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Abstract

:

Mono- and bimetallic systems of Ag, Fe, and Ag–Fe exchanged in sodium mordenite zeolite were studied in the reaction of NO reduction. The transition metal cations Ag and Fe were introduced by ion exchange method both at room temperature and 60 °C; modifying the order of component deposition in bimetallic systems. These materials were characterized by Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES), ultraviolet-visible spectroscopy (UV-Vis), X-Ray photoelectron Spectroscopy (XPS) and High-resolution transmission electron microscopy (HR-TEM). The XPS and UV–Vis spectra of bimetallic samples revealed that under certain preparation conditions Ag+ is reduced with the participation of the Fe2+/Fe3+ ions transition and is present in the form of a Ag reduced state in different proportions of Agm clusters and Ag0 NPs, influenced by the cation deposition order. The catalytic results in the NO reduction reaction using C3H6/CO under an oxidizing atmosphere show also that the order of exchange of Ag and Fe cations in mordenite has a strong effect on catalytic active sites for the reduction of NO.






Keywords:


mordenite; AgFe bimetallic; ion exchange; NO reduction












1. Introduction


In recent decades, there has been considerable interest from regulatory organizations and the scientific community in solving environmental issues associated with NOx emissions. Atmospheric NOx are known to be the primary precursors of secondary pollutants, such as nitric acid, ozone, and peroxyacyl nitrates, which are responsible for effects as photochemical smog, tropospheric ozone, and acid rain, among others [1]. As a result, various technologies and processes for removing NOx emissions from exhaust gases have been developed [2,3,4,5].



The selective catalytic reduction of NOx (SCR of NOx) with ammonia or light hydrocarbons as reducing agents is one of the promising ways to remove nitrogen oxides from mobile exhaust sources [6,7,8,9]. As catalysts for NOx reduction, are used transition metal cations and multi-metallic mixtures (Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Ag+, and others), supported on various carriers, including zeolites [10,11,12,13,14,15]. The unique physicochemical properties of the zeolites, such as their controlled acidity, adsorption capacity, ion exchange properties, and thermal stability, as well as uniform channels and cavities crystallographically ordered in size and position determine their effectiveness in catalytic processes [16,17]. Thus, zeolites being a very suitable substrate to form clusters and small nanoparticles either outside or inside the cavities, can be a great option as supports for active metals in SCR of NOx [18,19,20]. Chen et al. [21] analyzed the reduction of NOx over Fe/zeolite catalysts with iso-butane and propane. They showed that the catalytic activity decreases as follows: Iron on beta zeolite (Fe/BEA) > iron on ZSM-5 zeolite (Fe/MFI) > iron on ferrierite zeolite (Fe/FER) > iron on mordenite zeolite (Fe/MOR) ≈ iron on Y-zeolite (Fe/FAU). Such order of activity was caused by the structural characteristics of the zeolites, i.e., the dimensionality and size of pores. Zeolites with open cavities smaller than 4.2 × 5.4 Å and 3.5 × 4.8 Å were able to oxidize NO to NO2 formed from NOx complexes, but they blocked the entrance of reductive molecules.



Some studies [22,23] have shown that zeolite-based multi-metallic materials exhibit a synergistic effect in comparison with monometallic materials. The interaction of Ag and Fe supported on different zeolite carriers has been the subject of many modern studies because it affects the catalytic [24], ferromagnetic [25], electronic [26], luminescence [27], and other properties. Being relatively inexpensive materials [28], Ag-based bimetallic materials with transition metal additives have acquired a great interest, showing excellent catalytic activities for reduction of NOx [29,30].



A recent study of bimetallic catalysts [31] shows that the order of metal introduction can be a factor affecting their catalytic properties. Thus, the order of component deposition in binary materials has been proposed as a parameter to improve the catalytic activity and modify the properties [32,33,34,35]. Moreover, particular attention has been paid to the study of certain parameters in catalysts for the process of catalytic reduction of NOx, such as the metal exchange degree [14,36], the framework type [37], the Si/Al ratio [38,39,40], the cationic chemical composition [41,42] and the reaction conditions.



The aim of this work was to study the catalytic activity of bimetallic AgFe/MOR catalysts in the NOx reduction, and to analyze the influence of the order of cation deposition.




2. Results and Discussion


The monometallic Ag- and Fe-containing samples were prepared by ion-exchange with double excess of cations and labeled AgMOR or FeMOR. The bimetallic systems were prepared in three different ways varying the order of incorporation of Ag+ and Fe2+ cations as follows: (1) Single stage ion-exchange from a binary mixture solution when Ag and Fe-containing solutions were mixed in a volume ratio of 1:1 (labeled mAgFeMOR); (2) double-stage ion-exchange, Ag first, then Fe (labeled AgFeMOR); (3) double-stage ion-exchange, Fe first, then Ag (labeled FeAgMOR). The effect of temperature on the ion exchange at ambient temperature (Ta) and 60 °C was studied also and is indicated in the sample labels (for example, AgMORTa and AgMORT60). Table 1 shows ion-exchange preparation parameters, which include the theoretical ion exchange capacity, determined by the Si/Al ratio.



2.1. Physicochemical Properties


The elemental composition of samples and their charge balance are shown in Table 2. The Si/Al ratio of all mono- and bimetallic samples remains constant and is in good agreement with the value for NaMOR before the exchange treatment (Si/Al = 6.5 ± 0.2) indicating that dealumination does not occur. In the commercial NaMOR used as a support, the nominal cation of compensation of a negative charge in the zeolite matrix is Na+. According to the zeolite structural formula, the ratio of Na2O/Al2O3 or simpler form Na/Al (known in industry as the caustic module) for the equilibrium structure of the zeolite should be equal to 1 [43,44]. In our case, the caustic module in commercial NaMOR was 1.29. The 0.29 excess may be attributed to the fact that synthesis of zeolites occurs in alkaline solutions, with a high caustic module [45], and occlusion of the mother liquor in the resulting crystals could be observed [46,47,48]. The Table 2 also shows the total concentrations of cations in the samples, which were calculated under the assumption that Ag is in oxidation state (I) and Fe may be in two oxidation states (II and III); charge balance requires that the total number of positive and negative charges in а zeolite sample be the same. The sum of the contents of cations that compensate for the negative charge in the zeolite lattice can be called the equilibrium ion-exchange modulus (EIEM) and it should be equal to one. After the ion exchange with Ag and Fe this ratio decreased for both cases Fe2+ and Fe3+ (See charge balance in Table 2). In the first case (Fe2+), the caustic module is close to 1.0 (from 1.14 to 0.90). In the second case (Fe3+), the module is closer to the nominal module of the NaMOR (1.25 to 1.06). We assume that both Fe2+ and Fe3+ valence states coexist in bimetallic samples, and the ratio between them depends on the order of exchange of Fe and Ag cations. The decrease of the caustic module may occur due to additional washing of samples in line with the replacement of Na+ cations by Fe2+ and Ag+ during the exchange, or by exchange of protons (H+) since the exchange procedure is carried out in a weakly acid environment at pH = 4.5. It has to be noted that increase of the Brønsted acidity of the mordenite is typically observed during the exchange reaction [49]. Thus, the protonation of exchange sites may occur during samples preparation in the course of the exchange of Ag+ and Fe2+, causing a charge imbalance in the mordenite. At the same time, Ag+ can be reduced due to the metal-support interactions. Despite the fact that the ion exchange of Fe2+ takes place at a slightly acidic pH, a certain amount of Fe2+ can be oxidized to the state of Fe3+. Thus, it is necessary to take into account the oxidation state of metals (Ag+, Fe2+ and Fe3+) in the charge balance.



