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Abstract

:

Layered 2D zeolite MCM-22 and its delaminated derivative, ITQ-2, were modified with iron, by different methods (ion-exchange and direct synthesis), and with the use of different precursors (FeSO4∙7H2O, Fe(NO3)3∙9H2O, and [Fe3(OCOCH3)7∙OH∙2H2O]NO3 oligocations. The applied modifications were aimed at optimization of iron form in the samples (aggregation, amount, location, and reducibility), in order to achieve the highest catalytic activity in the N2O decomposition. The synthesis of the samples was verified with the use of XRD (X-Ray Diffraction), N2-sorption and ICP-OES (Inductively Coupled Plasma Optical Emission Spectroscopy) techniques, while the form of iron in the samples was investigated by UV–vis-DRS (UV–vis diffuse reflectance spectroscopy), H2-TPR (Hydrogen Temperature-Programmed Reduction) and HRTEM (High-Resolution Transmission Electron Microscopy). The highest activity in the N2O decomposition presented the sample Fe(O,IE)MCM-22, prepared by ion-exchange of MCM-22 with Fe3(III) oligocations. This activity was related to the oligomeric FexOy species (the main form of iron in the sample) and the higher loading of active species (in comparison to the modification with FeSO4∙7H2O).
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1. Introduction


MCM-22 zeolite, synthesized in the 1990s, by the Mobile researches [1], due to its unusual pore structure, combining large 12 MR (Membered Ring) cavities and medium (10 MR channels) pores, as well as specific 2D alignment of the zeolitic layers, is under a great scientist’s interest for possible application in catalysis. The up-to-date papers reporting catalytic activity of MCM-22 have shown its high efficiency in various reactions, including alkylation [2,3,4,5], aromatization [6,7], methanol-to-olefin (MTO) or -hydrocarbon (MTH) conversions [8,9], glycerol conversion [10,11], cracking reactions [12,13], Fischer–Tropsch synthesis [14], Knoevenagel condensation [15], α-pinene isomerization [16,17], and in various environmental processes [18,19].



The specific 2D structure of MCM-22 enables its use as a lamellar precursor for preparation of other zeolitic materials, with increased accessibility of active sites (increased surface area and generated mesoporosity). Swollen parent MCM-22(P) material subjected to pillarization or exfoliation processes results in MCM-36 [20] (layers separated by pillars, face-to-face orientation) and in ITQ-2 [21] (random orientation of layers, preferentially edge-to-face, so-called house-of-cards structure) materials. The relatively simple procedure used for the ITQ-2 synthesis results in material composed of sheets (2.5 nm thick), with the easy accessible 12 MR cups, whose entrances were not available for the catalyzed molecules in calcined 3D MCM-22 zeolite [22,23]. Such modification of the MCM-22 layers’ alignment to form ITQ-2 was found to be very attractive for various catalytic processes. Osman et al. [2] investigated the catalytic activity of ITQ-2 with different delamination degree in alkylaromatic transformation and confirmed the positive effect of delamination, regarding the selectivity to alkylation product (alkylation was favored vs. disproportionation). Carriço et al. [10] found ITQ-2 to be more catalytically active than MCM-22 and MCM-36 in glycerol dehydration to acrolein and assigned this effect to the improved textural and acidic properties of this zeolitic material. Similarly, a positive effect of delamination was observed by Hao et al. [14], in Fischer–Tropsch reaction over Co-modified MCM-22 derivatives.



Nitrous oxide emission abatement is considered to be one of the current goals in environmental heterogeneous catalysis. The main N2O emitter is chemical industry, specifically adipic acid, nitric acid, and nitrogen fertilizers’ production plants [24]. Since nitrous oxide was identified as a strong greenhouse gas, contributing to the ozone layer’s destruction [25], ongoing research on its catalytic conversion in flue gases has been carried out. Among different catalysts tested in this reaction Fe-modified zeolites (e.g., see References [26,27,28,29]), co-spinel-based materials (e.g., see References [30,31,32,33,34]), and mixed metal oxides (e.g., see References [35,36,37,38]) were found to be the most active and promising candidates for the large-scale application. High interest in iron modified zeolites is connected with their high activity, non-toxicity, and relatively simple and cheap modification procedures, as well as their relatively high insensitivity for other N2O components of real waste gases, such as O2, NO, SO2, or H2O [27].



Depending on the iron precursor, the method of its deposition, and the type of the support used, different forms of this metal can be formed in the catalyst. Starting from framework isomorphous substituted Fe3+, through Fe3+ and Fe2+ monomeric cations (interacting with Si-O- and Al-O- bridges), di-nuclear Fe-O-Fe species, oligomeric oxo-species, and finally bulky FexOy particles can be formed [39]. In the case of N2O decomposition, the majority of the scientific reports emphasize the high activity of the extra-framework iron sites (so-called α-sites), which are able to form highly active surface oxygen. The active α-sites are binuclear Fe2+ clusters (redox switch between Fe2+ and Fe3+) [40,41]. Pérez-Ramírez et al. [26,42] revealed high activity of oligonuclear Fe species, which are preferred over isolated Fe3+ cations, and found that framework iron and iron oxide particles are inactive in N2O decomposition.



