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Abstract

:

Nanosized FeCo-based solids were prepared via distinct preparation procedures. The catalytic performances of the solids for styrene oxidation in the presence of hydrogen peroxide were evaluated. The addition of promoters in FeCo such as Sn, Mo, or Cu was also investigated. The catalysts were characterized with XRD, Raman spectroscopy, TEM, chemical analyses, EPR and SEM-EDS. Of these solids obtained via four different methods, the catalyst prepared via the NC and CM procedures enabled a partial incorporation of the Sn into the FeCo matrix forming a very active phase, namely the Heusler alloy. This was ascribed to the high initial dispersion of Sn as a promoter into the FeCo matrix, which led to available FeCoSn (FCS) particles well dispersed and stable on the catalyst surface. In the case of incorporating Mo or Cu to the nanosized FeCo catalyst, a poor stability towards leaching was observed when operating under the same reaction conditions. Cu was much less active than both Sn and Mo, mainly leading to acetophenone, ethylbenzene, 2-phenyl ethanol, 2-phenyl acetic acid, and 2-phenyl acetaldehyde products. The best catalytic results under the optimized reaction conditions, especially at 50 °C and styrene/H2O2 molar ratio of 1 were achieved with nanosized FCS. This solid had a conversion of ca. 70% and selectivity for aldehydes of ca. 27%, and the selectivity for the condensation products was 29%.
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1. Introduction


Fe-based solids are one of the most widely studied catalytic materials in converting hydrocarbons through oxidation reactions, owing to their promising physicochemical properties [1,2,3]. The features of these materials including redox ability, pronounced stability at moderate temperatures, reusability, relatively high textural properties, and low cost make these materials affordable for applications in catalysis, adsorption, dyes degradation, metals and toxic gases removal [1,2,3,4].



Over the past several years, various preparation routes have been developed to Fe-based catalysts such as incipient wetness impregnation [4], core-shell [5], sol–gel [6,7,8], soft-template or hard-template methods [9,10], decomposition of Fe salts in the presence of hydrocarbons followed by thermal treatments and solvothermal routes [4,11] and mechanosynthesis [12], among others. However, some of the reported preparation methods often require an expensive apparatus, long reaction times, and, sometimes, additional steps to prepare the materials.



Currently, the high-surface-area Fe-based nanometer-sized and nanostructured materials have become the focus of considerable interest due to their unique properties, when applied in catalysis [5,8,9]. More importantly, these types of materials are the choice for most Fe-supported and unsupported catalysts due to low-cost fabrication and mass availability of the solids. Among these methods, the sol–gel route to prepare iron compounds has been verified to be a relatively simple and efficient process of fabricating diverse Fe-containing phases for hydrocarbon oxidations [12]. As an example, the particle size and porosity of the nanoparticles and nanostructures can be controlled using the alkoxides precursors, and this fact is presumably related to the dissolution of the precursors and reactions involved in the process [8].



In this sense, massic or supported Fe oxide nanoparticles have widespread applications in selective epoxidation of olefins, alkenes, and alcohols [4,13,14]. Within this field, styrene oxidation is an allylic oxidation reaction to produce valuable chemical compounds such as styrene epoxide and benzaldehyde (Figure 1, Reaction I). [image: Catalysts 07 00323 i001]



Reaction II is another pathway for styrene oxidation reaction leading to the formation of valuable chemical products such as 2-phenylehtnol, 2-phenyl acetic acid, 2-phenyl acetaldehyde, acetophenone, and ethylbenzene. These products have wide applications in the manufacture of perfumes, dyestuff, pharmaceuticals, and agrochemicals and in organic synthesis [12,15]. The use of FeCo-based catalysts in Reaction I has become an area of growing interest, since the solids exhibit promising catalytic activity and can be easily isolated from the reaction products [16,17]. On the contrary, they present the possibility of deactivation via phase transformation, sintering, or leaching of the active phases occurring during the reaction [12]. It has also been shown that the addition of promoters (i.e., Te, Mn, Mo, Sb, Co, or V) to Fe-based catalysts, particularly Co, is a great approach to have reoxidation couples and hence provide a redox stabilization of Fe oxidation states to enhance selectivities of desired products [17,18].