The content of silver and iron is variable for all samples (see content of the elements in Table 2). Monometallic samples of silver at both exchange temperatures represented the highest concentration (4.9 atomic % at 25 °C and 5.4 atomic % at 60 °C) which is close to the calculated capacity for the exchange of sodium cations in mordenite (6.4 atomic % of ion exchange capacity for Ag+ according to theoretical formula     Na   6.4     Al   6.4     Si   41.6    O  96    ,     Ag   6.4     Al   6.4     Si   41.6    O  96    ). The Fe-monometallic samples contain 1.1 atomic % at room temperature and 1.3 atomic % at 60 °C which are lowers than the theoretical capacity of 3.2 atomic % for Fe2+ (    Fe   3.2     Al   6.4     Si   41.6    O  96    ). The results for bimetallic systems with different order of cation incorporation show that the second incorporated metal increases its exchange fraction, e.g., 3.8 to 4.4 atomic % for silver in AgFeMORTa and FeAgMORTa, respectively. This is because during the second exchange, the sites occupied by both sodium and the first exchanged cation are replaced by the second exchanged cation. The same effect on the order of exchange observed for Ag in bimetallic samples was also observed for Fe. As for temperature, it is clear that this parameter does not strongly affect the quantity of the metal being exchanged. In accordance with our previous results [50], increasing the temperature of ion exchange, we expected an increase in the content of Ag and Fe cations due to the acceleration of diffusion, which was actually observed for monometallic samples. However, in a bimetallic catalyst, competition for the exchange sites plays a critical role cause of the cation sizes are close to the diameter of the zeolite channel. Basing on ICP-OES results it can be concluded that for bimetallic samples the experimental silver loading is diminished by the presence of iron and the Ag cations are easily exchanged into the mordenite matrix, while Fe cations have a lower exchange affinity.



UV–Vis spectroscopy was applied to identify the silver and iron species. Figure 1a,b shows the spectra of mono- and bimetallic systems prepared at room temperature and 60 °C. The absorption spectra of Ag-monometallic samples show three main bands associated with: (1) Ag+ ions, (2) silver clusters, and (3) Ag nanoparticles. The peak with a maximum at 208 nm, and the shoulder around 222 nm correspond to the Ag+ electronic transitions [Kr] 4d10 → [Kr] 4d95s1 of isolated silver ions located on the ion exchanged sites of the mordenite framework [51,52,53]. The other three weak bands observed, two centered at 280 and around 325 nm, and the last one initiating about 370 nm and stretched up to 700 nm are attributed to the small silver cationic clusters Agmn+ (3 < m < 5), metal cluster Agm (m ≤ 8) and silver metallic nanoparticles, respectively [54,55]. The broad band from 370 nm to 700 nm is interpreted as the formation of silver nanoparticles in the range of <2 nm. In the case of FeMOR samples prepared at Ta and T60, the spectra show mainly a band with a maximum centered at 270 nm, which is attributed to oxygen-to-iron charge transfer of isolated Fe3+ ions in tetrahedral or higher coordination (Fe3+O4 and Fe3+O4+x (x = 1, 2)) [56,57,58,59,60]. Additionally, two more contributions took place: 340 nm, which is related to octahedral Fe ions in oligomeric clusters of the FexOy type inside the mordenite channels, and 470 nm, corresponding to the Fe2O3 particles located on the external surface of mordenite particles [56].



In bimetallic systems the presence of these species of Ag and Fe was noticeable; in particular, the contribution of Fe3+ ← O charge transfer at 270 nm stands out significantly. Only for AgFeMOR, FeAgMOR and mAgFeMOR bimetallic systems (at both temperatures) a wide band was observed starting around nm and extended up to 450 nm, which was assigned to silver metallic nanoparticles. Such a band was not observed in the FeMORTa and FeMORT60 spectra; so, we can infer that the presence of Fe3+ promotes the formation of reduced silver species. In addition, the intensity of the band of electronic transitions of Ag+ ions about 208 nm decreases in the presence of iron, confirming the reduction of Ag+ ions.



Thus, we conclude that in the bimetallic samples the corresponding Ag nanoparticles of size lower than 2 nm are formed by a redox process between Ag+ and Fe2+, which is manifested by the higher intensity of the band at 270 nm. Therefore, when Ag+ is the first one exchanged it is reduced by the second exchanged cation, that is iron Fe2+, forming silver metallic nanoparticles of smaller dimensions as compared to the auto-reduction process of Ag+ in AgMOR.



XPS measurements were performed to study the oxidation state of silver and iron on the surface of the samples. All samples showed the characteristic Ag 3d and Fe 2p bands. In the case of Ag, the 3d5/2 and 3d3/2 photoelectron peaks presented very good resolution; in the case of Fe, the low metal content gives weak signal of 2p3/2 and 2p1/2 peaks. The binding energy (BE) measured from the mean position of deconvoluted bands of Ag 3d5/2 signal indicate the presence of different oxidation states on the surface (Table 3, Figure 2 and Figure 3). The 3d5/2 peak position of the main component (80%) attributed to Ag-monometallic samples was ≥369.0 eV, which corresponds to Ag0. This band showed a shift of 3d peaks to higher energies (0.3–0.9 eV) in bimetallic samples, which is related to small silver nanoparticles with a size lower than 2 nm [61,62]. The peak position of Fe 2p3/2 for Fe-monometallic samples was about 711.0 eV, this BE is related to Fe3+ iron oxides (Fe2O3) [61]. In Fe-containing bimetallic systems, the band is shifted to higher BE in the range of 0.5–0.7 eV, revealing the presence of iron in the intervalent state (Fe3O4 from mixed Fe2+/Fe3+). In conclusion it has to be mentioned that the oxidation state of Ag and Fe in bimetallic samples strongly depends on the metal loading and the deposition order. For all samples the BE from the Ag spectra showed that ionic silver is reduced and is present mainly on the surface as Ag-NPs and iron appears like oxides in intermediate states in both cases.



Figure 4 shows representative micrographs of catalysts and particle size distributions. The presence of silver nanoparticles on the surface is clearly observed in micrographs of AgMORT60, AgFeMORT60 and mAgFeMORT60 (Figure 4a,c,d, respectively). The average particle diameter of the catalysts is shown in Table 4. The average particle diameter in the Ag-containing samples is in the range of 3.0–6.5 nm. According to the particle size distribution in the histograms of bimetallic systems, a decrease in particle size is observed compared to Ag-monometallic samples (e.g., 4.4 and 6.2 nm in AgMOR change to 2.8 and 3.4 nm in FeAgMOR at both temperatures, respectively). Thus, the agglomeration of silver is significantly different in the presence of iron in bimetallic samples. In this work, no reduction treatments were undertaken; cationic silver is reduced by oxidizing Fe(II) to Fe(III). For AgFe and FeAg bimetallic systems the reduction in particle size was independent on the order of deposition of the cations, this is due to the fact that iron (II) species interact with silver (I) cations, causing the formation of smaller silver nanoparticles (Ag NPs). In the case of iron, the micrographs of the FeMORT60 sample confirm that Fe cations are well dispersed in the zeolite framework without agglomeration.