In the presented work, MCM-22 zeolite and its derivative, ITQ-2, were modified with iron, using different metal precursors—FeSO4∙7H2O (S), Fe(NO3)3∙9H2O (N), and [Fe3(OCOCH3)7∙OH∙2H2O]NO3 (O), as well as different methods of metal precursor deposition, i.e., ion-exchange (IE) or direct synthesis (DS). Different states, aggregations, and loadings of deposited iron species determined their catalytic activity in N2O decomposition.




2. Results


2.1. MCM-22 and ITQ-2 Modified with FeSO4∙7H2O and [Fe3(OCOCH3)7∙OH∙2H2O]NO3 by Ion-Exchange


The zeolitic structure of the synthesized MCM-22 and ITQ-2 samples was confirmed by XRD measurements (Figure 1). The XRD pattern obtained for the parent MCM-22(P) sample is characteristic of MWW zeolites family and the presence of the (002) reflection at 2θ about 6.5° (d-spacing ~2.7 nm) confirms the layers’ separation and 2D structure of the as-synthesized material [43,44]. After calcination, the (002) reflection disappeared, indicating condensation of the zeolite layers (sample MCM-22). Other intra-layer reflections, like (100), remained unchanged or became sharper after template removal. In the case of delaminated material, both before (ITQ-2(P)) and after calcination (ITQ-2), the (002) reflection is absent. This phenomenon is connected with disordered structure of ITQ-2 formed under conditions of MCM-22(P) post-synthesis treatment with ultrasounds. However, it is worth noting that this treatment did not destroy the structure of the MWW layers, and the intra-layer (100) reflection remained unchanged in the case of delaminated samples.



Textural properties of the synthesized MCM-22 and ITQ-2 samples were determined by N2-sorption (Table 1). The BET (Brunauer–Emmett–Teller) surface area and volume of micropores determined for delaminated ITQ-2 sample slightly decreased in comparison to MCM-22, which could be connected with the limitation of the ordered microporous structure to the separate layers in ITQ-2, in comparison to the three-dimensional microporous structure in MCM-22. These changes were accompanied by a significant increase in the external surface area and volume of mesopores, which proved the successful opening of the zeolite structure by generation of mesopores between the disordered MWW layers (so-called house-of-cards structure).



Both MCM-22 and ITQ-2 were modified with iron by ion-exchange (IE) using two types of iron precursors—FeSO4∙7H2O (S) and [Fe3(OCOCH3)7∙OH∙2H2O]NO3 (O) oligocations (sample codes, modification methods and iron precursors are presented in Table 1). The amount and state (aggregation, location, reducibility) of iron species in the samples were investigated by ICP-OES, UV–vis-DRS, TEM, and H2-TPR methods. The use of FeSO4∙7H2O as iron precursor resulted in introduction of about 1 wt% of iron into both MCM-22 and ITQ-2 (Table 1). The use of iron oligocations, despite the same method of zeolitic supports modification (ion-exchange), resulted in much higher iron loadings. Seems that in the case of Fe3(III) oligocation solution, besides the ion-exchange, also precipitation of iron particles on the surface of zeolite grains or crystallites could occur, which resulted in increased iron loading.



The form of introduced iron species in the samples was investigated by UV–vis-DR spectroscopy. The sub-bands, distinguished in Figure 2 by deconvolution of the original spectra, are assigned to monomeric Fe3+ cations (absorption below 300 nm), oligomeric FexOy species (absorption at about 300–400 nm) and small iron oxide crystallites (absorption at above 400 nm) [45]. Significant differences in the UV–vis spectra of the samples modified with different iron precursors were observed. The Fe(S,IE)MCM-22 and Fe(S,IE)ITQ-2 samples obtained by ion-exchange method with FeSO4∙7H2O solution contain iron in the less aggregated forms, mainly monomeric cations, both in tetrahedral and octahedral coordination, indicated by maxima at about 225 and 275 nm, respectively. Moreover, small contribution of oligomeric FexOy species in these samples was identified by absorption at about 350 nm. In the case of the Fe(O,IE)MCM-22 and Fe(O,IE)ITQ-2 samples modified with Fe3(III) oligocations, according to our expectations, iron was introduced in more aggregated forms. The contribution of oligomeric iron oxide species in these samples is more significant, which confirms successful deposition of iron oligocations. Moreover, in the spectra of Fe(O,IE)MCM-22 and Fe(O,IE)ITQ-2, the absorption bands characteristic of bulky iron oxide species are present, indicating possible sintering of iron oligomeric species under calcination conditions. A comparison of MCM-22 and ITQ-2 supports showed higher aggregation of iron species in former microporous zeolite. Mesoporosity generated in ITQ-2 and its open porous structure favored deposition of iron in the form of monomeric cations and small oligomeric iron oxide species instead of more aggregated ones.



The morphology of the MCM-22 and ITQ-2 samples modified with FeSO4∙7H2O and [Fe3(OCOCH3)7∙OH∙2H2O]NO3 by the ion-exchange method was analyzed by HRTEM microscopy (Figure 3). For the samples modified with FeSO4∙7H2O (Figure 3a,b), only the arrangement of zeolite MWW layers was visible and any agglomerated iron species were found. It is worth noting that the topology of the Fe-ITQ-2 sample presents a looser arrangement of layers than in the case of Fe-MCM-22, which was expected after the delamination process. For the samples modified with Fe3(III) oligocations (Figure 3c,d), distinct bulky iron aggregates, with the size of about 5 nm, were found. Both the Fe(O,IE)MCM-22 and Fe(O,IE)ITQ-2 samples are characterized by uniform distribution of iron oxide particles on the surface. The analysis of the samples by HRTEM microscopy is consistent with the type of iron species identified in the samples by UV–vis-DR spectroscopy.