Herein, a series of ternary FeCo catalysts with different promoters (Sn, Cu, or Mo) have been synthesized via nanocasting, sol–gel, chemical modification, and copolymer-assisted co-precipitation. The resulting materials essentially may suppress the deactivation of Fe3+ via reduction during Reaction I through the immediate proximity of the promoter in the lattice of a given Fe catalytically active phase. This has been investigated via EPR, XRD, Raman spectroscopy, Nitrogen physisorption isotherms, chemical analysis, SEM-EDS, and TEM measurements. Further, the challenging aspect is to choose a facile preparation method to synthesize FeCo materials with the promoter incorporated into the FeCo lattice without agglomeration. With a low cost-effective method, the simple synergistic strategy of addition of the promoter would result in a versatile FeCo catalyst. This has rarely been exploited beyond styrene oxidation.




2. Results and Discussion


2.1. Physicochemical Properties of the Synthesized Solids


The morphology of the material is of utmost importance for designing catalysts for oxidation reactions [12,15]. SEM images of the FCS series of solids are illustrated in the panels (Figure 1a). The chemical modification procedure, e.g., CM, promotes the formation of particles comprised of truncated rombicuboctahedron, prismatic, trapezoidal, and parallelogram-shaped morphologies, which are indeed quite large agglomerates with uneven surfaces. Moreover, the particle sizes of FCS CM are not uniform with the mean crystal domain of 1–50 μm. The magnified view of an individual parallelogram (Figure 1a included, left side) exhibits plate facets in the dense crystals, as a result of the aminobenzoic acid, furfural, or iso-octil phenoxy poly-ethoxi ethanol precursor decomposition. The hydrocarbon precursors may be chemically bonded to the ferrocene, tin, and cobalt salts acting as binders to provide stability to the final solid. As reported in an earlier study [19], the thermal treatment of samples prepared via similar methods in air at 700 °C gives a solid state reaction among Fe-O, Co-O, and C-O as well as Co-O and Sn-O entities; hence, the crystallization of the FCS CM sample is likely. The crystallization of the solid is later reflected in the XRD and Raman.



It is interesting to note that the cabbage-leaf-like particles are clearly seen over FCS SG (Figure 1a), and some of them have nanochip- and nanosphere-aggregated forms (Figure 1a included, left side). In addition to the porous network structure formed by the aggregate of nanoscale particles, the particles are nanostructured.



The SEM micrograph of FCS CP exhibits a rod-like morphology with rods or ribbons shapes (Figure 1a included, right side), and the diameter of the platelet is in the 3–10 μm range. It is interesting to observe an evident presence of particles possessing roughly flat hexagonal plates morphology along with prismatic and cuboctahedron shapes, mostly aggregated with no well-known morphologies. These results might be due to the CP method as a variant of sol–gel method, providing the interactions among the depolimerized P-123 copolymer, hydrochloric acid, citric acid, and the metal precursors. It can provide an anisotropic aggregation of thermodynamically unstable metal–oxo–metal or metal–hydroxy–metal species, all of them giving a void space of self-assembled micellar, as for Fe-based compounds [20,21]. In addition, the sol–gel involved reactions are occurring simultaneously during the aging step [21]. Further, hydrothermal treatment and calcination steps would result in the formation of nanosized particles with poor crystallinity (XRD and Raman results), leading to samples with a peculiar morphology.



The FCS NC depicted egg-shaped spheres featuring a particular morphology with rough particles covering the sphere (Figure 1a). This nanoarchitecture is duly reflected by the XAD-16 resin template hollow sphere morphology [20,21]. Some of the spheres were unbroken, indicating that the metal precursors infiltrated successfully into the spheres, whilst other spheroids were cracked because the calcination process burned the template (Figure 1a included, left side). Aside from the morphology, particles diameters varied from 0.5 to 100 μm.



In the case of the FCC series, the morphologies were inherently related to the preparation method and the inclusion of Cu into the solid. For instance, FCC CM displayed bundles of fluffy particles (Figure 1b) with a globular geometric shape (Figure 1b included, left side). Contrary to expected, FCC NC series have distorted spheres, mostly being cracked, as observed in the side-view (Figure 1b, included). This result is indicative of a low quality of the ordered spheres with Cu addition due to the collapse of the final solid, most probably during the calcination process. The FCC CP is composed of dense particles with a polyhedral shape morphology. Some of these particles formed a solid block of nanoplates with an uneven surface, in which rod and spherical nanoparticles cover the nanoplates (Figure 1b included, right side). The SEM image of FCC SG consists of marble-like nanoparticles (Figure 1b), formed by aggregated ultrathin nanosheets (Figure 1b included, left side).