2.2. Catalytic Conversion of NO with C3H6


In general, the established reaction conditions for SCR of NO in presence of hydrocarbons under oxidizing conditions is performed in the range from 500–2000 ppm of NO, under oxidizing atmosphere (1–3% of O2) and 400–2500 ppm of reducing agent (C3-hydrocarbons; mainly C3H8 and C3H6). For such conditions maximum values of NO conversion about 60–90% and selectivity to nitrogen around 70% are obtained in the temperature range 350–450 °C [2,3,4,5,6,7,8,9,10,11,12,13,14,15,63].



In this work, the NO conversion was performed with C3H6/CO in oxidizing atmosphere (2.1% vol O2) for all catalysts and the conversion profiles are shown in Figure 5. In this figure, the catalytic activity of AgFeMOR and FeAgMOR bimetallic catalysts is compared with those of Ag or Fe monometallic catalysts. Results show that the bimetallic catalysts (AgFeMOR, FeAgMOR, and mAgFeMOR), prepared at both Ta and T60 reach a maximum of NO conversion (about 70–90%) in the temperature range of 300–475 °C (Figure 5b,d), meanwhile, AgMOR and FeMOR monometallic catalysts (both Ta and T60) presented much less activity, about 25% at 500 °C and 50% at 300 °C, respectively (Figure 5a,c). Additionally, the initial non-exchanged NaMOR itself showed catalytic activity with maximum (12.4%) at 300 °C which is probably due to Na+ cation that acts as a Lewis acid site, while the oxygen framework with partial negative charge acts as a Lewis base [64].



The AgMOR monometallic catalysts at both temperatures presented low-temperature activity (~125 °C), which is attributed to the presence of Ag+ ions catalyzing a mild oxidation process, since the propene is not yet activated [36]. By increasing the temperature to 350–520 °C a further increase in conversion is observed which is attributed to silver in reduced state (Ag+ → Agmn+ → Agm → Ag0 NPs) [65,66,67,68]. Such reduced species of silver were generated during the ionic exchange according to UV–Vis spectra (Figure 1a,b). In general, the Ag zeolite catalysts present low activity in NO conversion to N2 (around 20–40%) [51,68]. The active sites proposed by Aspromonte et al. [52] for AgMOR catalysts in the SCR de NOx with toluene and butane, were different Ag species: (Ag+ ion, Agmn+ cluster and Ag0 NPs), and the metal loading is an important parameter for the catalytic activity. They also reported that the NO reduction decreased for high levels of metal exchanged for AgZSM5 catalyst.



The FeMOR monometallic catalysts (Ta and T60) showed about 50% conversion of NO at 300 °C (see Figure 5a,c) which according to the UV–Vis spectra can be attributed to Fe3+ mononuclear species stabilized in the mordenite framework, similarly to the case of Fe-catalyst for NOx reduction with NH3 where the active sites are monomeric iron sites (Fe-O-OH at 300 °C) [69]. Other reports also have shown that Fe/zeolites catalysts exhibit high catalytic activity in NO and N2O reduction process [70,71,72].



Figure 5b shows the conversion profiles of NOx for bimetallic catalysts prepared at room temperature. The AgFeMORTa, and FeAgMORTa presented two peaks of NOx conversion each, at 310 and 400 °C and 350 and 428 °C, respectively, meanwhile, the mAgFeMORTa showed only a maximum at 375 °C. The three bimetallic catalysts prepared at 60 °C (Figure 5d), AgFeMORT60 (305 and 395 °C), FeAgMORT60 (370 and 467 °C) and mAgFeMORT60 (365 °C) presented similar behavior that those prepared at Ta.



In these bimetallic catalysts (prepared both at Ta and T 60), the maxima for NOx conversion due to active sites of Fe3+ species (around 300 °C) were shifted about 10–60 °C with respect to the monometallic FeMOR catalyst, revealing an interaction between silver and iron. Such interaction can be related to the reduction of Ag ions observed in UV–Vis spectra (Ag+ → Agmn+ → Agm → Ag0 NPs). Thus, the NOx conversion due to reduced Ag species in bimetallic catalysts at both temperatures of preparation increased notoriously with respect to the AgMOR monometallic catalyst reaching more than 60% in the range of 350–500 °C.



The monometallic catalysts prepared at room temperature and 60 °C presented different loadings of exchanged metal, the amount of silver (4.9–5.4 atomic %) was about four times higher than the amount of iron (1.1–1.3 atomic %). Reports of Fe/zeolites catalysts showed that the level of Fe exchange is generally low, but the catalytic performance of such catalysts is very good (Gurgul et al. [58]). They reported about the effect of total Fe content, and the iron species that were presented in FeBEA samples; for systems with a low Fe content, the active specie was Fe3+ in tetrahedral coordination; then our results are in very good agreement with these results of the samples containing iron, in which the main catalytic specie is Fe3+.




2.3. Effect of Cations Deposition Order on NO Conversion


The catalytic behavior of bimetallic catalysts shows the existence of a strong influence of the order of deposition of cations on the NO conversion as a function of the reaction temperature. The Figure 5b,d shows the profiles of NOx conversion for the AgFeMOR, FeAgMOR, and mAgFeMOR bimetallic catalyst prepared at Ta and T60. The incorporation of iron into the AgMOR catalyst (AgFeMOR at both temperatures) stabilized the Fe3+ sites in the mordenite framework at the same time as it promoted the formation of oxidative Ag species (Agm cluster and the presence of Ag0 nanoparticles). This is in agreement with the UV–Vis and XPS results showing that the main species of Ag or Fe in bimetallic catalysts were Ag0 NPs, Agm metallic clusters, and Fe3+, respectively. In the case of the incorporation of silver in the FeAgMOR system, the presence of the same active sites is also observed, but the maxima of their catalytic activity is shifted to higher temperatures.



The FeAgMORTa catalyst presents higher NOx conversion than the catalyst prepared a T60; this difference could be caused by the presence of Ag nanoparticles with sizes higher than 3 nm as shown in Table 4. The mAgFeMOR system, prepared by ionic exchange competition has only one active site at an intermediate temperature range (380 °C) with respect to the maxima of NO conversion temperature for the Ag and Fe monometallic catalysts. Then, a synergistic effect is clearly observed in this mAgFeMOR catalyst (both at Ta and T60).



The promoter effect of a second transition metal has been reported previously, for instances, various metals as Cu, Pd, Fe, Ni, or Co. were added to Ag-catalysts, supported on Al2O3 and zeolites in order to improve their catalytic activity [10,30,73]. Other results show that the incorporation of iron as the second metal promotes the formation of silver species in the reduced state, and Agm clusters. Thus, the second metal (promoter) plays a crucial role in the properties of the catalyst. Also the order of deposition of metals is relevant for the catalytic activity. Thus, Jouini H. et al. [31] reported on the reactivity of the catalyst CuFeZSM5 in NH3-SCR of NO and analyzed the effect of the order of exchange of the metal. The characterization of CuFeZSM5 and FeCuZSM5 allowed the identification of metal species, which differ in quantity, environment and degree of aggregation depending on the metal deposition order, which leads to different catalytic behaviors in both catalysts.