Red-ox properties of the MCM-22 and ITQ-2 samples modified with FeSO4∙7H2O and [Fe3(OCOCH3)7∙OH∙2H2O]NO3 oligocations by ion-exchange method were analyzed by using the H2-TPR method (Figure 4). The main H2 consumption peak present in the reduction profiles of all the samples, at about 420 °C, can be assigned to the reduction of monomeric iron cations Fe3+→Fe2+ in ion-exchange positions [46]. This maximum dominated in the reduction profiles of the samples modified with FeSO4∙7H2O solution (Fe-MCM-22 and Fe-ITQ-2), but also small shoulders at about 550 °C and above 700 °C were found. They could be assigned to the reduction of Fe3+ cations in oligomeric species to Fe2+ and then reduction of Fe2+→Fe0, respectively [46,47]. In the profiles of the samples modified with Fe3(III) oligocations (Fe(O,IE)MCM-22 and Fe(O,IE)ITQ-2), three distinct H2 consumption peaks were observed. Despite the reduction of monomeric Fe3+ cations at about 420 °C, the reduction of larger iron oxide agglomerates and oligomeric species (below 300 °C and about 550 °C, respectively) were found [46,47]. It is worth noting that the reduction of the samples modified with Fe3(III) oligocations started at lower temperatures (about 130 °C) than in the case of the samples modified with monomeric Fe(II) cations (about 220 °C). The results of the H2-TPR measurements are fully consistent with UV–vis-DRS analysis (Figure 2), with respect to the identified types of iron species.



Based on the total consumption of H2 from the H2-TPR measurements and iron content in the samples measured by the ICP-OES method, the molar H2/Fe ratio was calculated (Table 1). Complete reduction of Fe3+ in different iron species to Fe0 (Fe2O3 + 3H2 → 2 Fe0 + 3H2O) needs the hydrogen consumption equal to the H2/Fe ratio of 1.5, while the reduction of Fe3+ to Fe2+ (Fe2O3 + H2 → 2 FeO + H2O) hydrogen consumption equal to the H2/Fe ratio of 0.5. Thus, the analysis of the H2/Fe ratio could give information about the reduction level of the samples. In the case of the samples modified with FeSO4∙7H2O, the H2/Fe ratio is close to 1.5, indicating almost complete reduction of iron species into Fe0 (broad H2 reduction at about 700–800 °C, Figure 4). Similar results were reported by Romero-Sáez et al. [47], in the case of iron modified ZSM-5, with iron loadings of about 1.8 wt%. On the other side, for the samples modified with Fe3(III) oligocations (Fe(O,IE)MCM-22 and Fe(O,IE)ITQ-2), the H2/Fe ratio is close to 0.5, indicating reduction of iron species to Fe2+. The differences in reduction level observed between the samples modified with FeSO4∙7H2O and [Fe3(OCOCH3)7∙OH∙2H2O]NO3 oligocations could be connected with the form and amount of introduced Fe. Based on the obtained results, it was found that highly dispersed iron (low metal loadings) was more easily reduced to Fe0 than iron in the more aggregated forms. In the case of the samples modified with Fe3(III) oligocations, the reduction Fe2+→Fe0 possibly needs higher temperatures (e.g., see Reference [46], zeolites modified with 5 wt% of iron by wet impregnation). It should be noted that the obtained H2/Fe ratios are only estimations and represent the average oxidation states of iron in various species.



Modification of the samples with iron, both with monomeric (S) and oligomeric (O) species, resulted in a slight decrease of their porosity (Table 1). This effect is more distinct for the Fe(O,IE)MCM-22 and Fe(O,IE)ITQ-2 samples (micropore volume decreased from 0.202 cm3/g and 0.178 cm3/g to 0.156 cm3/g and 0.145 cm3/g, respectively), which could be connected with the blocking of micropores by iron oxide aggregates or deposition of highly dispersed iron species inside the pores.



The catalytic activity of the MCM-22 and ITQ-2 samples modified with FeSO4∙7H2O and [Fe3(OCOCH3)7∙OH∙2H2O]NO3 by the ion-exchange method in the reaction of N2O decomposition is presented in Figure 5. All the examined samples were catalytically active in the N2O decomposition (Figure 5a). However, the comparison of the samples modified with different iron precursors showed higher catalytic activity of the samples modified with Fe3(III). Moreover, MCM-22 used as catalytic support was found to be more active than ITQ-2. The observed differences can be connected with the loading of iron oligocations (ion-exchange with Fe3(III)), which, under calcination conditions, formed catalytically active oligomeric FexOy species.



The most active catalysts, Fe(O,IE)MCM-22 and Fe(O,IE)ITQ-2, were examined in isothermal stability tests at 500 °C for 60 h (Figure 5b). For both catalysts the N2O conversion slightly decreased during the first few hours of the test and then reminded practically stable. Thus, it could be assumed that both types of zeolitic supports, as well as deposited iron species, introduced with the use of Fe3(III) precursor, were stable under conditions of the catalytic test.