Molybdenum addition in the solid developed a particular morphology in the FCM series with dependence on the procedure used to prepare the solids (Figure 1c). The FCM CM morphology consists of a braided hair-like shape with small aggregates of spheres distorted in the bean forms (Figure 1c included left side). It is remarkable that the FCM NC had a morphology similar to that of FCC NC (Figure 1b). Indeed, the surface of the sphere observed for FCM NC was almost broken and irregular with core permeated through the spheres walls (Figure 1c included on the left). This implies that the metal precursors penetrated into the core of the hollow spheres, and the subsequent thermal degradation contributed to the sintering process, in accordance with a previous work [20].



For FCM CP, numerous rods tangled together forming a big rough plate can be clearly seen. There were distinct rods attached with the plates possessing an average diameter of hundreds of nanometers, as can be observed in Figure 1c included on the left. The average length of such rods was found to be less than 5 μm. Interesting to note is that ice-cream-ball-like and pin-cushion morphologies were seen in FCM SG. Some voids were created among the nanoparticles by forming large pores, i.e., meso- and macropores of ca. 56–143 nm among the spaces of these nanoparticles (Figure 1c included, left side), as confirmed later via TEM image and physisorption measurements. Additionally, neither Cu nor Mo additions caused changes in the morphology of the SG samples; FCC SG and FCM SG samples retained their shape, as demonstrated in Figure 1b,c respectively. For a better explanation of this result, the surface tension of the liquid leads to the formation of nanoparticles with a spherical morphology and the formation of the aforesaid voids in sol–gel-based solids [8]. The morphology may indicate that the use of an organic polymer, such as polyvinylpyrrolidone in isopropyl alcohol together with citric acid and the metals, promotes the formation of a hydrogen bond between the amide carbonyl group of polymers and the metals, as for silica hybrid composites [22]. Consequently, ferrocene, cobalt, and the other metal precursors penetrated the polymer particles’ pores such that nanocrystalline pores were formed, as for FCM SG (Figure 1c included, left side).



To further investigate the structure of the solids, TEM images were analyzed. Figure 1d depicts low-resolution TEM images of selected samples along with their corresponding high-resolution micrographs. The FCS CM sample contained a high number of irregularly shaped particles with any definite form. The magnified Figure 1d included indicates that the presence of tiny crystallites and large agglomerates. Both the tiny crystallites and large aggregates may be ascribed to Fe-based phases and Co nanoparticles. This supports the XRD pattern that revealed the formation of Fe-based phases, but did not show any Co nanoparticles due to the limitations of the XRD technique. Moreover, the average size of the nanoparticles, supposed to be from Co, was ca. 4 nm.



The FCC SG showed an agglomeration of particles representing a nanostructure with some small spherical nanoparticles confined within an agglomerate core. It is reasonable to believe that the co-polymer burning caused the coalescence of iron nanoparticles, which readily developed into a large agglomerate comprised of either Cu or Co nanoparticles. In addition, the diameters of the large particles were about 100 nm, indicating that the inner nanoparticles of ca. 10 nm were plainly embedded in the Fe nanostructure, which is consistent with the corresponding XRD and Raman results. Additionally, some voids that provoke pore formation were generated in the nanostructure, as later seen in textural properties analysis.



The formation of many nanorods and cubic crystals can be observed in FCM CP. It was revealed that the formation of these nanocrystals is a result of the crystallization of the iron precursor along with the carbonization of co-polymers and hydrocarbons on the metal surface to form a peculiar morphology [19]. Moreover, FCM NC displayed spherical particles, as shown by SEM images. Interestingly, the TEM image of FCM NC displayed aggregations of smaller particles, which stack parallel to one another on the surface of the hard spheres. This is essentially characteristic of the metal deposition and growth of the particles on the solid surface [8].



These results confirm the SEM results that show the influence of the third metal addition on the morphology of the solid.



