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FeSiBEA zeolites containing 1 wt % of iron were prepared by a two-step postsynthesis method in acidic (pH = 2.6) (Fe 1.0 SiBEA(w)) and alkaline (pH = 10) (Fe 1.0 SiBEA(p)) conditions. The structure of the studied materials, their acidity as well as the nature and environment of iron present in the samples were studied by means of XRD, FTIR with CO as probe molecule, DR UV-vis, Mössbauer and XPS spectroscopies, respectively. Temperature-Programmed Surface Reaction (TPSR) was used to test the catalytic activity of FeSiBEA zeolites in CO oxidation in air in the temperature range of 298-773 K. It was shown that Fe 1.0 SiBEA(w) contains iron as framework pseudo-tetrahedral Fe(III), in contrast to Fe 1.0 SiBEA(p), in which additional octahedral FeO x oligomers were identified. Moreover, the presence of two kinds of pseudo-tetrahedral Fe(III) sites with different distortion was distinguished in Fe 1.0 SiBEA(w). The higher catalytic activity was showed by Fe 1.0 SiBEA(w) zeolite containing iron as a strongly distorted pseudo-tetrahedral Fe(III) well dispersed in the framework of SiBEA zeolite. The model of probable active iron centre in Fe 1.0 SiBEA(w) was presented.

Introduction

The oxidation of CO is one of the most studied heterogeneous catalytic reaction. This reaction is relatively simple and may serve as a model in order to understand the mechanism of reaction on a given catalyst. Moreover, the removal of CO is important in the control of air pollution, vehicle exhaust emission and some industrial processes. So far, some oxides such as hopcalite and supported noble metal catalysts are known to oxidize CO at ambient temperature [1][2][3][4]. Recently, some attempts were made to elaborate a new type of catalysts without noble metals [5,6].

The unique physicochemical properties of zeolites have made them a very promising class of materials for various catalytic applications. Zeolites containing iron are active in numerous reactions, including decomposition of nitrogen oxides, selective catalytic reduction of NO with hydrocarbons, benzene oxidation or CO oxidation [7][8][9][10]. Nevertheless, the nature of the active sites in zeolites containing iron is still a matter of discussion [11][12][13].

In our previous paper [14], we have showed that the catalytic activity of Fe x SiBEA in the oxidation of CO strongly depends on the content of iron in the SiBEA structure. We have clearly demonstrated that with increase of iron content above 1 wt % the catalytic activity of Fe x SiBEA starts to decrease significantly. It seems that such properties of Fe x SiBEA are related to the change of the state of iron in this catalyst with increasing of the iron content. As it was shown earlier [14,15], Fe x SiBEA catalyst with low iron content (lower than 1 wt %), contains iron mainly in the form of homogeneously distributed pseudo-tetrahedral Fe(III) present as framework T-atom sites. In contrast, in Fe x SiBEA catalyst with higher iron content (higher than 1 wt %) besides of pseudo-tetrahedral Fe (III), also extra-framework FeO x oligomers and superparamagnetic Fe-oxyhydroxide were present. Thus, the observed higher activity of Fe x SiBEA catalysts with low iron content may be attributed to the presence of well dispersed pseudo-tetrahedral Fe(III) in the zeolite framework.

However, framework pseudo-tetrahedral Fe(III) are coordinatively saturated and therefore not able to adsorb CO or O 2 , in line with earlier work on Fe-containing zeolites [15,16]. As we have announced in our earlier work [14], more detailed investigations attempting to identify the adsorption sites responsible for their catalytic activity were undertaken.

The purpose of this study was to well discribe of the nature of iron incorporated into the framework of SiBEA zeolite active in CO oxidation over Fe-zeolite system.

Experimental

Samples preparation

The FeSiBEA catalyst containing 1 wt % of Fe was prepared by the two-step postsynthesis method described earlier [14]. In the first step, a tetraethylammonium beta (TEABEA) zeolite (Si/Al = 11) from RIPP (China) was dealuminated by its treatment with a 13 mol L -1 HNO 3 solution for 4 h at 353 K under stirring. The resulting dealuminated SiBEA zeolite (Si/Al > 1300) with vacant T-atom sites was recovered by centrifugation, washed with distilled water and dried overnight at 353 K.

The obtained white SiBEA powder was divided into two parts. Then Fe ions were introduced into vacant T-atom sites of SiBEA zeolite by its impregnation in air with 0.6 × 10 -2 mol L -1 aqueous Fe(NO 3 ) 3 • 9 H 2 O solution. In order to obtain samples with different chemical states of iron in the zeolite structure, but with identical Fe loading, the process of impregnation was carried out under various pH conditions. The first portion of dealuminated SiBEA was impregnated at pH = 2.6 and the second one at pH = 10. After drying in air at 353 K for 24 h the sample obtained at pH=2.6 was white, while that obtained at pH = 10 was pink and were labelled Fe 1.0 SiBEA(w) and Fe 1.0 SiBEA(p), respectively. These samples were further calcined at 773 K for 3 h in air and labelled C-Fe 1.0 SiBEA(w) and C-Fe 1.0 SiBEA(p), respectively. A detailed description of the method of samples preparation can be found in our earlier work [14].