Since any significant changes in the samples activity after delamination process of MCM-22 were observed, in the next step of the studies, conventional MCM-22 zeolite was chosen for further modifications (deposition of iron species by different methods and with the use of different iron precursors).




2.2. MCM-22 Zeolite Modified with Fe(NO3)3∙9H2O by Direct Synthesis


The samples of the FeX(N,DS)MCM-22 series (where X is the Fe/Al ratio, equal to 0.25, 1, 2, 4, and ∞), were modified with iron by direct synthesis (DS), with the use of Fe(NO3)3∙9H2O (N) (codes of the samples are presented in Table 1). The structure of the samples was examined by XRD (Figure 6a), and in diffractograms recorded for all the samples, the characteristic fingerprint of MWW zeolite topology was identified. Independently from the iron content in the sample, similar XRD patterns were obtained, proving the successful synthesis of MCM-22 zeolites.



Textural parameters of the samples (Table 1) modified with iron by direct synthesis differ slightly depending on the content of introduced metal. However, a clear dependency was not observed. The most significant difference was found between the Fe0.25(N,DS)MCM-22 sample and other samples of this series, mainly connected with the microporous characteristic of zeolites. It seems that the introduction of a higher amount of iron into the zeolite framework decreased the volume of micropores and increased the external surface area and volume of mesopores of the samples. It is worth noting that this disorder of microporous structure observed for the Fe1(N,DS)MCM-22, Fe2(N,DS)MCM-22, Fe4(N,DS)MCM-22, and Fe(N,DS)MCM-22 samples was slight, and the zeolitic microporous character of the samples was maintained, even for the sample fully substituted with iron (without framework Al).



The percentage content of iron introduced into the samples, measured by using the ICP-OES method (Table 1), increased with the increasing molar Fe/Al (X) ratio in the FeX(N,DS)MCM-22 series. The intended Fe/Al ratios, assumed during the synthesis as 0.25, 1, 2, and 4, were calculated based on the results of the chemical analysis and were equal to 0.23, 0.9, 1.8, and 3.6, respectively. Thus, the real Fe/Al ratios are very close to the assumed ones, indicating the successful synthesis of the samples (slightly lower values of built-in framework metal are common in the case of zeolite synthesis [48]).



The form of iron (aggregation, coordination, and location) introduced into the samples of FeX(N,DS)MCM-22 series was investigated by UV–vis-DR spectroscopy (Figure 6b). For all the samples, absorption was observed mainly below 300 nm, which is connected with the presence of monomeric Fe3+ cations in tetrahedral and octahedral coordination, indicated by maxima at about 215 and 250 nm, respectively [45]. This result is consistent with the used modification method, which assumed the introduction of iron into the zeolite framework. The results obtained by UV–vis-DR spectroscopy cannot strictly prove the successful incorporation of iron into the zeolite framework. However, it is important to note that about 6.5% of Fe was introduced by this method to the Fe(N,DS)MCM-22 sample (Table 1), and any significant aggregation of iron was observed. While, in the case of the samples modified by ion-exchange method (Fe(S,IE)MCM-22 and Fe(S,IE)ITQ-2, Table 1), aggregated FexOy oligomeric species were identified in the samples containing iron content as low as 1 wt% (Figure 2). Thus, it could be supposed that, to a significant extent, iron was introduced into the zeolite framework or, in some part, could be highly distributed among the ion-exchange positions, which prevented the sintering and agglomeration of iron particles. Slight absorption shoulder observed above 300 nm was rather connected with the absorption band centered at a lower wavelength than with the presence of oligomeric species, but some negligible fraction of this iron form in the samples cannot be excluded.



The results of N2O decomposition performed over the samples of the FeX(N,DS)MCM-22 series, modified with iron by direct synthesis, are presented in Figure 7a. Catalytic activity of all the samples was similar and the N2O conversion over this series barely reached 100% at 600 °C. The highest conversion of N2O was obtained over the Fe0.25(N,DS)MCM-22 sample, which could be connected with its textural properties (larger BET surface area and micropore volume) rather than with iron loading. This conclusion resulted from the similar activity of other samples of this series, independently of iron content.



Our comparison of the catalytic activity of these samples with Fe(S,IE)MCM-22 and Fe(O,IE)MCM-22 (profiles added to Figure 7a), modified by ion-exchange method, leads to the conclusion concerning the relationship between the form of iron species in the samples and their activity in N2O decomposition. The loading of iron in the series FeX(N,DS)MCM-22 is higher than in the case of the samples Fe(S,IE)MCM-22 and Fe(O,IE)MCM-22; however, they do not show higher catalytic activity. Thus, the catalytic efficiency of the samples in N2O decomposition should be related to the form of the introduced iron species. Iron in the form of monomeric Fe3+ cations, present as a main iron form in the samples of the FeX(N,DS)MCM-22 series, showed significantly lower activity than more aggregated FexOy species present in Fe(S,IE)MCM-22 and Fe(O,IE)MCM-22. This difference in activity could be presented by means of turnover frequency (TOF), compared for two samples, namely Fe(S,IE)MCM-22 and Fe0.25(N,DS)MCM-22, modified by the ion-exchange method and by direct synthesis, respectively (Figure 7b). TOF, defined as a number of N2O molecules decomposed over one active site during 1 s of reaction, was calculated based on the measured N2O conversion (X), using Equation (1). Calculations were performed with the assumption that all iron cations present in the sample act as active sites.


