy 

Figure 5 shows the infrared spectra recorded at room temperature of zeolites Cu-

TNU-9, Cu-ITQ-2 and Cu-Y, after being heated at 350 ºC for 30 min with a mixture 

propane/oxygen, and the spectra of propane adsorbed on these same zeolites for 

comparison purposes. After heating under propane-oxygen mixture, the spectrum 

recorded for zeolite Cu-TNU-9 shows very intense bands in the 1650-1450 cm-1 

frequency region, which are weaker for Cu-ITQ-2, and negligible for zeolite Cu-Y. The 

1580 and 1480 cm-1 bands are characteristic of symmetric and antisymmetric stretching 

vibrations of the COO- group (νsCOO- and νasCOO-) [47, 48], and the small bands in the 

region 1750-1690 cm-1 can be originated from formaldehyde bonded to bridging 

hydroxyls groups (1750 cm-1) [47, 49] or interacting with Cu+ sites (1690 cm-1) [50]. 

The presence of the absorption bands typical of COO- and -CHO groups points to a 

straightforward catalytic oxidation of the adsorbed propane by oxygen to 

acetates/formates or/and other oxygen containing compounds (formaldehyde). 
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Oxidation of propane is also manifested by the appearance of new bands at 2346 cm-1, 

2157 cm-1 and 1620 cm-1. The band at 2157 cm-1 is typical of Cu+(CO) monocarbonyl 

[51, 52] formed by the interaction of Cu+ with CO coming from the partial oxidation of 

propane, whereas the bands at 2346 cm-1 (CO2) and 1620 cm-1 (H2O) confirms the total 

oxidation of propane. The band at 2137 cm-1 is assigned to CO bonded to Cu+ cations 

coordinating water molecules, which are downshifted respect the Cu+(CO) band (in the 

range 2157 - 2137 cm-1) because of the electron flow from the electron donor water 

molecule in (H2O)Cu+(CO) complexes [53]. The detection of hydrated copper species 

by IR agrees with the observation of hydrated [CuOy(H2O)6-y]
2+ complexes by EPR in 

zeolites Cu-TNU-9 and Cu-ITQ-2. Therefore the oxidation of propane in the presence 

of O2 produces H2O molecules which coordinate to both Cu+ and Cu2+ cations. Since 

only CO2 has been observed as reaction product, the oxygenate species observed by 

infrared spectroscopy can be considered as intermediate products in the oxidation 

reaction.  

Figure 6 shows the infrared spectra of the Cu-zeolites submitted to the same 

treatment (heating with the propane/oxygen at 350 ºC) but recorded by cooling the IR 

cell down to -20 oC to adsorb all reaction products. This experiment was carried out to 

check if the amount of final product, carbon dioxide, formed under the experimental 

conditions used for in situ IR agrees with the catalytic results reported in Table 1. The 

spectra of Figure 6 show that the intensity of the CO2 band at 2350 cm-1 is very weak 

for Cu-Y, while it is remarkable for zeolite Cu-TNU-9 and intermediate for Cu-ITQ-2. 

Consequently, the activity towards propane oxidation under these reaction conditions is 

in good agreement with the propane conversion obtained in the catalytic tests included 

in Table 1. Judging from the comparison of Figures 5 and 6, the intensity of the 

acetate/formate (1580 and 1480 cm-1) infrared bands are directly related with the CO2 
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production and then with the catalytic activity for the oxidation of propane of the Cu-

zeolites studied here. From the high intensity of acetate/formate bands we can conclude 

that the propane molecules are most effectively oxidized on Cu-TNU-9 zeolite. 

Meanwhile the intensity of these bands is moderate for Cu-ITQ-2 and negligible for Cu-

Y zeolites in agreement with their intermediate and low activity for propane oxidation. 

Figure 7 shows the IR spectra obtained after CO adsorption on Cu-TNU-9 

evacuated at 500 ºC and heated at 350 ºC under propane (spectrum 7a) or propane-O2 

mixture (spectrum 7b). The spectrum 7a consists of only a band at 2157 cm-1 of 

Cu+(CO) monocarbonyl species, while a weak IR band of Cu2+(CO) at 2206 cm-1 is 

evident in the spectrum of Figure 7b when also oxygen is present during heating. This 

result is in good agreement with the relative intensity of Cu2+ signals in the EPR spectra 

of the Cu-TNU-9 zeolite heated with propane and with propane-oxygen (see Figure 1).  