The main objective of this study was to understand the catalytic activity of Fe 1.0 SiBEA(w) as a function of its preparation condition. Thus, the white Fe 1.0 SiBEA(w) zeolite catalyst prepared in particular condition (pH = 2.6, concentration of Fe precursor 10 -3 mol L -1 ) by two-step postsynthesis method was well characterised using different physicochemical techniques (S BET = 710 m 2 g -1 and micropores volume of 0.24 mL g -1 ). In addition, for comparison, also another pink Fe 1.0 SiBEA(p) zeolite catalyst were prepared at pH = 10 (S BET = 700 m 2 g -1 and micropores volume of 0.24 mL g -1 ) as well as brown 1%Fe/SiO 2 catalyst were used in this work as reference. The latter one was prepared by wet impregnation of SiO 2 (S BET = 394 m 2 /g, granular 60-80 mesh) with aqueous Fe(NO 3 ) 3 • 9H 2 O solution in appropriate concentration to obtain also 1 wt % of Fe. After water evaporation, the sample was dried at 353 K for 24 h and then calcined in air at 773 K for 3 h.

Samples characterization

Chemical analysis of TEABEA zeolite as well as SiBEA support and Fe-containing samples was done by atomic absorption in Service Central d'Analyse du CNRS, Solaize, France.

The structure of the studied materials was determined by powder X-ray diffraction using BRUKER D8 Advance diffractometer (CuK a radiation, λ = 154.05 pm).

The nature and environment of iron present in FeSiBEA samples were studied by DR UV-vis, Mössbauer and XPS spectroscopies. DR UV-Vis spectra were recorded at ambient atmosphere on a Cary 5000 Varian spectrometer equipped with a double integrator with polytetrafluoroethylene (PTFE) as a reference.

The local properties of Fe 1.0 SiBEA samples were investigated by means of Mössbauer spectroscopy (MS) employing the 57 Fe gamma resonance transition. A Mössbauer system that consists of the Janis top loaded liquid helium cryostat (Janis Research Company, Wilmington, MA 01887 USA) integrated with a conventional constant-acceleration spectrometer (Science Engineering & Education Co. USA) of the Kankeleit type in transmission geometry was used.

During measurements, 100 mCi Mössbauer 57 Co(Rh) γ-ray source and the absorbers were kept at room temperature. The absorbers were made of the fine powdered materials placed in a thin-walled (~0.1 mm) cylindrical plastic containers. The used absorber thicknesses of about 132 mg cm -2 were calculated from the optimisation procedure [17]. The resonance 14.4 keV gamma rays (for a given measurement and the energy scale calibration) were detected simultaneously by means of two independent LND Kr/Co 2 proportional gas counters attached at opposite sides of the driving system. The drive velocity calibration was performed with a second 57 Co(Rh) source against a standard metallic iron foil at room temperature.

The Mössbauer spectra were analyzed numerically by fitting a hyperfine parameter distribution (HPD) using the Voigt-line-based method of Rancourt and Ping [18]. In this method, the HPD for a given crystal site corresponding to similar structural, chemical and magnetic properties is constructed by a sum of Gaussian components for the quadrupole splitting (QS) distributions and, if necessary, the magnetic hyperfine field B hf distributions.

The isomer shift (IS) can be linearly coupled to the primary hyperfine parameters (QS, B hf ).

The X-ray Photoelectron Spectroscopy (XPS) measurements were carried out with a hemispherical analyzer (SES R4000, Gammadata Scienta, pass energy 100 eV). The unmonochromatized AlK  X-ray source (1486.6 eV, 11 kV, 17 mA) with no charge neutralizer was applied to generate core excitation. The system was calibrated according to ISO 15472:2001. The energy resolution of the system, measured as a full width at half maximum (FWHM) for Ag 3d 5/2 excitation line, was 0.9 eV. The powder samples were pressed into indium foil and mounted on a dedicated holder then UHV evacuated. During the measurements, the base pressure in the analysis chamber was about 10 -9 mbar. The area of the sample analysis was approximately 3 mm 2 . All binding energy (BE) values were chargecorrected to the carbon C 1s excitation set at 285.0 eV. The Shirley-type background subtraction was used to the spectra prior to fitting procedure where Voigt line shape i.e.

Gaussian/Lorentzian functional (70:30) was applied. The Fe 2p core excitations were deconvoluted with relative intensity ratio of 2p 3/2 and 2p 1/2 lines fixed to 2:1.

The acidity of SiBEA and Fe 1.0 SiBEA(w) zeolites was investigated by FTIR using CO as a probe molecule. Before CO adsorption experiment, the wafers of SiBEA and Fe 1.0 SiBEA(w) were activated by calcination at 723 K for 2 h in a flow of 2.5 vol. % of O 2 diluted in Ar and then outgassed at 573 K (10 -3 Pa) for 1 h. Following thermal treatment, the samples were cooled down to 100 K. CO was introduced in increasing amounts up to an equilibrium pressure of 133 Pa.

Infrared spectra were recorded using a Bruker Vertex 70 spectrometer (resolution of 2 cm -1 , 128 scans). The spectra were obtained after subtraction of the spectrum recorded after calcination and prior to CO adsorption.

Catalytic test

Temperature-Programmed Surface Reaction (TPSR) in the temperature range of 298-773 K and linear increase of temperature (5 K min -1 ) was used to measure the catalytic activity. In all experiments the mass of the sample was 0.1 g. The stream of the reacting gases CO/air (0.35 vol. % CO, 99.65 vol. % air) and space velocity 19100 h -1 were used.