Summarizing, the replacement of Na+ cations with Fe2+ and Ag+ caused a decrease of the caustic modulus, which may indicate a modification of the Brønsted acidity. According to the elemental analysis, the selectivity of the exchange of various cations in the mordenite is as follows: Ag+ > Na+ > Fe2+. According to XPS and UV–Vis spectra of bimetallic samples, silver exists in the form of reduced (Agm and Ag0 nanoparticles) and iron as Fe3+ species, mainly, however these were not the cationic species that were used in solution for exchange with Na+. Monovalent silver nitrate and bivalent perchlorate of iron were used as reagents for ion exchange. The appearance in the system of zero-valent silver and three-valent iron indicates the occurrence of a redox reaction by itself (Equation (1)), which was not expected. However, the electrochemical potentials of both species are very close making it possible that redox processes can be carried out (    Fe   2 +    ⇔   e −      Fe   3 +   + 0.77   and     Ag  +   ⇔   e −      Ag  0  + 0.80  ).


    Ag  +  MOR  →    Fe   2 +   ,    T  ,      H   2  O    (    Ag  0  /   Ag  m   )    Fe   3 +   MOR ,  



(1)







Finally, the bimetallic Ag-Fe/Mordenite catalysts showed dynamic behavior and different active sites during the reduction of NOx due to appearance of various metal species (according to spectroscopic results), such as clusters (Agmn+, Agm with m < 8), cationic species (Ag+ and Fe3+) and metal nanoparticles of Ag (with particle size less than 6 nm). We observed different species as isolated ion (monomeric), dimers, multimeric species and clusters in various oxidation states that may act as active centers in the zeolite framework and these materials can be considered as dynamic catalysts in the redox cycle for the NO reduction in presence of hydrocarbon under oxidizing conditions.





3. Materials and Methods


3.1. Sample Preparation


Mordenite type zeolite was supplied by Zeolyst International in sodium form (CBV-10A product, Zeolyst International, Conshohocken, PA, USA) with an atomic ratio Si/Al = 6.5 (Figure 6). The precursors of Ag and Fe were 0.1 N aqueous solutions of silver nitrate (AgNO3, ≥99.0%, FagaLab, Sinaloa, México) and iron (II) perchlorate hydrate (Fe(ClO4)2 H2O, ≥98.0%, Sigma-Aldrich, Saint Louis, MO, USA). Cations were introduced into mordenite by conventional ion exchange during 24 h at two different temperatures–ambient and 60 °C. After the ion exchange procedure, the samples were filtered, washed with deionized H2O and dried at 110 °C for 20 h. All processing steps were carried out under conditions that prevent direct light from entering the samples, in order to avoid possible spontaneous reduction of silver ions. Monometallic systems were prepared by ion exchange of the original NaMOR in appropriate solution of Ag or Fe (Table 1). In the volume of solutions used to prepare mono- and bimetallic samples, the Ag+ and Fe2+ cations were in excess, that is, they contained more cations than it was necessary to complete exchange with the Na+ cations. Therefore, no further changes depending on the volume of the solutions during the exchange for Ag or Fe cations in the zeolite are expected, unless the amount of the substance in the solution is reduced.




3.2. Sample Characterization


Elemental analysis of the samples was carried out by inductively-coupled plasma-optical emission spectroscopy (ICP-OES) in a Varian Vista-MPX equipment (Varian Inc., Palo Alto, CA, USA), using argon to generate plasma and nitrogen to clean the optical system.



The electronic transitions of the samples were studied by diffuse reflectance UV–Vis spectroscopy (DRS) using a Cary 100 spectrophotometer (Agilent Technologies Mexico, Ciudad de México, México) in the wavelength range 200–800 nm, with a resolution of 0.1 nm. The spectrum of the initial NaMOR was subtracted from the spectra of all samples.



The oxidation states of silver and iron on the surface were studied by XPS in a SPECS equipment with a Phoibos detector (DLD, HSA3500, SPECS, Berlin, Germany). A monochromatic Al-Kα X-ray source at 1486.6 eV was used for analysis. BE scale was calibrated using the Si 2p peak at 102.7 eV, the accuracy of the measurement was ±0.1 Ev. The spectra deconvolution was made by using the Casa XPS software (Version 2.3.19, Casa Software Ltd., Teignmouth, Devon, UK). Chemical states were determined on the basis of th areas and BE of Ag 3d and Fe 2p photoelectron peaks.



The morphology and particle size were determined from HR-TEM micrographs. The TEM measurements were carried out in a JEOL 2010 electron microscope (JEOL Ltd., Tokyo, Japan) operating at accelerating voltage 200 kV using LaB6 filament. For analysis, the sample was dispersed in isopropanol using ultrasound, and putting a drop of this suspension on supported carbon film (lacey type). About 500 particles were chosen to determine the mean diameter of silver NPs. The mean particle diameter was calculated from constructed histograms.




3.3. Catalytic Test


The catalytic activity was evaluated in the NOx reduction in the presence of propene, carbon monoxide and oxygen atmosphere in a fixed bed continuous flow quartz micro-reactor inside a vertical furnace. Catalytic runs were performed using 100 mg of the catalyst packed in the U-shaped flow reactor, in the temperature range 25–500 °C with a ramp rate of 5 °C·min−1. The reaction gas phase mixture consisted of NO [850 ppm], C3H6 [300 ppm], O2 [2.1 vol%], CO [0.4 vol%], and N2 as balance. The total flow was 7 mL·min−1, corresponding to a mean hourly gas space velocity (GHSV) of 15,600 h−1. Before the catalytic reaction, the catalysts were pretreated in a flow of the oxidant mixture (50 mL/min of 4.4 vol% of O2/N2 balanced) with a heating rate of 5 °C·min−1 from room temperature up to 550 °C. Inlet and outlet gas concentrations were measured in an ZPA-IR gas analyzer (California Analytical Instruments Inc., Orange, CA, USA). Data acquisition of the NO concentration during the catalytic reaction was carried out continuously. The conversion of NO was calculated by means of the equation:    NO   conversion  ,    %  =  [   [    NO   in   −   NO   out    ]  /   NO   in    ]  × 100  .





4. Conclusions


The characterization of the bimetallic catalysts allowed the identification of Fe and Ag ions and metal species with different degree of concentration, aggregation, and environment, which led to different catalytic behavior of the catalysts in the reduction of NO. The physicochemical analysis of bimetallic catalysts using UV–Vis, XPS, and HRTEM confirmed the presence of Ag0 nanoparticles with an average particle diameter between 2 to 6.5 nm, the appearance of Agm metal clusters and iron in an oxidation state III, mostly. These species varied with the order of exchange, i.e., Ag first then Fe or or Fe first, then Ag. Silver in bimetallic catalysts was mainly in a reduced state due to the influence of the iron cation transition Fe2+/Fe3+. In such a case, the mordenite framework was also decisive for the occurrence of that redox mechanism.



The AgFe, FeAg, and mAgFe bimetallic catalysts prepared at room temperature and 60 °C showed a different synergistic effect in their catalytic properties which was related with the preparation conditions. Each of three studied bimetallic catalysts showed different active sites during the NO reduction due to the presence of active species, such as Fe3+ stabilized in the mordenite framework, Ag+ cations and silver in reduced state (Agm clusters and Ag0 NPs). For all bimetallic catalysts, the NO conversion exceeded 70% in a temperature range between 300–450 °C.



As a result of the study, we concluded that mAgFeMOR catalysts in which both cations were incorporated simultaneously, gave the best catalytic results for NO reduction, at both temperatures, with 80% of conversion at 360 °C.