 

General remarks 

Despite differences in experimental conditions imposed by the use of in situ cells 

appropriate for each spectroscopy, there is a good agreement in the main conclusions 

reached by IR and EPR spectroscopies and the catalytic tests. According to the results 

reported in Table 1, and the infrared spectra of Figure 6, the catalytic activity for the 

oxidation of propane with oxygen at 350 ºC follows the trend: Cu-TNU-9 > Cu-ITQ-2 > 

Cu-Y. A similar trend is encountered for the reducibility of Cu2+ cations upon heating 

these Cu-zeolites with propane or propane-oxygen. The highest oxidation activity of 

Cu-TNU-9 is accompanied by the higher degree of reduction when heated under 

propane or propane-oxygen, as reflected by the decrease of the Cu2+ EPR signal (see 

Figure 1). On the opposite, Cu-Y show very low activity for propane oxidation and the 
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intensity of the Cu2+ EPR signal decreases slightly when heated under propane, and 

even increase when heating upon propane-oxygen. 

The different activity of zeolites Cu-TNU-9, Cu-ITQ-2 and Cu-Y for propane oxidation 

(see table 1) cannot be explained by differences in the Cu content or the degree of 

aggregation of Cu2+, but as mentioned above, there is a correlation with the extent of 

reduction of the isolated Cu2+. Analysis of the EPR spectra strongly suggests that the 

reducibility of copper cations mostly depends on their accessibility to the propane 

molecules, and then on the distribution of Cu2+ in the zeolite. Accordingly, the EPR 

signals of Cu2+ in zeolite Cu-TNU-9, the most active for propane oxidation, are strongly 

modified by the adsorption of propane, whereas no changes are observe in the EPR 

spectrum of Cu-Y. Indeed, the EPR results indicate that Cu2+ in Cu-Y is located inside 

the small cages (sodalite and/or hexagonal prisms) or in non-accessible position near the 

6MR between the sodalite and supercage. Nevertheless, the intensity of the EPR signal 

of Cu2+ decreases when CuY is heated under propane, probably because thermal 

treatment favors migration of copper to accessible position producing some reduction of 

Cu2+ ions.  

Finally, we must note that although the correlation between the catalyst activity and the 

copper reducibility suggest that isolated Cu2+ are active sites for propane oxidation, we 

cannot discard the contribution of aggregated copper species (CuO or Cu-O-Cu 

dimmers) as active sites for the reaction.           

To summarize, the results reported here suggest that the catalytic activity for propane 

oxidation to CO2, which follows the trend  Cu-TNU-9 > Cu-ITQ-2 > Cu-Y, depends on 

the reducibility of Cu2+ cations at exchange position, which is determined by its 

accessibility to propane molecules. Meanwhile, in situ IR spectroscopy shows that 

adsorbed formate/aldehyde species are reaction intermediates formed during oxidation.  
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Figures Caption 

Figure 1: Intensity of EPR signals expressed as the percentage of Cu (II) detected by 

EPR respect to the copper content determined by chemical analysis, after the treatment 

indicated in the Figure. 

Figure 2: EPR spectra at -168 °C of Cu-TNU-9 catalyst evacuated at 500 °C (a) and 

then after propane adsorption (2 molecules of C3H8 per atom of Cu) (b) and subsequent 

heating at 350 °C for 30 minutes (c); and after adsorption 2 molecules of C3H8 and 12 of 

O2 per atom of Cu (d) and subsequent heating at 350 °C for 30 minutes (e). On the right: 

magnification of the low-field hyperfine features of the normalized EPR spectra. 