The concentrations of CO (CO 2 ) or O 2 on the outlet of the reactor were measured by the infrared gas analyser (Fuji Electric System Co., type ZRJ-4, detection limit 0.1 ppm) or zirconium oxygen analyser (Z110, Hitech Instruments Ltd Luton England -detection limit 0.1 ppm), respectively. The CO conversion was calculated based on the amount of produced CO 2 according to the following equation: (1) where: C CO2 -concentration of CO 2 on the reactor output, C CO -concentration of CO on the reactor input.

CO conversion (%) = 100 x C C CO CO 2

TPR -CO measurements

TPR-CO measurements were carried out in PEAK-4 apparatus [19] using CO/He (2 vol. % CO, 98 vol. % He) gas mixture with a flow rate of 50 cm 3 min -1 , in the temperature range of 293-1123 K at a linear temperature ramp of 15 K min -1 . Prior to the TPR-CO run, the sample of 0.2 g was pre-treated in situ by heating in air flow for 1 h at 773 K, followed by cooling to room temperature. The presence of CO 2 in the effluent gas was monitored by the CO 2 infrared gas analyser (Fuji Electric System Co., type ZRJ-4).

Results and Discussion

Incorporation of iron into the framework of SiBEA zeolite

X-ray diffraction

Figure 1 shows the XRD patterns of SiBEA, Fe 1,0 SiBEA(w) and Fe 1,0 SiBEA(p) zeolites. All patterns are very similar and no diffraction lines due to other crystalline phases or long-range amorphization of the zeolite are observed. It indicates that the incorporation of iron into the SiBEA matrix does not affect the crystallinity of BEA structure and leads to good dispersion of iron ions. The position change of the narrow main diffraction peak around 2θ of 22.60° is generally taken as evidence of contraction/expansion of the BEA matrix [20,21]. The decrease of 2θ value from 22.64 (for SiBEA) to 22.58 for Fe 1,0 SiBEA(p) and to 22.56° for Fe 1,0 SiBEA(w) after introduction of iron in the SiBEA indicates expansion of the BEA matrix and suggests that the iron is incorporated into the framework, in line with our earlier works [22,23]. A little more important expansion of the BEA matrix for Fe 1,0 SiBEA(w) than for Fe 1,0 SiBEA(p) suggests that in the former more amount of iron ions was incorporated in the framework of zeolite than in the latter ones.

FTIR studies

The FTIR spectrum of SiBEA in the OH stretching range (Fig. 2) shows three bands at 3739, 3715 and 3530 cm -1 . The narrow band at 3739 cm -1 due to isolated internal silanol groups and broad bands at 3715 cm -1 and 3530 cm -1 due to terminal internal silanol groups and H-bonded SiOH groups, respectively, reveal the presence of vacant T-atom sites associated with silanol groups in SiBEA, as reported earlier [22,23].

An incorporation of iron ions into SiBEA involves reduction of the intensity of these bands as shown in Fig. 2, suggesting that SiOH groups of vacant T-atoms sites react with Fe ions and leads to the formation of framework pseudo-tetrahedral Fe(III). It is confirmed by appearance of the band at 3630 cm -1 (Fig. 2) attributed to Fe(III)-O(H)-Si acidic sites, in line with our earlier work [24].

Nature and environment of iron in FeSiBEA samples

DR UV-vis

Figure 3 shows the DR UV-vis spectra recorded at room temperature of all studied samples Fe 1.0 SiBEA(w), C-Fe 1.0 SiBEA(w), Fe 1.0 SiBEA(p) and C-Fe 1.0 SiBEA(p). In DR UVvis spectra of as prepared Fe 1.0 SiBEA(w) and Fe 1.0 SiBEA(p) a large band at 272 nm is observed, assigned to the oxygen-to-metal charge transfer transition involving pseudotetrahedral Fe(III) as reported earlier [25][26][27][28][29]. Very small broad band at 495 nm can be assigned to mononuclear octahedral Fe(III) species, which is confirmed by disappearing of this band after calcination of Fe 1.0 SiBEA(w) as a result of its dehydration, as shown in Fig. 3 for C-Fe 1.0 SiBEA(w). Moreover, a shift of the band related to pseudo-tetrahedral Fe(III) from 272 to 250 nm indicates the change of the symmetry of the latter, from less distorted to higher distorted pseudo-tetrahedral Fe(III).

In contrast, the behavior of Fe 1.0 SiBEA(p) is different upon calcination. As shown in Fig. 3, besides a similar shift of the band related to pseudo-tetrahedral Fe(III) upon calcination of Fe 1.0 SiBEA(p), there is a small shift of the DR UV-vis band from 495 to 460 nm which is probably related to a slight modification of symmetry of octahedral Fe(III) upon calcination but not disappearing as for C-Fe 1.0 SiBEA(w). It suggests that octahedral Fe(III) present in C-Fe 1.0 SiBEA(p) at 460 nm can be assigned to the presence of extra-framework polynuclear octahedral Fe(III), such as FeO x oligomers, in line with earlier works [29,30]. Moreover, the pink colour seems to confirm the presence of the latter iron species.

The absence of the band at 460 nm for C-Fe 1.0 SiBEA(w) suggests that all iron in this sample was incorporated into the zeolite framework as pseudo-tetrahedral Fe(III), and as a result sample remained white.

57 Fe Mössbauer spectra (MS)

To obtain more information about white Fe 1.0 SiBEA(w) zeolite sample 57 Fe Mössbauer investigation was performed. The room temperature 57 Fe Mössbauer spectra of Fe 1.0 SiBEA(w) and C-Fe 1.0 SiBEA(w) and their fitted parameters are reported in Fig. 4 and Table 1, respectively. Both samples (containing iron with natural abundance) show pseudotetrahedral Fe(III) as main iron species (Fig. 4). The general shape of all spectra is similar. However, their careful analysis reveals some differences concerning the width and asymmetry of the doublets. The spectra are superimposition of at least two Mössbauer signals which can be fitted by symmetric quadrupole doublets using the numerical procedure described above.