Author Contributions


P.S.-L. is the original draft writer, data curator, and researcher; Y.K. curated some data, researched, reviewed, and edited the manuscript; S.M. was responsible for conceptualization, article reviewing, and editing; F.C.-R. curated some data, acquired funding, and supervised, as well as reviewed and edited the paper; S.F. was primarily responsible for funding acquisition, and was also responsible for resources, investigation, supervision, reviewing, and editing of the manuscript; and V.P. was the main supervisor, and also responsible resources, methodology, investigation, reviewing, and editing of the manuscript.




Funding


This work was supported by RFBR and CITMA grant no. 18-53-34004 and UNAM-DGAPA-PAPIIT through grant IN107817. Perla Sánchez-López thanks to project SENER-CONACyT-Hidrocarburos for 117373 for scholarship support. Fernando Chávez-Rivas thanks the support of COFAA-IPN.




Acknowledgments


The authors thank I. Rodriguez-Iznaga for fruitful discussions and to A. Simakov, E. Smolentseva, E. Aparicio, D. Domínguez, M. Estrada, F. Ruiz, E. Flores, and A. Arteaga for technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sillman, S. Tropospheric Ozone and Photochemical Smog. In Treatise on Geochemistry; Elsevier: Amsterdam, The Netherlands, 2003; pp. 407–431. [Google Scholar]

	



Roy, S.; Hegde, M.S.; Madras, G. Catalysis for NOx abatement. Appl. Energy 2009, 86, 2283–2297. [Google Scholar] [CrossRef]

	



Gilot, P.; Guyon, M.; Stanmore, B.R. A review of NOx reduction on zeolitic catalysts under diesel exhaust conditions. Fuel 1997, 76, 507–515. [Google Scholar] [CrossRef]

	



Pârvulescu, V.I.; Grange, P.; Delmon, B. Catalytic removal of NO. Catal. Today 1998, 46, 233–316. [Google Scholar] [CrossRef]

	



Xin, Y.; Li, Q.; Zhang, Z. Zeolitic Materials for DeNOx Selective Catalytic Reduction. ChemCatCham 2018, 10, 29–41. [Google Scholar] [CrossRef]

	



Mrad, R.; Aissat, A.; Cousin, R.; Courcot, D.; Siffert, S. Catalysts for NOx selective catalytic reduction by hydrocarbons (HC-SCR). Appl. Catal. A Gen. 2015, 504, 542–548. [Google Scholar] [CrossRef]

	



Traa, Y.; Burger, B.; Weitkamp, J. Zeolite-based materials for the selective catalytic reduction of NOx with hydrocarbons. Microporous Mesoporous Mater. 1999, 30, 3–41. [Google Scholar] [CrossRef]

	



Worch, D.; Suprun, W.; Gläser, R. Supported transition metal-oxide catalysts for HC-SCR DeNOx with propene. Catal. Today 2011, 176, 309–313. [Google Scholar] [CrossRef]

	



Topsøe, N.Y. Catalysis for NOx abatement. Selective catalytic ceduction of NOx by ammonia: Fundamental and industrial aspects. Cattech 1997, 1, 125–134. [Google Scholar]

	



Aspromonte, S.G.; Miró, E.E.; Boix, A.V. Effect of Ag-Co interactions in the mordenite on the NOx SCR with butane and toluene. Catal. Commun. 2012, 28, 105–110. [Google Scholar] [CrossRef]

	



De Lucas, A.; Valverde, J.L.; Dorado, F.; Romero, A.; Asencio, I. Influence of the ion exchanged metal (Cu, Co, Ni and Mn) on the selective catalytic reduction of NOx over mordenite and ZSM-5. J. Mol. Catal. A Chem. 2005, 225, 47–58. [Google Scholar] [CrossRef]

	



Oliviera, M.L.M.; Silva, C.M.; Moreno-Tost, R.; Farias, T.L.; Jiménez-López, A.; Rodríguez-Castellón, E. A study of copper-exchanged mordenite natural and ZSM-5 zeolites as SCR-NOx catalysts for diesel road vehicles: Simulation by neural networks approach. Appl. Catal. B Environ. 2009, 88, 420–429. [Google Scholar] [CrossRef]

	



Palomares, A.E.; Franch, C.; Corma, A. Determining the characteristics of a Co-zeolite to be active for the selective catalytic reduction of NOx with hydrocarbons. Catal. Today 2011, 176, 239–241. [Google Scholar] [CrossRef]

	



Corma, A.; Fornés, V.; Palomares, E. Selective catalytic reduction of NO(x) on Cu-beta zeolites. Appl. Catal. B Environ. 1997, 11, 233–242. [Google Scholar] [CrossRef]

	



De La Torre, U.; Pereda-Ayo, B.; Moliner, M.; González-Velasco, J.R.; Corma, A. Cu-zeolite catalysts for NOxremoval by selective catalytic reduction with NH3 and coupled to NO storage/reduction monolith in diesel engine exhaust aftertreatment systems. Appl. Catal. B Environ. 2016, 187, 419–427. [Google Scholar] [CrossRef]

	



Sachtler, W.M.H.; Zhang, Z. Zeolite-Supported Transition Metal Catalysts. Adv. Catal. 1993, 39, 129–220. [Google Scholar]

	



Corma, A. State of the art and future challenges of zeolites as catalysts. J. Catal. 2003, 216, 298–312. [Google Scholar] [CrossRef]

	



Bogdanchikova, N.; Petranovskii, V.; Fuentes, S.; Paukshtis, E.; Sugi, Y.; Licea-Claverie, A. Role of mordenite acid properties in silver cluster stabilization. Mater. Sci. Eng. A 2000, 276, 236–242. [Google Scholar] [CrossRef]

	



Fonseca, A.M.; Neves, I.C. Study of silver species stabilized in different microporous zeolites. Microporous Mesoporous Mater. 2013, 181, 83–87. [Google Scholar] [CrossRef]

	



Gurin, V.S.; Petranovskii, V.P.; Bogdanchikova, N.E. Metal clusters and nanoparticles assembled in zeolites: An example of stable materials with controllable particle size. Mater. Sci. Eng. C 2002, 19, 327–331. [Google Scholar] [CrossRef]

	



Chen, H.Y.; Wang, X.; Sachtler, W.M.H. Reduction of NOx over various Fe/zeolite catalysts. Appl. Catal. A Gen. 2000, 194, 159–168. [Google Scholar] [CrossRef]

	



Xu, L.; Shi, C.; Chen, B.; Zhao, Q.; Zhu, Y.; Gies, H.; Xiao, F.S.; De Vos, D.; Yokoi, T.; Bao, X.; et al. Improvement of catalytic activity over Cu–Fe modified Al-rich Beta catalyst for the selective catalytic reduction of NOx with NH3. Microporous Mesoporous Mater. 2016, 236, 211–217. [Google Scholar] [CrossRef]

	



Wojcieszak, R.; Monteverdi, S.; Ghanbaja, J.; Bettahar, M.M. Study of Ni-Ag/SiO2 catalysts prepared by reduction in aqueous hydrazine. J. Colloid Interface Sci. 2008, 317, 166–174. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; Yang, G.; Li, P.; Wang, J.; Zhang, P. Promotion of formaldehyde oxidation over Ag catalyst by Fe doped MnOx support at room temperature. Catal. Today 2016, 277, 257–265. [Google Scholar] [CrossRef]

	