Figure 3: EPR spectra at -168 °C of Cu-Y catalyst evacuated at 500 °C (a) and then 

after propane adsorption (2 molecules of C3H8 per atom of Cu) and heating at 350 °C 30 

min (b); after adsorption of 2 molecules of C3H8 and 15 of O2 per atom of Cu (c) and 

subsequently heating at 350 °C 30 min (d). On the right: magnification of the low-field 

hyperfine features of the normalized EPR spectra. 

Figure 4: EPR spectra at -168 °C of Cu-ITQ-2 catalyst evacuated at 500 °C (a) and then 

after propane adsorption (2 molecules of C3H8 per atom of Cu) and heating at 350 °C 

for 30 minutes (b); and after adsorption of 2 molecules of C3H8 and 9 of O2 per atom of 

Cu and heating at 350 °C for 30 minutes (c). On the right: magnification of the low-field 

hyperfine features of the normalized EPR spectra. 

Figure 5: IR spectra of Cu-TNU-9 (a), Cu-ITQ-2 (b) and Cu-Y (c) zeolites recorded 

after adsorption of propane (a, b, c) and after heating at 350 ºC for 30 minutes in the 

presence of propane and oxygen (a´, b´, c´). 

Figure 6. IR spectra of CO2 produced during heating with propane/oxygen mixture at 

350 ºC. Spectrum was collected at -20 ºC.  
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Figure 7. IR spectra of CO adsorbed on CuTNU-9 catalyst evacuated at 500 ºC: after 

heating with propane at 350 ºC (a) and after heating with propane/oxygen mixture at 

350 ºC (b). Carbon monoxide was sorbed at -150 oC.  



Table 1 

Chemical composition of the Cu-zeolites used in this study and the propane conversion 

to CO2 in the oxidation reaction. 

Catalyst wt % Cu Si/Al Cu/Al %  Exchange % Conversion 

Cu-Y 3,29 11 0,47 94 10 

Cu-ITQ-2 2,74 20 0,62 123 40 

Cu-TNU-9 4,16 14 0,67 135 85 

 

  

Table



Table 2 

EPR parameters of the Cu2+ signals of zeolite Cu-TNU-9 submitted to different 

treatments corresponding to the spectra displayed in Figure 2. 

  EPR parameters  

Treatment Signal AII/Gauss gII g Cu
2+

 species 

Evac at 500 ºC A 163 2,303 2,058 Cu
2+

sq-pyr 

 B 171 2,282 - Cu
2+

sq-pl 

2C3H8/Cu C 155 2,318 2,048 Cu
2+

-C3H8 

2C3H8/Cu Treac=350 ºC A 161 2,316 2,059 Cu
2+

sq-pyr 

2C3H8/12O2/Cu Treac=350 ºC D 131 2,372 2,078 Cu
2+

-H2O 

 C’ 156 2,325 2,048 Cu
2+

-CxHyOz 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 3 

EPR parameters of the Cu2+ signals of zeolite Cu-Y submitted to different treatments, 

corresponding to the spectra displayed in Figure 3. 

  EPR parameters  

Treatment Signal AII/Gauss gII g Cu
2+

 species 

Evac at 500 ºC E 127 2,380 2,060 SII/SI’ 

 F 157 2,330 - SI’/SI 

2C3H8/Cu Treac=350 ºC F 157 2,330 2,059 SI’/SI 

2C3H8/15O2/Cu Treac=350 ºC E 127 2,380 2,060 SII/SI’ 

F 157 2,314 - SI’/SI 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 4 

EPR parameters of the Cu2+ signals of zeolite Cu-ITQ-2 submitted to different 

treatments, corresponding to the spectra displayed in Figure 4. 

  EPR parameters  

Treatment Signal AII/Gauss gII g Cu
2+

 species 

Evac at 500 ºC G 139 2,355 2,043 Cu
2+

sq-pyr 

 H 161 2,333 - Cu
2+

sq-pyr 

 J 167 2,280 - Cu
2+

sq-pl 

2C3H8/Cu Treac=350 ºC H 157 2,329 2,060 Cu
2+

sq-pyr 

2C3H8/12O2/Cu Treac=350 ºC K 132 2,374 2,061 Cu
2+

-H2O 

 L 157 2,340 - Cu
2+

-CxHyOz 
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