The most characteristic feature of doublets showed in Fig. 4 is their low value of isomer shift IS  0.25 mm s -1 , which is typical of Fe(III) and strongly suggests tetrahedral surrounding of iron [31][32][33][34]. The quadrupole splitting (QS) of iron species are generally in the range of 0.6-1.02 mm s -1 with quite reasonable values of the Gaussian width of the QS distribution (σ). The species with lower QS can be attributed to the well-defined framework sites with high symmetry whereas species with higher QS one can rely to the adjacent iron present near to defect sites.

Taking into account the above comments on the 57 Fe Mössbauer spectra (Fig. 4) and the fitted parameters in Table 1, we can assume that in the Fe 1.0 SiBEA(w) two kinds of pseudo-tetrahedral Fe(III) with different symmetry are present. The first kind of pseudotetrahedral Fe(III) labelled as (Fe Td1 ) for which the value of QS is 0.64 mm s -1 , are relatively less distorted pseudo-tetrahedral Fe(III). In contrast, the second kind of pseudo-tetrahedral Fe(III) labelled as (Fe Td2 ) for which the value of QS is 1.01 mm s -1 may be attributed to more distorted pseudo-tetrahedral Fe(III).

The formation of two kinds of pseudo-tetrahedral Fe(III) species seems to correlate with the presence of two kinds of framework Al(T d ) sites present in the initial BEA zeolite, identified by 27 Al MAS NMR in our previous work [35]. As reported in [35][36][37][START_REF] Chen | Shape Selective Catalysis in Industrial Applications[END_REF][START_REF] Deem | [END_REF], two kinds of tetrahedral Al sites corresponding to two specific T-positions occurred in BEA structure, containing nine different types of T sites (T1-T9). The part of these sites can be more readily substituted by iron atoms in the BEA framework then others. In the paper quoted above [35] we have showed that T1 and T2 sites are relatively stable and resistant to dealumination by nitric acid.

After incorporation of Fe ions into the SiBEA framework and then calcination of as prepared Fe-containing SiBEA zeolite, the geometrical parameters of T sites can change. The DR UV-vis results presented above show that one can distinguish only two kinds of T sites occupied by iron: less distorted pseudo-tetrahedral Fe(III) and more distorted pseudotetrahedral Fe(III), which is in line with Mössbauer results.

The length of Fe-O bonds and the values of O-Fe-O angles in the basic building units (FeO 4 ) in strongly distorted pseudo-tetrahedral Fe(III) differ significantly from that in welldefined, less distorted pseudo-tetrahedral Fe(III). It suggests that strongly distorted pseudotetrahedral Fe(III) are less stable and could easier change its coordination and therefore posses better catalytic properties than less distorted pseudo-tetrahedral Fe(III).

The analysis of the results presented in Table 1 shows that in Fe 1.0 SiBEA(w), the majority (61 %) of iron in the zeolite framework is present as less distorted pseudo-tetrahedral Fe(III) (Fe Td1 ) sites whereas only 39 % as strongly distorted pseudo-tetrahedral Fe(III) (Fe Td2 ) sites.

The most remarkable difference between calcined and non-calcined Fe 1.0 SiBEA(w) samples is the proportion of (Fe Td1 ) to (Fe Td2 ) sites. After calcination the C-Fe 1.0 SiBEA(w) sample contains only about 32 % of (Fe Td1 ) sites whereas the rest is present as (Fe Td2 ). Such results suggest that some part of (Fe Td1 ) is transformed into (Fe Td2 ) sites during the calcination process. Thus, 57 Fe Mössbauer spectroscopy allowed to distinguish between two kinds of pseudo-tetrahedral Fe(III) species with various degrees of distortion upon calcination process.

It can be understood if we consider that calcination in air at 773 K can strongly affect the symmetry of pseudo-tetrahedral Fe(III) in framework of Fe-containing BEA zeolites formed by reaction of iron precursor with silanol groups of vacant T-atom sites.

The results presented above are in line with earlier work [24], where we have evidenced by DR UV-vis, Mössbauer and XAS spectroscopies the presence of only framework pseudo-tetrahedral Fe(III) species in Fe x SiBEA zeolites with lower than 2 wt % of Fe. Moreover, the latter technique has allowed to distinguish in Fourier transforms (not phase shift-corrected) of Fe 0.5 SiBEA, Fe 1.0 SiBEA and Fe 2.0 SiBEA zeolites two peaks at about 1.5-1.7 Å assigned to two contributions of the Fe-O shell. It has been suggested that in those zeolites there were two kinds of pseudo-tetrahedral Fe(III) sites with different symmetry like in Fe 1.0 SiBEA(w) obtained in this work.

XPS results

The high resolution spectra of Fe 2p, Si 2p, O 1s and C 1s core excitations were acquired for Fe 1.0 SiBEA(w) and C-Fe 1.0 SiBEA(w).

The Si 2p spectra of Fe 1.0 SiBEA(w) and C-Fe 1.0 SiBEA(w) are shown in Fig. 5. The Si 2p core levels are splitted into 2p 3/2 and 2p 1/2 components due to the spin-orbit coupling.