Das, R.; Gupta, M.; Srivastava, S.K. Magnetic instability and f – d hybridization in CeFe2 on substituting Cr, Ag, and Au for Fe. J. Magn. Magn. Mater. 2017, 433, 162–168. [Google Scholar] [CrossRef]

	



Ciesielski, K.; Chajewski, G.; Samsel–Czekała, M.; Hackemer, A.; Pikul, A.P.; Kaczorowski, D. Low-temperature electronic properties and band structures of LaTE2Si2 (TE=Fe, Co, Ag and Au). Solid State Commun. 2017, 257, 32–35. [Google Scholar] [CrossRef]

	



Grandjean, D.; Coutiño-Gonzalez, E.; Cuong, N.T.; Fron, E.; Baekelant, W.; Aghakhani, S.; Schlexer, P.; Dacapito, F.; Banerjee, D.; Roeffaers, M.B.J.; et al. Origin of the bright photoluminescence of few-atom silver clusters confined in LTA zeolites. Science 2018, 361, 686–690. [Google Scholar] [CrossRef]

	



Izadkhah, B.; Nabavi, S.R.; Niaei, A.; Salari, D.; Mahmuodi Badiki, T.; Çaylak, N. Design and optimization of Bi-metallic Ag-ZSM5 catalysts for catalytic oxidation of volatile organic compounds. J. Ind. Eng. Chem. 2012, 18, 2083–2091. [Google Scholar] [CrossRef]

	



Li, Z.; Flytzani-Stephanopoulos, M. On the Promotion of Ag–ZSM-5 by Cerium for the SCR of NO by Methane. J. Catal. 1999, 182, 313–327. [Google Scholar] [CrossRef]

	



Ramírez-Garza, R.E.; Rodríguez-Iznaga, I.; Simakov, A.; Farías, M.H.; Castillón-Barraza, F.F. Cu-Ag/mordenite catalysts for NO reduction: Effect of silver on catalytic activity and hydrothermal stability. Mater. Res. Bull. 2018, 97, 369–378. [Google Scholar] [CrossRef]

	



Jouini, H.; Mejri, I.; Petitto, C.; Martinez-Ortigosa, J.; Vidal-Moya, A.; Mhamdi, M.; Blasco, T.; Delahay, G. Characterization and NH3-SCR reactivity of Cu-Fe-ZSM-5 catalysts prepared by solid state ion exchange: The metal exchange order effect. Microporous Mesoporous Mater. 2018, 260, 217–226. [Google Scholar] [CrossRef]

	



Chernavskii, P.A.; Pankina, G.V.; Kkazantsev, R.V.; Eliseev, O.L. Potassium as a Structural Promoter for an Iron/Activated Carbon Catalyst: Unusual Effect of Component Deposition Order on Magnetite Particle Size and Catalytic Behavior in Fischer-Tropsch Synthesis. ChemCatChem 2018, 10, 1–9. [Google Scholar] [CrossRef]

	



Tunyogi, A.; Tanczikó, F.; Osváth, Z.; Pászti, F. Structural characterization of Fe/Ag bilayers by RBS and AFM. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 2008, 266, 4916–4920. [Google Scholar] [CrossRef]

	



Cook, K.M.; Perez, H.D.; Bartholomew, C.H.; Hecker, W.C. Effect of promoter deposition order on platinum-, ruthenium-, or rhenium-promoted cobalt Fischer-Tropsch catalysts. Appl. Catal. A Gen. 2014, 482, 275–286. [Google Scholar] [CrossRef]

	



Park, J.B.; Conner, S.F.; Chen, D.A. Bimetallic Pt-Au clusters on TiO2(110): Growth, surface composition, and metal-support interactions. J. Phys. Chem. C 2008, 112, 5490–5500. [Google Scholar] [CrossRef]

	



Bartolomeu, R.; Mendes, N.; Fernandes, A. NOx SCR with decane using Ag–MFI catalysts: On the effect of silver content and co-cation presence. Catal. Sci. Technol. 2016, 6, 3038. [Google Scholar] [CrossRef]

	



Yahiro, H.; Iwamoto, M. Copper ion-exchanged zeolite catalysts in deNOx reaction. Appl. Catal. A Gen. 2001, 222, 163–181. [Google Scholar] [CrossRef]

	



Zhukov, Y.M.; Efimov, A.Yu.; Shelyapina, M.G.; Petranovskii, V.; Zhizhin, E.V.; Burovikhina, A.; Zvereva, I.A. Effect of preparation method on the valence state and encirclement of copper exchange ions in mordenites. Microporous Mesoporous Mater. 2016, 224, 415–419. [Google Scholar] [CrossRef]

	



Petranovskii, V.; Gurin, V.; Bogdanchikova, N.; Sugi, Y. Controlling copper reducibility in mordenites by varying the SiO2/Al2O3 molar ratio. Mater. Lett. 2003, 57, 1781–1785. [Google Scholar] [CrossRef]

	



Ohtsuka, H.; Tabata, T. Influence of Si/Al ratio on the activity and durability of Pd-ZSM-5 catalysts for nitrogen oxide reduction by methane. Appl. Catal. B Environ. 2000, 26, 275–284. [Google Scholar] [CrossRef]

	



Abu-Zied, B.M.; Schwieger, W.; Unger, A. Nitrous oxide decomposition over transition metal exchanged ZSM-5 zeolites prepared by the solid-state ion-exchange method. Appl. Catal. B Environ. 2008, 84, 277–288. [Google Scholar] [CrossRef]

	



Panahi, P.N.; Salari, D.; Niaei, A.; Mousavi, S.M. NO reduction over nanostructure M-Cu/ZSM-5 (M: Cr, Mn, Co and Fe) bimetallic catalysts and optimization of catalyst preparation by RSM. J. Ind. Eng. Chem. 2013, 19, 1793–1799. [Google Scholar] [CrossRef]

	



Breck, D.W. Zeolite Molecular Sieves: Structure, Chemistry and Use; John Wiley & Sons: New York, NY, USA, 1974. [Google Scholar]

	



Li, Z.; Flytzani-Stephanopoulos, M. Selective catalytic reduction of nitric oxide by methane over cerium and silver ion-exchanged ZSM-5 zeolites. Appl. Catal. A Gen. 1997, 165, 15–34. [Google Scholar] [CrossRef]

	



Efimov, A.Yu.; Petranovskii, V.; Fedotov, M.A.; Khtipun, M.K. On the role of triethanolamine in the charnell synthesis of zeolites. J. Struct. Chem. 1993, 34, 548–551. [Google Scholar] [CrossRef]

	



Rao, P.R.; Matsukata, M. Dry-gel conversion technique for synthesis of zeolite BEA. Chem. Commun. 1996, 2, 1441–1442. [Google Scholar] [CrossRef]

	



Luo, W.; Yang, X.; Wang, Z.; Huang, W.; Chen, J.; Jiang, W.; Wang, L.; Cheng, X.; Deng, Y.; Zhao, D. Synthesis of ZSM-5 aggregates made of zeolite nanocrystals through a simple solvent-free method. Microporous Mesoporous Mater. 2017, 243, 112–118. [Google Scholar] [CrossRef]

	



Inagaki, S.; Nakatsuyama, K.; Saka, Y.; Kikuchi, E.; Kohara, S.; Matsuaka, M. Elucidation of medium-range structure in a dry gel-forming *BEA-type zeolite. J. Phys. Chem. C 2007, 111, 10285–10293. [Google Scholar] [CrossRef]

	