  T O F =     n ˙    N 2  O      n  F e     · X  



(1)




where      n ˙     N 2  O     is molar flow of N2O (mol/s), nFe is total number of Fe moles measured by ICP (mol), and X is N2O conversion from the catalytic test (-).



Turnover frequency (Figure 7b), independently of the iron content in the samples, is much higher in the case of active sites in the more aggregated form (oligomeric FexOy), generated in Fe(S,IE)MCM-22 by ion exchange. Such results were previously observed for other zeolite topologies used as catalyst support (e.g., see References [26,42]).



Since better catalytic activity in N2O decomposition was observed over the samples modified with iron by ion-exchange method, in the next step of the studies, Fe2(N,DS)MCM-22 was modified by the ion-exchange method (with different iron precursors) as the post-synthesis treatment.




2.3. Fe2(N,DS)MCM-22 Zeolite Modified with Different Iron Precursors by Post-Synthesis Ion-Exchange


Modification of Fe2(N,DS)MCM-22 by ion-exchange method (IE) with FeSO4∙7H2O (S) (sample Fe2(N/S,DS/IE)MCM-22), and with [Fe3(OCOCH3)7∙OH∙2H2O]NO3 oligocations (O) (sample Fe2(N/O,DS/IE)MCM-22) slightly influenced textural parameters of the samples (Table 1). Introduction of additional metal species resulted in a decrease of BET surface area and micropore volume. These changes in textural parameters (SBET, VMIC: Fe2(N/S,DS/IE)MCM-22 > Fe2(N/O,DS/IE)MCM-22) could be connected with the increasing size of iron agglomerates, depending on the iron precursor used and blockage of the zeolite pores. On the other side, after subsequent modification of Fe2(N,DS)MCM-22 by ion-exchange method, the external surface area of the samples increased (SEXT: Fe2(N/S,DS/IE)MCM-22 < Fe2(N/O,DS/IE)MCM-22), which could be connected with the generation of additional porosity between the metal aggregates deposited on the sample surface.



The iron content in the samples, measured by using the ICP-OES method (Table 1), was much higher for Fe2(N/O,DS/IE)MCM-22, modified with Fe3(III) oligocations (13.5 wt%), while, for Fe2(N/S,DS/IE)MCM-22, it was equal to 6.7 wt%. A similar tendency was observed for the Fe(S,IE)MCM-22 and Fe(O,IE)MCM-22 samples. It is worth mentioning that the content of iron in the samples obtained by double modification with iron (by direct synthesis and by post-synthesis ion-exchange) was higher than for the samples modified exclusively by the ion-exchange method.



The form of iron in the samples obtained by double modification (direct synthesis and post-synthesis ion-exchange method) was analyzed by UV–vis-DR spectroscopy (Figure 8a) and H2-TPR (Figure 8b). In the case of both characterization methods, the results were compared with the results obtained for the Fe2(N,DS)MCM-22 sample (profiles added into the graphs). Our analysis of the UV–vis-DR spectra (Figure 8a) shows that subsequent modification with Fe by the ion-exchange method resulted in more aggregated iron species in comparison to Fe2(N,DS)MCM-22. In the spectra of Fe2(N/S,DS/IE)MCM-22 and Fe2(N/O,DS/IE)MCM-22 FexOy oligomers (absorption 300–400 nm), bulky iron oxide particles (absorption > 400 nm) were identified [45]. The agglomeration effect was stronger in the case of post-synthesis ion-exchange with Fe3(III) (O) oligocations than with a solution of monomeric Fe(II) (S). A similar relation was found between the Fe(S,IE)MCM-22 and Fe(O,IE)MCM-22 samples modified exclusively by ion-exchange. Similar observations could be made based on the TPR results (Figure 8b). In the obtained H2 consumption profiles, the reduction peaks related to highly agglomerated iron forms (< 300 °C), reduction of monomeric Fe3+ cations (about 400 °C), and reduction oligomeric FexOy species (about 600 °C) could be distinguished [46,47]. For the samples doubly modified with iron, (Fe2(N/S,DS/IE)MCM-22 and Fe2(N/O,DS/IE)MCM-22, the H2 consumption connected with the reduction of agglomerated Fe forms was higher, which was more significant in the case of the samples ion-exchanged with Fe3(III) oligocations. The analysis of the H2/Fe ratio of the samples of this series (Table 1) suggested the reduction to Fe2+ (the H2/Fe ratio about 0.5), similarly to the samples with high metal loading, prepared by ion-exchange with Fe3(III) oligocations.



The results of N2O decomposition over the catalysts doubly modified with iron are presented in Figure 9 (for comparison, the profiles of the Fe2(N,DS)MCM-22, Fe(S,IE)MCM-22, and Fe(O,IE)MCM-22 samples were added).