The Si 2p BE values (103.9 -104.1 eV) close to that reported earlier for BEA, MFI and MOR zeolites are related to the presence of tetrahedral Si(IV) [40][41][42][43][44][45][46]. The O 1s lines can be decomposed into three components: a main peak close to 533.2 -533. splitting are strongly dependent on the iron ionic states [47][48][49][50][51]. One should bear in mind that both Fe(III) and Fe(II) species in oxide lattice can show so called shake-up satellites, although sometimes they are not present as were reported for Fe 3 O 4 [52]. Moreover, the positions of shake-up satellites are also sensitive to the oxidation state of iron. All these features can be used for qualitative analysis of the Fe oxidation states in studied zeolite materials.

To describe spectra of Fe 1.0 SiBEA(w) and C-Fe 1.0 SiBEA(w) properly, it was necessary to use satellites for each single component of Fe 2p 3/2 and Fe 2p 1/2 lines. The satellites are rather clearly distinguishable, unfortunately they overlap energetically the main photoelectron Fe 2p excitations. Moreover, the photoelectron peaks are significantly broadened and show asymmetric high-BE side. Taking into account all above mentioned comments, both analyzed Fe 2p spectra were fitted by a single photoelectron doublet and its associated satellites (Fig. 7 and Table 2). One can find that the binding energies of the Fe 2p peaks and its satellites in both samples are very similar. The spin-orbit splittings of doublets are in the range of 13.0-13.2 eV, which was observed in several iron oxides and zeolites recently [53][54][55][56][57][58].

It is well known that BE of Fe 2p 3/2 higher than 710.2 eV can be assigned to Fe(III) species. Thus, one can conclude that all components should be assigned to ferric species.

Taking into account qualitative comparison of results obtained by 57 Fe Mössbauer spectroscopy and XPS one can identify main components of the spectra to the Fe(III) species in pseudo-tetrahedral surroundings. Unfortunately, rather poor signal to noise ratio (due to a very low content of iron) does not distinguish between (Fe Td1 ) and (Fe Td2 ) sites. However, the significant broadening of Fe 2p core excitation lines strongly suggest that there might be two states in the samples, one being Fe(III) not included in the framework (UV-Vis at 495 eV), with lower BE and the other one being an intra-framework Fe. The slight shift of the signal to higher BE after calcination might support this idea. It is worth mentioning, that some features seen in Mössbauer spectra (Fig. 4) i.e. decreasing of isomer shift, can probably be related to the appropriate differences in the spin-orbit splittings and BE shift of satellites.

Acidity of FeSiBEA zeolites

The acidity of C-Fe 1.0 SiBEA(w) was investigated by FTIR using CO as probe molecule. Introduction of CO (100 Pa equilibrium pressure) into C-Fe 1.0 SiBEA(w) at 100 K leads to shift of the original hydroxyl bands into lower wavenumbers and to appearance of the bands at 3640, 3443 and 3284 cm -1 (Fig. 8, spectrum a). The intensity of the band at 3640 cm - 1 quickly decreases with the CO pressure and the band at 3739 cm -1 is restored. The observed shift of this band of 99 cm -1 indicates a weak acidity of the 3739 cm -1 internal isolated silanol groups present in C-Fe 1.0 SiBEA(w). A shoulder observed at 3590 cm -1 ( Fig. 8, spectra b-d), related probably to the 3715 cm -1 isolated silanol groups, disappered very fastly upon outgassing of C-Fe 1.0 SiBEA(w). However, the corresponding CO complex is more stable than that giving the band at 3640 cm -1 . Thus, we conclude that some internal isolated silanols have an enhanced acidity. The appearance of two shifted bands at 3443 and 3284 cm -1 indicates some heterogeneity of the Brønsted acidic sites. It seems that the former band is related to hydrogen bonded silanols observed in original IR spectrum of Fe 1.0 SiBEA(w) at 3530 cm -1 (Fig. 2) characterised by weak Brønsted acidity ( = 87 cm -1 ) and the latter is related to much stronger Brønsted acidity related to Fe(III)-O(H)-Si acidic sites observed in original IR spectrum of Fe 1.0 SiBEA(w) at 3630 cm -1 (Fig. 2) ( = 346 cm -1 ). Fig. 9 shows the changes in the carbonyl range when CO is adsorbed on C-Fe 1.0 SiBEA(w). Under CO equilibrium pressure of 100 Pa, seven carbonyl bands are detected at 2220, 2190, 2175, 2157, 2140, 2135 and 2095 cm -1 (Fig. 9, spectrum a). The bands at 2140 and 2135 cm -1 are assigned to weakly bonded, physically adsorbed CO, which disappear firstly upon outgassing (Fig. 9, spectra b and c). The next band which disappears is that at 2157 cm -1 . Its intensity correlates with that of the band appeared at 3640 cm -1 (Fig. 8) allowing assigning the band at 2157 cm -1 IR band to CO bonded to internal isolated silanol groups. Further outgassing of C-Fe 1.0 SiBEA(w) provokes disappearance of the carbonyl band at 2175 cm -1 (Fig. 9, spectra c-e) which could be assigned to CO polarized by the acidic Fe(III)-O(H)-Si groups. The wavenumber of this band is typical of CO interacting with bridging zeolite hydroxyls. Two bands of low intensity at 2190 and 2220 cm -1 do not correlate with any OH band and thus, are assigned to iron carbonyls. The band at 2220 cm -1 could be assigned to Fe(III)-CO species, in line with our earlier work [56]. In contrast, the band at 2190 cm -1 could be related to CO adsorbed on isolated framework Fe(II) formed from Fe(III) upon interaction with CO, in agreement with our earlier suggestion [56]. Thus, the higher catalytic activity of C-Fe 1.0 SiBEA(w) than C-Fe 1.0 SiBEA(p) in CO oxidation may be related to the presence in the former mainly strongly distorted framework pseudo-tetrahedral Fe(III) (Fig. 3). In contrast, the presence in C-Fe 1.0 SiBEA(p) of other forms of Fe(III) species, such as extra-framework octahedral Fe(III) and/or Fe oligomers (Fig. 3) is a reason of its lower activity than C-Fe 1.0 SiBEA(w). Thus, the presence of such kinds of Fe(III) species leads to lower conversion of carbon monoxide. From this point of view it is obvious that 1%Fe/SiO 2 sample, which contains almost only iron oxides shows the lowest catalytic activity.