Borón, P.; Chmielarz, L.; Gurgul, J.; Latka, K.; Gil, B.; Marszalek, B.; Dzwigaj, S. Influence of iron state and acidity of zeolites on the catalytic activity of FeHBEA, FeHZSM-5 and FeHMOR in SCR of NO with NH3 and N2O decomposition. Microporous Mesoporous Mater. 2015, 203, 73–85. [Google Scholar] [CrossRef]

	



Rodríguez-Iznaga, I.; Rodríguez-Fuentes, G.; Petranovskii, V. Ammonium modified natural clinoptilolite to remove manganese, cobalt and nickel ions from wastewater: Favorable conditions to the modification and selectivity to the cations. Microporous Mesoporous Mater. 2018, 255, 200–210. [Google Scholar] [CrossRef]

	



Schuricht, F.; Reschetilowski, W. Simultaneous selective catalytic reduction (SCR) of NOx and N2O over Ag/ZSM-5—Catalytic studies and mechanistic implications. Microporous Mesoporous Mater. 2012, 164, 135–144. [Google Scholar] [CrossRef]

	



Aspromonte, S.G.; Serra, R.M.; Miró, E.E.; Boix, A.V. AgNaMordenite catalysts for hydrocarbon adsorption and deNOx processes. Appl. Catal. A Gen. 2011, 407, 134–144. [Google Scholar] [CrossRef]

	



Concepción-Rosabal, B.; Rodríguez-Fuentes, G.; Bogdanchikova, N.; Bosch, P.; Avalos, M.; Lara, V.H. Comparative study of natural and synthetic clinoptilolites containing silver in different states. Microporous Mesoporous Mater. 2005, 86, 249–255. [Google Scholar] [CrossRef]

	



Sayah, E.; Brouri, D.; Massiani, P. A comparative in situ TEM and UV-visible spectroscopic study of the thermal evolution of Ag species dispersed on Al2O3 and NaX zeolite supports. Catal. Today 2013, 218, 10–17. [Google Scholar] [CrossRef]

	



Gurin, V.S.; Bogdanchikova, N.E.; Petranovskii, V.P. Self-assembling of silver and copper small clusters within the zeolite cavities: Prediction of geometry. Mater. Sci. Eng. C 2001, 18, 37–44. [Google Scholar] [CrossRef]

	



Chávez-Rivas, F.; Rodriguez-Fuentes, G.; Berlier, G.; Rodríguez-Iznaga, I.; Petranovskii, V.; Zamorano-Ulloa, R.; Coluccia, S. Evidence for controlled insertion of Fe ions in the framework of clinoptilolite natural zeolites. Microporous Mesoporous Mater. 2013, 167, 76–81. [Google Scholar] [CrossRef]

	



Kumar, M.S.; Schwidder, M.; Grünert, W.; Bentrup, U.; Brückner, A. Selective reduction of NO with Fe-ZSM-5 catalysts of low Fe content: Part II. Assessing the function of different Fe sites by spectroscopic in situ studies. J. Catal. 2006, 239, 176–186. [Google Scholar]

	



Gurgul, J.; Ła̧tka, K.; Hnat, I.; Rynkowski, J.; Dzwigaj, S. Identification of iron species in FeSiBEA by DR UV-vis, XPS and Mössbauer spectroscopy: Influence of Fe content. Microporous Mesoporous Mater. 2013, 168, 1–6. [Google Scholar] [CrossRef]

	



Wu, P.; Komatsu, T.; Yashima, T. Isomorphous substitution of Fe3+ in the framework of aluminosilicate mordenite by hydrothermal synthesis. Microporous Mesoporous Mater. 1998, 20, 139–147. [Google Scholar] [CrossRef]

	



Bordiga, S.; Buzzoni, R.; Geobaldo, F.; Lamberti, C.; Giamello, E.; Zecchina, A.; Leofanti, G.; Petrini, G.; Tozzola, G.; Vlaic, G. Structure and Reactivity of Framework and Extraframework Iron in Fe-Silicalite as Investigated by Spectroscopic and Physicochemical Methods. J. Catal. 1996, 158, 486–501. [Google Scholar] [CrossRef]

	



Moulder, J.F.; Stickle, W.F.; Sobol, P.E.; Bomben, K.D. Handbook of X-ray Photoelectron Spectroscopy; Chastain, J., Ed.; Perkin Elmer Corporation: Eden Prairie, MN, USA, 1992. [Google Scholar]

	



Lopez-Salido, I.; Lim, D.C.; Kim, Y.D. Ag nanoparticles on highly ordered pyrolytic graphite (HOPG) surfaces studied using STM and XPS. Surf. Sci. 2005, 588, 6–18. [Google Scholar] [CrossRef]

	



Iwamoto, M.; Yahiro, H. Novel catalytic decomposition and reduction of NO. Catal. Today 1994, 22, 5–18. [Google Scholar] [CrossRef]

	



Vilhena, F.d.S.; Serra, R.M.; Boix, A.V.; Ferrerira, G.B.; José, J.W. DFT study of Li+ and Na+ positions in mordenites and hydration stability. Comput. Theor. Chem. 2016, 1091, 115–121. [Google Scholar] [CrossRef]

	



More, P.M. Effect of active component addition and support modification on catalytic activity of Ag/Al2O3 for the selective catalytic reduction of NOx by hydrocarbon—A review. J. Environ. Manag. 2017, 188, 43–48. [Google Scholar] [CrossRef] [PubMed]

	



Kuroda, Y.; Mori, T.; Sugiyama, H.; Uozumi, Y.; Ikeda, K.; Atadani, A.; Nagao, M. On the possibility of AgZSM-5 zeolite being a partial oxidation catalyst for methane. J. Colloid Interface Sci. 2009, 33, 294–299. [Google Scholar] [CrossRef] [PubMed]

	



Sazama, P.; Capek, L.; Drobná, H.; Sobalík, Z.; Dedecek, J.; Arve, K.; Wichterlová, B. Enhancement of decane-SCR-NOxover Ag/alumina by hydrogen. Reaction kinetics and in situ FTIR and UV-vis study. J. Catal. 2005, 232, 302–317. [Google Scholar] [CrossRef]

	



Bartolomeu, R.; Bértolo, R.; Casale, S.; Fernandes, A.; Henriques, C.; da Costa, P.; Riberio, F. Particular characteristics of silver species on Ag-exchanged LTL zeolite in K and H form. Microporous Mesoporous Mater. 2013, 169, 137–147. [Google Scholar] [CrossRef]

	



Brandenberger, S.; Kröcher, O.; Tissler, A.; Althoff, R. The determination of the activities of different iron species in Fe-ZSM-5 for SCR of NO by NH3. Appl. Catal. B Environ. 2010, 95, 348–357. [Google Scholar] [CrossRef]

	



Melián-Cabrera, I.; Mentriut, C.; Pieterse, J.A.Z.; van den Brink, R.W.; Mul, G.; Kapteijn, F.; Moulijn, J.A. Highly active and stable ion-exchanged Fe—Ferrierite catalyst for N2O decomposition under nitric acid tail gas conditions. Catal. Commun. 2005, 6, 301–305. [Google Scholar] [CrossRef]

	



Zhou, T.; Li, L.; Shen, Q.; Xie, Q.; Hao, Z. Fe-mordenite/cordierite monolith for the catalytic decomposition of nitrous oxide. Ceram. Int. 2009, 35, 3097–3101. [Google Scholar] [CrossRef][Green Version]