N2O conversion over Fe(S,IE)MCM-22 and Fe(O,IE)MCM-22 was similar and reached only about 70% at 600 °C. Post-synthesis modification of Fe2(N,DS)MCM-22 by ion-exchange method did not increase the catalytic activity of the samples. The samples doubly modified with iron were characterized by significantly high iron loadings (Table 1) and by the presence of FexOy iron species (Figure 8). However, the synergetic effect of these factors (recognized earlier as connected with the high catalytic activity) was not found. The observed drop in the catalytic activity could be connected with the overloading of the samples and blockage of the MCM-22 porous system by sintering of metal particles present on the surface.





3. Materials and Methods


3.1. Catalysts Synthesis


3.1.1. MCM-22 and ITQ-2


The synthesis of MCM-22 (Si/Al = 15), described previously in detail in [18], proceeded in a basic solution of NaOH (POCH, Gliwice, Poland) with the use of hexamethyleneimine (99%, Aldrich, St. Louis, MO, USA) as structure directing agent, fumed silica (Aerosil 200, Overlack, Hanau, Germany) as silica source and NaAl2O3 (Sigma-Aldrich, St. Louis, MO, USA) as alumina source. The obtained synthesis gel was mixed at ambient temperature for 2 h and aged in PTFE-lined stainless-steel autoclave with rotation (60 rpm) at 150 °C for 7 days. The obtained white solid parent MCM-22(P) was recovered by filtration and washed with distilled water. In the next step, the sample was dried at 60 °C and calcined at 600 °C, for 6 h, resulting in microporous 3-dimensional MCM-22.



ITQ-2 was prepared, starting from MCM-22(P), which was subjected to swelling procedure with the use of hexadecyltrimethylammonium bromide (Sigma-Aldrich, St. Louis, MO, USA) (∼50% ion exchanged Br-/OH-, ∼25 wt%) and tetrapropylammonium bromide (Sigma-Aldrich, St. Louis, MO, USA) (∼50% ion exchanged Br-/OH-, ∼40 wt %). Details of this procedure were previously presented in Reference [18]. The swollen sample (MCM-22(S)) was sonicated in an ultrasound bath for 1 h, acidified to pH ~2 with concentrated HCl (POCH, Gliwice, Poland), centrifuged, and washed with distilled water. In a next step, the sample (ITQ-2(P)) was dried at 60 °C and calcined at 600 °C, for 6 h, resulting in ITQ-2.



Obtained MCM-22 and ITQ-2 materials were modified by ion exchange with FeSO4∙7H2O and [Fe3(OCOCH3)7∙OH∙2H2O]NO3 oligocations, according to the procedure described below. The sample codes are presented in Table 1.




3.1.2. FeX(N,DS)MCM-22 Modified with Fe(III) by Direct Synthesis


A series of FeX(N,DS)MCM-22, modified with iron by direct synthesis (DS), was prepared according to the recipe described in Reference [49]. The synthesis started from the preparation of two solutions: (1) sodium hydroxide (POCH, Gliwice, Poland) and aluminum hydroxide (Chempur, Piekary Śląskie, Poland) in H2O and (2) Fe(NO3)3∙9H2O (N) (Sigma-Aldrich, St. Louis, MO, USA) in H2O. In the next step, Solution (2) was added dropwise to Solution (1), under stirring. To the resulting mixture, hexamethyleneimine (99%, Aldrich, St. Louis, MO, USA) and fumed silica (Aerosil 200, Overlack, Hanau, Germany) were added, and the obtained slurry was stirred at ambient temperature for 2 h. In the next step, the synthesis gel was aged in PTFE-lined stainless-steel autoclave with rotation (60 rpm), at 150 °C, for 5 days. After the aging time, the samples were recovered by filtration, washed with distilled water, dried at 60 °C, and calcined at 600 °C for 6 h. In each synthesis, 7.2 g of fumed SiO2 was used, keeping the following formula: 6Na2O: 30SiO2: aAl2O3: bFe(NO3)3: 1411H2O, where a and b were adjusted to the Fe/Al ratio (X), which was assumed in the synthesis as 0.25, 1, 2, and 4 (for the comparison, the sample only with iron (without Al) was prepared, Fe(N,DS)MCM-22). For all the samples, the intendent Si/Fe+Al ratio was 15.



The Fe2(N,DS)MCM-22 sample was additionally modified by the ion-exchange method with FeSO4∙7H2O and [Fe3(OCOCH3)7∙OH∙2H2O]NO3 oligocations, according to the procedure described below. The sample codes are presented in Table.1.




3.1.3. Ion-Exchange


Deposition of iron by the ion-exchange (IE) method was conducted with the use of the previously calcined and dried samples (overnight, at 110 °C). The samples were modified with aqueous solution of FeSO4∙7H2O (S) (Sigma-Aldrich, St. Louis, USA) or ([Fe3(OCOCH3)7∙OH∙2H2O]NO3 oligocations (O). Fe3(III) oligocations were prepared according to References [50,51]. The synthesis started with dissolution of Fe(NO3)3∙9H2O (Sigma-Aldrich, St. Louis, MO, USA) in anhydrous ethyl alcohol (99.8%, POCH, Gliwice, Poland). In a next step, acetic anhydride (> 98%, VWR, Leuven, Belgium) was added, dropwise, into this solution, under continuous stirring. The obtained mixture was cooled down (addition of acetic anhydride was accompanied by heat evolution) in an ice-bath, and the resulting solid was filtrated and dried at room temperature. Ion-exchange was performed with the proportion of 250 mL of iron solution per 3 g of zeolite (stirring under reflux, at 85 °C, for 6 h). The solution concentration was calculated based on the sample theoretical ion-exchange capacity (with molar excess µ = 0.4). In the case of the samples exchanged with FeSO4∙7H2O, the slurry was kept under Ar atmosphere, in order to avoid iron oxidation. After modification with iron, the resulting samples were quenched in an ice-bath, centrifuged, washed with distillated water, dried at 60 °C, overnight, and finally calcined at 600 °C for 6 h.