Catalytic activity

The concentration of extra-framework octahedral Fe(III) and FeO x oligomers increases with the increasing of iron loading in Fe x SiBEA what in turn leads to the decrease of catalytic activity. It was shown in our previous paper [14], where a gradual decrease in the catalytic activity with an increase of iron content (in the range of 1 -10 wt %) was observed.

As it was mentioned above, the catalytic activity of all investigated samples is rather low. It is probably associated with the lack of sufficiently strong adsorption sites for CO and/or O 2 molecules. In order to describe the mechanism of catalytic CO oxidation it is necessary to point out the adsorption sites for CO and/or O 2 molecules. Coordinatively saturated Fe(III) species are not able to interact with probe molecules in contrast to Fe(II) species which can adsorb both oxygen and carbon monoxide [15,16].

The Mössbauer spectrum of the most catalytic active C-Fe 1.0 SiBEA(w) shows no traces of Fe(II) species (Fig. 4). Hence, it can be assumed that also Fe 1.0 SiBEA(p) and 1%Fe/SiO 2 samples do not contain a detectable amount of Fe(II) species. This explains why the catalytic activity of the investigated samples is low, but does not explain why the Fe 1.0 SiBEA(w) sample in which Fe(III) species in pseudo-tetrahedral coordination predominate, is more active than the others.

As it was shown earlier (Section 3.2.2) calcination of Fe 1.0 SiBEA(w) in air at 773 K strongly affects the symmetry of pseudo-tetrahedral Fe(III) in the framework of Fe-containing BEA zeolites. After this process the concentration of Fe(III) present in C-Fe 1.0 SiBEA(w) as less distorted pseudo-tetrahedral Fe(III) (Fe Td1 ) is only half of that present in Fe 1.0 SiBEA(w).

Thus, it can be assumed that the most active centres in CO oxidation over Fe 1.0 SiBEA catalyst are strongly distorted isolated pseudo-tetrahedral Fe(III). In our opinion these centres should show a special structure, which ensures that the Fe(III) species are i) easily available for interaction with CO, ii) easily reducible, iii) easily oxidized and iv) remain stable in the reduction -oxidation cycle.

Considering these statements we propose a model of the active centre structure in C-Fe 1.0 SiBEA(w) catalyst. This structure is related to the structure of the Al(T d ) sites present in the initial BEA zeolites.

The unit cell of zeolite BEA (the periodic building unit (PBU)) consists of nine structurally different T atom sites with tetrahedral coordination. These sites are placed in PBU of BEA zeolite in the manner shown in Fig. 11, and are usually classified into three groups: i/ T1 and T2 sites associated with one of four-membered rings (4MR), ii/ T3 -T6 sites associated with two of 4MR and iii/ T7-T9 sites situated in fused 5-and 6-rings [59][START_REF]Structure Commission[END_REF][START_REF] Van Bokhoven | [END_REF][START_REF] Baerlocher | Atlas of Zeolite Framework Types[END_REF][START_REF] Koranyi | [END_REF].

In the Section 3.2.2 basing on [35][36][37][START_REF] Chen | Shape Selective Catalysis in Industrial Applications[END_REF][START_REF] Deem | [END_REF] works, it was claimed that the T1 and T2 sites are more stable and resistant to dealumination by nitric acid than T3-T9 ones. Therefore, it was stated that distribution of aluminum atoms in the BEA framework is non-random and two main types of aluminum tetrahedral sites are present. The authors of the quoted works assume that stability of T1 and T2 sites results from the fact that they are situated in four-membered rings, which exhibit the largest strain with the biggest T-O-T angle [START_REF] Baerlocher | Atlas of Zeolite Framework Types[END_REF]. In addition, van Bokhoven et al. [START_REF] Baerlocher | Atlas of Zeolite Framework Types[END_REF] have shown by 27 Al MQ MAS NMR that aluminium atoms present in T1 and T2 sites are not able to adopt an octahedral coordination and are resisted to dealumination even during steaming at 500 °C. Thus, two kinds of tetrahedral Al sites present in the BEA zeolite have been distinguished and basing on van Bokhoven [START_REF] Baerlocher | Atlas of Zeolite Framework Types[END_REF] and our previous work [35] we can conclude that T1 and T2 sites are more stable than other ones. One can expect that after dealumination of the BEA zeolite, iron incorporated into vacant T1-T9 sites will show the similar properties as aluminium in these sites.

The results of Mössbauer measurements shown in Section 3.2.2 proved that in the Fe 1.0 SiBEA(w) two kinds of pseudo-tetrahedral Fe(III) with different symmetry are present.