The chemical analyses via ICP-OES were performed to establish the metal concentrations of the samples. It should be mentioned that the presence of Fe, Co, and Sn constituted about 61.0, 19.5, and 19.5 wt % of the FCS samples (Table 1), independently of the preparation method.



These results suggest that the nominal concentration of Fe is very close to the one targeted in each synthesis, with the incorporation of approximately 65% of the desired Fe in the final solids. For the FCC and FCM series, the iron concentrations are 64 and 63 wt %, respectively. This is also very close to the targeted values. However, CP-based solids have their Co concentrations decreased in the FCC and FCM cases due to the leaching that impedes a complete incorporation of the Co into the Fe structure. Additionally, the concentrations of these metals in the CP method were the lowest among the samples studied. As a sound proof of the leaching of the elements during the washing and calcination steps, a dark liquid phase was formed during the calcination of the samples obtained via CP.



In agreement, the Fe/Me molar ratios (where Me = Sn, Cu, or Mo) are very close to that of the original molar ratio of 2. This indicates that the addition of Sn, Cu, or Mo to the reaction mixture containing Fe and Co precursors was successfully performed, being the third metal introduced into the FeCo solids. However, CP solids have the lowest Fe/Mo ratios among the solids studied. For instance, Fe/Mo of FCM CP is 1.3, and this is probably due to the leaching of Co species during synthesis, as above discussed.



To better understand the surface composition of the solids, EDS analyses were performed (Figure 2a). A visual inspection of the selected spectra reveals that the elements were well distributed on the solid surface.



Having recognized the peculiar morphology of the materials, it is useful to understand the actual textural properties of the solids. The textural parameters including surface areas, pore volumes, and pore sizes were examined through physisorption isotherms and pore diameters curves (Figure 2).



Nitrogen sorption isotherms of FCS series exhibit distinct isotherms (Figure 2b). Depending on the preparation method, one can see solids possessing Type IV isotherms with H1 hysteresis and desorption occurring at 0.70 P/P0 as for FCS CM, whereas an inflexion point occurring 0.47 P/P0 with H2 hysteresis loop is observable for FCS NC and FCS SG. In contrast, the FCS CP displayed features of a flat isotherm since the presence of synthesis debris has almost no hysteresis loop, which indicates that the sample has a small surface area. The pore size distribution curves (Figure 2c) exhibit a wide pore size possessing a non-uniform distribution for FCS NC and FCS SG. This could be an indication that the preparation method gives nanoparticles with uniform diameters and a smooth surface, as shown by sol–gel-derived samples [8]. In contrast to the other cases, FCS CP has a relatively sharp pore size distribution curve centered in the region of micropores.



Similar features with those of FCS are found on FCC and FCM series (Figure 2b). In other words, the Type IV isotherms with H1 hysteresis are clearly observed for all synthesized samples, except for FCC CP and FCM CP having a Type I isotherm. Interestingly, FCC SG does not have a well-defined Type IV pattern, and this behavior corresponds to those of mesopores and macropores presence [20,21], as already suggested by SEM (Figure 1c included). Additionally, the hysteresis loop for the FCC SG is not well established, presumably because of the presence of inter-particle void space. On the contrary, the CP samples have a much narrower pore size distribution compared to FCC SG, indicating the presence of mesopores on the latter sample. Concerning the third metal presence, it can be noted that adding Mo or Cu does not significantly affect the formation of the nanosized materials obtained via sol–gel, as shown in Figure 1. Surprisingly, the diameter of particles became small due to the removal of some hydrocarbons during the calcined process, but no sintering of the solids was observed. In agreement, the EDS analysis reveals that the obtained samples only contained Fe, Co, Sn, Mo, or Cu elements with any residue of carbon, except for FCC CP sample (Figure 2a).



The spots in the elemental mapping images further reveal the existence of a highly homogeneous distribution of Fe, Co, and Sn at the atomic level on solid surfaces in the FCS series. In contrast, the FCM and FCC have minor concentrations of the third metals on the solid surface. Such an observation could probably originate from the excessive Mo or Cu atomic diffusion during the calcination process at relatively high temperatures, as the Mo or Cu is finely dispersed in certain regions of the solid. Another possibility is that the Mo and Cu precursors pass through a liquid phase before calcination. Thereby, part of the Mo and Cu particles formed could be leached, and this may be the main reason for the resulting lesser amount of the metals on surface.