3.2. Catalysts Characterization


The X-ray diffractograms were obtained with a Bruker D2 Phaser instrument. The patterns were recorded with a step of 0.02° and a counting time of 1 s per step.



The textural parameters were determined by N2 adsorption at −196 ºC, using a 3Flex v1.00 (Micromeritics, Norcross, GA, USA) automated gas adsorption system. Prior to the analysis, the samples were outgassed under vacuum at 350 °C for 24 h. BET surface area of the samples was determined according to the recommendations of Rouquerol et al. [52]



The chemical composition of the samples was determined by ICP-OES method, using an iCAP 7400 instrument (Thermo Science, Waltham, MA, USA).



The UV–vis-DRS were recorded by using an Evolution 600 (Thermo, Waltham, MA, USA) spectrophotometer in the range of 200–900 nm, with a resolution of 2 nm.



High-Resolution Transmission Electron Micrographs (HRTEM) were collected by a JEOL JEM2100F (Thermo Science, Waltham, MA, USA) electron microscope, operating at 200 kV.



The H2-TPR measurements were carried out from room temperature up to 950 °C, with a linear heating rate of 10 °C/min, using 5 vol.% H2 diluted in Ar (flow rate 10 mL/min). Before reduction 0.05 g, the sample was outgassed at 500 °C, for 20 min, in Ar flow. The hydrogen uptake was analyzed with the use of a thermal conductivity detector (TCD, VICI-Valco instruments, Houston, TX, USA).




3.3. Catalytic Tests


Catalytic studies of N2O decomposition were performed in a fixed-bed quartz microreactor, with the use of 0.1 g of catalyst, with particle sizes in the range of 0.160–0.315 mm. A gas mixture containing 1000 ppm of N2O and 40,000 ppm of O2 in He (total flow rate of 50 mL/min) was used, and the outlet gases were analyzed by using a gas chromatograph (SRI 8610C, Torrance, CA, USA) equipped with a TCD detector. Before each catalytic test, the samples were outgased at 600 °C for 1 h.





4. Conclusions


In the presented studies, layered MCM-22-type zeolite was modified in order to achieve the highest activity in N2O decomposition. Modification of MCM-22 and ITQ-2 (delaminated zeolite) with FeSO4∙7H2O and [Fe3(OCOCH3)7∙OH∙2H2O]NO3 oligocations by ion-exchange method revealed the correlation between the iron precursor used and the form iron species deposited into the samples. The ion-exchange method, using Fe3(III) oligocations as iron precursor, resulted in larger metal loadings in the form of well-dispersed iron particles, mainly oligomeric FexOy species. In the case of ion-exchange with “conventional” salt of Fe(II), iron was introduced preferably in the form of monomeric cations, possibly located in ion-exchange positions, with the small contribution of more aggregated species. The obtained results are consistent with our previous studies focused on modification of other zeolites, like ZSM-5 and Beta, with iron Fe3(III) oligocations [45,53,54]. Higher activity in N2O decomposition of the samples prepared by ion-exchange with Fe3(III) oligocations (Fe(O,IE)MCM-22 and Fe(O,IE)ITQ-2) was connected to the presence of oligomeric iron species. Although it is a prospective material for the application in catalysis (e.g., see References [2,10,14]), ITQ-2 zeolite, prepared by delamination of MCM-22, was not found to be more active in the presented studies. It could be connected with the partial destruction of the zeolitic structure (decrease in textural parameters characteristic of microporous zeolites), lower content of introduced iron (delamination slightly decreases acidity and ion-exchange properties), and finally with lower aggregation of introduced iron species (generated porosity and more open structure favors better distribution of metal).



Modification of the samples with iron by direct synthesis (series FeX(N,DS)MCM-22) resulted mainly in introduction of isolated Fe3+. The catalysts modified by direct synthesis did not show satisfactory activity in N2O decomposition, which is consistent with the earlier studies of framework Fe substituted ZSM-5 [26,42].



Subsequent modification of Fe2(N,DS)MCM-22 with FeSO4∙7H2O or [Fe3(OCOCH3)7∙OH∙2H2O]NO3 oligocations by ion-exchange method did not result in any synergetic effects of Fe introduced into the zeolite framework and the other forms of iron introduced by ion-exchange method. Despite the higher iron content and the presence of oligomeric FexOy species (selected in the previous stage of the studies as the most active ones), the catalytic efficiency of the samples did not increase. It seems that the decrease in surface textural parameters caused by agglomeration of iron species introduced by subsequent modification and zeolite pore blocking was responsible for the lower catalytic activity of the samples in N2O decomposition.