Therefore the tetrahedral Fe(III) present in the T1 and T2 positions should be less prone to distortion and present in the FeSiBEA zeolite as less distorted pseudo-tetrahedral Fe(III) labelled earlier as Fe Td1 . These sites are coordinatively saturated and catalytically non-active.

Figure 12 shows the structure of Fe Td1 present in four-membered rings (4MR) located in the T1 or T2 position. The geometry of this structure favours the stability of Fe Td1 even though iron in this site is stressed. Its stability is connected with the stability of acidic bridging hydroxyls groups Fe(III)-O(H)-Si, which are characterized by the IR band at 3630 cm -1 (Section 3.1.2). These hydroxyl groups are the part of (Fe Td1 ) sites.

It should be noted that the elimination of these groups could caused total, nonreversible distortion of Fe Td1 sites. Thus, these bridging hydroxyls groups should be very stable and both the process of calcination or reduction carried out at moderately high temperatures should not removed them. This conclusion is in line with our earlier results presented in work [15]. The results presented there proved that the reduction of the FeSiBEA samples hardly affects their coverage with hydroxyl groups. Nevertheless, IR band at 3630 cm -1 remains practically unaffected up to the temperature of reduction of 673 K. Thus, one can assume that these bridging hydroxyls groups are very stable and neither the process of calcination nor reduction carried out at moderately high temperature do not eliminate them. Thus, the presence of bridging hydroxyls groups in the FeSiBEA samples after their heating treatment also in reduction gas atmosphere can be prove of the presence of Fe Td1 sites, their high stability and coordinatively saturated character. Taking into account these statements it is clear that the iron ions incorporated into the T1 and T2 sites cannot be precursors of active centres in CO oxidation over Fe 1.0 SiBEA(w) catalyst.

It seems that the most probable active centres of CO oxidation are pseudo-tetrahedral Fe(III) in T8 position, which are included into the six-membered rings simultaneously being external sites in 12 -membered rings (Fig. 13 (a)). We believe that from the geometric reason pseudo-tetrahedral Fe(III) site in T8 position is more prone to the reversible distortion than this site present in other positions. Taking into account the above discussion we propose the model of the active centre located in T8 position.

Figure 13 (a) shows the structure of the precursor of the active centre -less distorted pseudo-tetrahedral Fe(III) site (Fe Td1 ) included into six-membered rings and located in the T8 position. Such Fe Td1 sites become catalytically active after calcination, which therefore can be considered as the process of Fe 1.0 SiBEA(w) catalyst activation. Figure 13 (b) shows how this structure transforms during the calcination. As a result of this process, strongly distorted pseudo-tetrahedral Fe(III) sites (Fe Td2 ) are formed. We suggest that these sites are active centres in the process of CO oxidation over Fe 1.0 SiBEA(w) zeolite. The calcination could lead to dehydroxylation of Fe 1.0 SiBEA(w) sample. Bridging hydroxyl groups Fe(III)-O(H)-Si, present between T8 and T6 sites could be in this case eliminated. In the result, less distorted pseudo-tetrahedral Fe(III) (Fe Td1 site) located in the T8 position could be transformed into strongly distorted pseudo-tetrahedral Fe(III) (Fe Td2 site) and concentration of the latter sites could be increased. These suggestions are in line with the results obtained by Mössbauer spectroscopy for as prepared and calcined Fe 1.0 SiBEA(w) presented in Table 2 (see Section

3.2.2.).

To summarize, one can conclude, the total inactivity of the tetrahedral Fe(III) due to their coordinative saturation [15,16] is true only for (Fe Td1 ) sites which are located mainly in T1 and T2 positions. However, pseudo--tetrahedral Fe(III), located in T8 positions due to their strong distortion can be catalytic active sites. Although the pseudo-tetrahedral character remains (Fig. 13 (b)), Fe-O bonds are weakened, thermodynamically unstable and in the presence of reductive gas molecules, like CO, pseudo-tetrahedral Fe(III) (Fe T2 sites) can interact with them creating Fe(III)-CO species. In this aspect, the results of FeSiBEA acidity presented in Section 3.3 seem to be very interesting. As it was discussed earlier, two bands in order to avoid the introduction of hydroxyl groups to the zeolite structure which could take place if hydrogen was used as a reducing agent.

Such results prove that Fe 1.0 SiBEA catalyst contains iron mainly in the form of isolated homogeneously distributed pseudo-tetrahedral Fe(III) present as framework T-atom sites. If it were not a case, the reduction of Fe 1.0 SiBEA would also be difficult like that of Fe/SiO 2 since the formation of iron carbide phase occurs on iron clusters but not isolated atoms. Figure 13 (c) shows the state of Fe Td2 sites after reduction which appears as strongly distorted pseudo-tetrahedral Fe(II). It seems that pseudo-tetrahedral character of Fe Td2 sites remains after their reduction.

Based on the discussion presented above, it seems that process of Fe(III) reduction in Fe 1.0 SiBEA samples conducted at elevated temperatures will mainly concern strongly distorted pseudo-tetrahedral Fe(III). As a result, both the creation of Fe(II) in pseudotetrahedral coordination and the increase in the catalytic activity are expected.