Table 1 summarizes the textural properties of the solids. The specific surface area of the FCS series varies from 3 to 45 m2 g−1 with the same trends seen for pore volumes in the 0.01–0.18 cm3 g−1 range. Either large crystal formations or metal oxides on solid surface can cause substantial declines in surface area and pore volume, as observed in the SEM images of the FCS CP sample (Figure 1a). Besides, the t-plot micropore areas values are negligible, and the FCS samples are mostly mesoporous, with FCS CP having an opposite behavior. Accordingly, the pore size distributions are typical of mesoporous materials with cylindrical/spherical pore geometry with peaks around 6–15 nm, as found elsewhere [5]. Furthermore, all samples prepared via FCS CP exhibit a BET surface area below 3 m2 g−1, a pore volume of 0.01 cm3 g−1, and a pore diameter of ca. 1 nm. This could be recognized as calcination improving the crystallinity of the material, but at the expense of the textural parameters.



The textural parameters of the FCC series are the lowest, when compared with FCS and FCM ones. For instance, FCC CP has a small surface area due to the relatively large crystallite size and the agglomeration of the particles. The average pore size distribution of FCC samples calculated with the BJH method (Figure 2c) suggests that samples have distribution around 0.7–24 nm. The high values of the pore sizes might be because the well developed mesopores through the most domain of crystal structures. These results are well consistent with the t-plot surface areas indicating that these samples have no micropores. On the contrary, the sample prepared via FCC CP had the worse pore size distributions, as predicted in light of the large crystals shown in the SEM and TEM images. Besides, a significant increase in BET surface area and a greater average pore size could be observed when the sample was prepared via FCC NC.



It was noted that the maximum values of the BET surface area and pore volumes were observed for FCM NC. This is closely related to their poor crystallinity as a result of their nanostructured material, in line with the properties revealed by SEM and TEM. Obviously, the wide pore size distribution curve of FCM NC (Figure 2c) suggests the presence of mesopores with an average pore size centralizing at 18.7 nm (Table 1). Additionally, it is interesting to note that the forming process of a nanosized material may be the main reason for its resulting high textural parameters, as in the case of the FCM SG sample. Both FCM CP and FCM CM have low textural parameters due to the leaching of Co species, causing a somewhat partial collapse of their texture.




2.2. Structure by XRD and Raman


The structural order of samples synthesized is determined with XRD and Raman spectra.



XRD patterns of the synthesized solids are shown in Figure 3. The FCS-synthesized series have patterns characteristic of semi-crystalline solids (Figure 3a), except for those prepared via CM. Indeed, the FCS CM has a crystalline structure, in accordance with SEM and TEM results. However, the interesting phenomenon is that no diffraction peaks appear for the solids synthesized via the nanocasting (NC) route, being amorphous in nature. This is an indication that the dispersion of the species on the surface or pores is favored [20,23]. Thus, detailed inspection on the magnified peaks suggests that some oxide reflections emerged (shown in the figure included at the right side of Figure 3). Otherwise, the species may be below the XRD detection limit. Based on the reflections at about 26.7° (220), 33.0° (220), 35.7° (311), 45.5° (440), 59.4° (511), and 65.0° (440), all patterns have the features of maghemite, namely, γ-Fe2O3 (JCPDS-39-1346).



As maghemite arises simultaneously with peaks of magnetite (Fe3O4), it is difficult to distinguish them, since their peaks are at the same positions [4]. Additionally, typical diffraction peaks characteristic of hematite as α-Fe2O3 appear at 21.2° (012), 38.5° (110), 40.4° (013), and 51.7° (024), especially for FCS CP, FCS CM, and FCS SG. Figure 3a also indicates that the samples synthesized with tin have the expected peaks of the tetragonal rutile structure of SnO2 at 25.3° (110), 34.0° (101), 38.7° (200), 51.6° (211), and 53.5° (220) with JCPDS card n°. 41-1445. Besides, it is very interesting that in the diffractograms, there is an indication of the formation of Heusler alloys, which matches well with literature reports [24,25]. These types of alloys have a CsCl-type structure and result from the process related to the thermal antisite defects in Fe and Co vacancies, especially for FeCoSn- and FeCoCu-based materials [25]. Moreover, the absence of Co3O4 phase in all solids indicates that this phase experiences leaching during synthesis or that Co particles can be finely dispersed in a nanosized manner as a FeCo matrix. This will be further confirmed via Raman and EPR measurements.