	



Sato, S.; Hirabayashi, H.; Yahiro, H.; Mizuno, N.; Iwamoto, M. Iron ion-exchanged zeolite: The most active catalyst at 473 K for selective reduction of nitrogen monoxide by ethene in oxidizing atmosphere. Catal. Lett. 1992, 12, 193–200. [Google Scholar] [CrossRef]

	



Śrębowata, A.; Zielińska, I.; Baran, R.; Słowik, G.; Dzwigaj, S. Ag-Ni bimetallic SiBEA zeolite as an efficient catalyst of hydrodechlorination of 1,2-dichloroethane towards ethylene. Catal. Commun. 2015, 69, 154–160. [Google Scholar] [CrossRef]








[image: Catalysts 09 00058 g001 550] 





Figure 1. UV–Vis spectra of mono- and bimetallic samples prepared at: (a) room temperature, and (b) 60 °C. 
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Figure 2. Ag 3d5/2 photoelectron spectra of mono- and bimetallic samples prepared at: (a) room temperature, and (b) 60 °C. 
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Figure 3. Fe 2p3/2 photoelectron spectra of mono- and bimetallic samples prepared at: (a) room temperature, and (b) 60 °C. 
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Figure 4. HRTEM-Micrographs and particle size distribution of the samples: (a) AgMORT60, (b) FeMORT60, (c) AgFeMORT60, and (d) mAgFeMORT60. 
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Figure 5. Catalytic performance of NaMOR, Ag or Fe monometallic, and Ag-Fe bimetallic catalysts prepared at room temperature (a,b) and 60 °C (c,d) for NO reduction as a function of reaction temperature. Reaction conditions: NO (850 ppm), C3H6 (350 ppm), O2 (2.1 vol %), CO (0.4 vol %), and N2 balance, flow rate 78 mL·min−1 and GHSV (15,000 h−1). 






Figure 5. Catalytic performance of NaMOR, Ag or Fe monometallic, and Ag-Fe bimetallic catalysts prepared at room temperature (a,b) and 60 °C (c,d) for NO reduction as a function of reaction temperature. Reaction conditions: NO (850 ppm), C3H6 (350 ppm), O2 (2.1 vol %), CO (0.4 vol %), and N2 balance, flow rate 78 mL·min−1 and GHSV (15,000 h−1).



[image: Catalysts 09 00058 g005]







[image: Catalysts 09 00058 g006 550] 





Figure 6. Mordenite viewed along [001] direction. The main channel is shown [12-ring 0.65 × 0.7 nm]. The Na+ cations (yellow) and T-sites of NaMOR according to IZA database. 
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Table 1. Ion-exchange solutions preparation parameters of the exchange while using 3 g of NaMOR for the sample preparation, and the theoretical limit of silver (Ag+) and iron (Fe2+) content in the samples.
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Sample

	
Ion Exchange, First Step

	
Ion Exchange, Second Step




	
Solution, 0.1 N

	
Volume, mL

	
Calculated Ion Exchange Capacity, Atomic %

	
Solution, 0.1 N

	
Volume, mL

	
Calculated Ion Exchange Capacity, Atomic %






	
FeMOR

	
Fe(ClO4)2

	
104

	
3.2

	
-

	
-

	
-




	
AgMOR

	
AgNO3

	
104

	
6.4

	
-

	
-

	
-




	
AgFeMOR

	
AgNO3

	
52

	
6.4

	
Fe(ClO4)2

	
52

	
3.2




	
FeAgMOR

	
Fe(ClO4)2

	
52

	
3.2

	
AgNO3

	
52

	
6.4




	
mAgFeMOR

	
AgNO3 + Fe(ClO4)2

	
52 + 52

	
(Ag + 2Fe) = 6.4

	
-

	
-

	
-
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Table 2. Elemental composition by ICP-OES of studied samples.
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Sample

	
Ion Exchange Temperature

	
Atomic %

	
Charge Balance




	
Si

	
Al

	
Na

	
Ag

	
Fe

	
Si/Al

	
Na/Al

	
EIEM-Fe2+

	
EIEM-Fe3+






	
NaMOR

	
-

	
48.9

	
7.5

	
9.7

	
-

	
-

	
6.5

	
1.29

	
1.29

	
-




	
AgMOR

	
ambient

	
42.8

	
6.8

	
2.4

	
4.9

	
-

	
6.3

	
0.35

	
1.07

	
-




	
AgFeMOR

	
41.7

	
6.3

	
1.0

	
3.8

	
0.9

	
6.6

	
0.16

	
1.05

	
1.19




	
FeAgMOR

	
39.9

	
6.1

	
1.1

	
4.4

	
0.6

	
6.5

	
0.18

	
1.10

	
1.20




	
mAgFeMOR

	
41.1

	
6.3

	
1.7

	
3.9

	
0.6

	
6.5

	
0.27

	
1.08

	
1.17




	
FeMOR

	
44.2

	
6.9

	
4.0

	
-

	
1.1

	
6.4

	
0.58

	
0.90

	
1.06




	
AgMOR

	
60 °C

	
40.8

	
6.4

	
1.3

	
5.4

	
-

	
6.4

	
0.20

	
1.05

	
-




	
AgFeMOR

	
40.1

	
6.3

	
1.0

	
3.5

	
0.9

	
6.4

	
0.16

	
1.00

	
1.14




	
FeAgMOR

	
41.9

	
6.4

	
1.5

	
4.4

	
0.7

	
6.5

	
0.23

	
1.14

	
1.25




	
mAgFeMOR

	
41.7

	
6.4

	
1.6

	
4.0

	
0.7

	
6.5

	
0.25

	
1.09

	
1.20




	
FeMOR

	
46.7

	
7.3

	
4.1

	
-

	
1.3

	
6.4

	
0.56

	
0.92

	
1.09
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Table 3. Mean peak position of the de-convoluted bands from Ag 3d XPS spectra.
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Sample

	
Ag 3d5/2 Binding Energy [eV]




	
Ag0 (%)

368.0–368.3 eV

	
Ag < 2 nm (%) ≥ 369.0 eV

	
Ag+ (%)

366.2 eV

	
Ag-Support (%) 367.4–368.0 eV






	
AgMORTa

	
-

	
369.0 (80)

	
367.0 (20)




	
AgFeMORTa

	
-

	
369.7 (78)

	
-

	
367.7 (22)




	
FeAgMORTa

	
368.8 (80)

	
366.8 (20)




	
mAgFeMORTa

	
-

	
369.0 (80)

	
367.0 (20)




	
AgMORT60

	
-

	
369.3 (82)

	
-

	
367.5 (18)




	
AgFeMORT60

	
368.8 (84)

	
367.0 (16)




	
FeAgMORT60

	
-

	
369.0 (82)

	
-

	
367.8 (18)




	
mAgFeMORT60

	
-

	
369.3 (74)

	
-

	
367.3 (26)
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Table 4. Average diameters of silver particles of the studied mordenite-based samples.
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Catalyst

	
Temperature of the Ion Exchange

	
Average Particle Diameter, nm






	
AgMOR

	
ambient

	
4.4




	
60 °C

	
6.2




	
AgFeMOR

	
ambient

	
3.8




	
60 °C

	
4.1




	
FeAgMOR

	
ambient

	
2.8




	
60 °C

	
3.4




	
mAgFeMOR

	
ambient

	
6.8




	
60 °C

	
3.1
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