To obtain the diversified concentration of pseudo-tetrahedral Fe(II) sites, both C-Fe 1.0 SiBEA and 1%Fe/SiO 2 catalysts were subjected to the reduction in CO at different temperatures (473, 573, 673 and 773 K) for 15 min. Figure 15 shows the conversion of CO as a function of temperature for Fe 1.0 SiBEA(w) sample reduced in 2 vol. % CO, 98 vol. % He gas mixture at different temperatures. The process of CO oxidation consists of two distinct stages and the conversion in the first stage clearly increases with rising of the reduction temperature. In the first one, the process of CO oxidation starts at ca. 363 K and distinct conversion maximum at about 413 K is observed. The second stage starts at about 523 K and it is the same temperature which was recorded for Fe 1.0 SiBEA(w) catalyst (Fig. 10). Similar experiment performed for Fe 1.0 SiBEA(p) and 1%Fe/SiO 2 catalysts showed only one-stage process. The obtained profiles of TPSR unequivocally suggest that the reduction of C-Fe 1.0 SiBEA(w) catalyst leads to the creation of new catalytic sites. These sites are created as a result of the reduction of strongly distorted pseudo-tetrahedral Fe(III) into pseudo-tetrahedral Fe(II). The above results show that catalytic activity of the reduced Fe1.0SiBEA(w) strongly depends on the presence and concentration of pseudo-tetrahedral Fe(II). These pseudotetrahedral Fe(II) seem to be active sites of CO oxidation on the C-Fe 1.0 SiBEA(w) catalyst.

They arise as prodact interaction of CO with strongly distorted pseudo-tetrahedral Fe(III) (Fe Td2 ). These strongly distorted pseudo-tetrahedral Fe(III) show higher ability to be reduced to the active sites in the reaction with CO than the other iron species in FeSiBEA zeolites or in Fe/SiO 2 catalyst.

Conclusions

The precursors of the active centres of CO oxidation over Fe 1.0 SiBEA(w) catalyst are strongly distorted pseudo-tetrahedral Fe(III) (Fe Td2 ) sites well dispersed in the framework of SiBEA zeolite.

These strongly distorted pseudo-tetrahedral Fe(III) (Fe Td2 ) sites can interact with CO and, as a result, pseudo-tetrahedral Fe(II) are formed which are the active sites of CO oxidation on Fe 1.0 SiBEA(w) catalyst.

Less distorted pseudo-tetrahedral Fe(III) (Fe Td1 ) sites present in Fe 1.0 SiBEA(w) catalyst and other kinds of iron species present in FeSiBEA(p) and 1%Fe/SiO 2 catalysts are much strongly resisted to reduction and by this reason are less active in CO oxidation.

Further studies over FeSiBEA catalysts are undertaken to evidence the formation of such pseudo-tetrahedral Fe(II) sites extremely active in CO oxidation at lower temperatures and to show their unusual properties in CO oxidation. The studies are in progress and the results will be described in our next paper. 
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Table 1 .

 1 Hyperfine parameters derived from the room-temperature Mössbauer spectra for

Table 2 .

 2 The BE values (eV) of Fe 2p core excitation obtained for as prepared and calcined Fe 1.0 SiBEA samples.

	Core excitation	Fe 1.0 SiBEA(w)	C-Fe 1.0 SiBEA(w)
		BE (eV)	BE (eV)
	Fe 2p 3/2	711.0	711.2
	Fe 2p 1/2	724.2	724.2
	satellites	715.0	715.2
		729.2	728.4
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of low intensity at 2220 and 2190 cm -1 not correlating with any OH band and assigned to iron carbonyls can be observed. These iron carbonyls arise as a result of the interaction between strongly distorted pseudo-tetrahedral Fe(III) and CO. Thus, the IR band at 2220 cm -1 appeared at Fig. 8 after adsorption of CO on C-Fe 1.0 SiBEA(w) could be assigned to Fe(III)-CO species.

The band at 2190 cm -1 was related to CO adsorbed on isolated framework Fe(II) formed from Fe(III) upon interaction with CO. Thus, these IR measurements confirm that strongly distorted pseudo-tetrahedral Fe(III) can interact with CO with creating Fe(III)-CO species which could be transformated into strongly distorted pseudo-tetrahedral Fe(II) as a result of reduction with CO.

On the other hand, one can expect that the creation of strongly distorted pseudotetrahedral Fe(II) will be easier for more reducible samples. TPR-CO profiles of C-Fe 1.0 SiBEA(w), C-Fe 1.0 SiBEA(p) and for comparison 1%Fe/SiO 2 samples are presented on Fig. 14. For C-Fe 1.0 SiBEA(w) catalyst the reduction starts at lower temperature and the amount of CO consumed is significantly higher than in the case of C-Fe 1.0 SiBEA(p). TPR-CO profile of a 1%Fe/SiO 2 catalyst shows that iron oxide in this sample is hardly reducible, its reduction starts only at about 800 K and the amount of CO 2 emitted, as the product of reduction, is very low. Iron oxide supported on SiO 2 is more difficult to reduction than iron in the framework of SiBEA zeolite. In the case of 1%Fe/SiO 2 catalyst, the low concentration of supported iron favours FeO and Fe-Si compounds formation. Moreover, during iron oxides reduction by carbon monoxide the formation of iron carbide may occur as the results of Fe -CO interaction (adsorption and dissociation of CO). The metallic iron converts to iron carbide already at the temperature about 573 K, so it is possible that the process of iron oxides reduction can be stopped as a result of iron carbide phase formation. This mechanism is very well proved as a part of Fischer-Tropsch synthesis carried out on iron catalysts [64][65][66]. It is why carbon monoxide is not a good reducing gas for iron catalyst. Nevertheless, we used CO