Among the examined iron precursors and modification methods, deposition of [Fe3(OCOCH3)7∙OH∙2H2O]NO3 oligocations by ion-exchange method into MCM-22 was found as the most promising for the activation of MWW zeolites in the reaction of N2O decomposition. Ion-exchange method used for deposition of Fe3(III) oligocations into zeolites enabled introduction of larger iron content in comparison to ion-exchange with FeSO4∙7H2O solution. Iron introduced by this way was uniformly distributed in the sample and was present mainly in the form of oligomeric species, which were postulated to be the most catalytically active in N2O decomposition. This modification method is not limited only to MCM-22 zeolite or N2O decomposition and can be very promising for the application in other catalytic systems.
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Figure 1. XRD patterns of MCM-22 and ITQ-2 zeolites before and after calcination. 
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Figure 2. UV–vis-DR spectra of the MCM-22 and ITQ-2 samples modified with FeSO4∙7H2O and [Fe3(OCOCH3)7∙OH∙2H2O]NO3 by ion-exchange method. 
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Figure 3. HRTEM micrographs of the MCM-22 and ITQ-2 samples modified with FeSO4∙7H2O and [Fe3(OCOCH3)7∙OH∙2H2O]NO3 by ion-exchange: (a) Fe(S,IE)MCM-22, (b) Fe(S,IE)ITQ-2, (c) Fe(O,IE)MCM-22, and (d) Fe(O,IE)ITQ-2. 
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Figure 4. H2-TPR profiles of the MCM-22 and ITQ-2 samples modified with FeSO4∙7H2O and [Fe3(OCOCH3)7∙OH∙2H2O]NO3 by ion-exchange. 
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Figure 5. N2O conversion (a) versus temperature for the MCM-22 and ITQ-2 samples modified with FeSO4∙7H2O and [Fe3(OCOCH3)7∙OH∙2H2O]NO3 by ion-exchange and (b) versus time for the samples Fe(O,IE)MCM-22 and Fe(O,IE)ITQ-2 at 500 °C. 
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Figure 6. (a) XRD patterns and (b) UV–vis-DR spectra of the samples from FeX(N,DS)MCM-22 series, modified with iron by direct synthesis. 
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Figure 7. (a) Temperature dependence of N2O conversion over the samples from FeX(N,DS)MCM-22 series (modified with iron by direct synthesis), compared with the samples Fe(S,IE)MCM-22 and Fe(O,IE)MCM-22 (modified with iron by ion-exchange). (b) Temperature dependence of reaction rate for Fe(S,IE)MCM-22 and Fe0.25(N,DS)MCM-22. 
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Figure 8. (a) UV–vis-DR spectra and (b) H2-TPR profiles of the samples Fe2(N,DS)MCM-22, Fe2(N/S,DS/IE)MCM-22, and Fe2(N/O,DS/IE)MCM-22. 
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Figure 9. Temperature dependence of N2O conversion over the samples doubly modified with iron, compared with the Fe2(N,DS)MCM-22, Fe(S,IE)MCM-22, and Fe(O,IE)MCM-22 samples. 
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Table 1. Textural parameters determined by N2 sorption, iron content measured by ICP-OES, and H2/Fe ratio estimated based on H2-TPR.
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	Sample Code.
	Iron

Source
	Modification

Method
	SBET/

m2/g
	SEXT/

m2/g
	VMIC

/cm3/g
	VMES/

cm3/g
	Fe

(%)
	H2/Fe





	MCM-22
	----
	----
	622
	117
	0.202
	0.281
	---
	---



	ITQ-2
	----
	----
	608
	186
	0.178
	0.384
	---
	---



	Fe(S,IE)MCM-22
	S
	IE
	611
	117
	0.198
	0.287
	0.82
	1.44



	Fe(S,IE)ITQ-2
	S
	IE
	586
	173
	0.173
	0.359
	0.80
	1.29



	Fe(O,IE)MCM-22
	O
	IE
	519
	131
	0.156
	0.285
	12.67
	0.45



	Fe(O,IE)ITQ-2
	O
	IE
	519
	173
	0.145
	0.353
	9.79
	0.43



	Fe0.25(N,DS)MCM-22
	N
	DS
	614
	53
	0.223
	0.125
	1.65
	0.83



	Fe1(N,DS)MCM-22
	N
	DS
	514
	69
	0.177
	0.171
	3.40
	0.56



	Fe2(N,DS)MCM-22
	N
	DS
	563
	79
	0.193
	0.200
	4.50
	0.56



	Fe4(N,DS)MCM-22
	N
	DS
	531
	74
	0.183
	0.177
	5.28
	0.43



	Fe(N,DS)MCM-22
	N
	DS
	561
	74
	0.195
	0.178
	6.51
	0.51



	Fe2(N/S,DS/IE)MCM-22
	N/S
	DS/IE
	542
	92
	0.180
	0.219
	6.70
	0.48



	Fe2(N/O,DS/IE)MCM-22
	N/O
	DS/IE
	473
	100
	0.149
	0.217
	13.50
	0.43







S—FeSO4∙7H2O; N—Fe(NO3)3∙9H2O; O—[Fe3(OCOCH3)7∙OH∙2H2O]NO3; IE—ion-exchange; DS—direct synthesis; SBET—Brunauer–Emmett–Teller (BET) surface area; SEXT—external surface area; VMIC—volume of micropores; VMES—volume of mesopores.
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