It is also noted that the XRD patterns of the FCC series revel few diffraction peaks due to the low crystallinity of the samples, as depicted in Figure 3b. The peaks appearing at 2θ = 33.2° (110), 35.7° (002), and 39° (111) reflections are assigned to be from the monoclinic CuO structure (JCPDS 48-1548). Based on XRD patterns of the FCM series (Figure 3c), all samples show no diffraction lines. This means that the remaining Mo species are well dispersed in the FeCo matrix, as suggested by EDS analyses. Importantly, FCM SG shows a peak at 2θ = 25.4°, which can be indexed to the (040) plane from the orthorhombic α-MoO3 (JCPDS 05-0508) phase. Accordingly, the MoO3 structure is comprised of corner-sharing chains of MoO6 octahedra, in which one oxygen atom is unshared, two oxygen atoms are in common with two octahedra, and three oxygen atoms are in part-shared edges and in common with three octahedra [26].



Thus, through calcination of the samples or hydrothermal ageing at low temperatures, the synthesized solids are semi-crystalline. In some cases, the high temperature of calcination may also cause the segregation of CuO and MoO3 species as isolated and finely dispersed phases on an FeCo matrix. Notably, this result demonstrates that the addition of Cu and Mo does not markedly change the degree of crystallinity of the samples with the aforesaid Fe phases being formed.



Concerning the preparation method, the decomposition of ferrocene, cobalt, and tin salts in the presence of hydrocarbons and solvents involve the formation of a violet paste via CM. There is a formation of labile oxidized hydrocarbons during this step; thus, it may convert the salts to their corresponding FCS isolated phases, as relatively aggregations of metal oxides particles (SEM results) and/or an alloy was observed, when thermally treated at 700 °C. Furthermore, the alkali precursor used during the sol–gel route plays an important role for the confinement of Fe, Co, and Me (Me = Sn, Mo, or Cu) species inside the FeCo nuclei matrix. Hence, the formation of nanosized crystals of Fe-based species from ferrocene decomposition is likely, as observed in previous work [19,27]. It is worth noting that the cooperative assembly among the co-polymer, the salts, and solvents form a reddish brown solution. In other words, the CP method gives a successful route to have a high dispersion of the phases, after the thermal transformation of the salts. Moreover, it is well-known that the use of a hard template is an efficient method of controlling the crystal growth and morphologies of the solids via NC [20,28]. Besides, the SEM characterization results reveal that that the features of the original mold is preserved, and the final solids have high textural parameters in some cases, even when the materials are calcined at 700 °C.



In agreement, the particle sizes mainly depend on the synthesis method. It is clearly seen in Figure 3 that the particle sizes of the NC method cannot be determined due to the absence of XRD reflections. Meanwhile, the broad peaks of the XRD patterns from CP and SG methods evidence the low-crystalline samples. Contrarily, the particle sizes of some solids prepared via the CM route are determined from the diffraction peak at 2θ = 42° (400) for γ-Fe2O3 using the Scherrer equation [20]. As for FCS CM, the nanoparticles agglomerate together and form larger particles of ca. 27 nm due to the crystal growth mechanism, while the particle sizes on FCC CM are 12 nm because of the formation of some nanoparticles. In the case of FCM CM, the nanosized particles are well dispersed in a FeCo matrix and/or their sizes are below XRD limit of detection.



The formation of the phases is confirmed by Raman measurements. In the case of FCS series (Figure 4a1), the Raman features observed at low frequencies correspond to the Ag (221 and 490 cm−1) and Eg (294, 414, 617 and 658 cm−1) vibrations, which are well consistent with the modes of Fe–O vibrations in α-Fe2O3,as in the case of FCS NC. Importantly, the mode at 221 cm−1 is due to A1g fonon whereas those at 294 and 414 cm−1 are associated with the Eg fonon modes, all of them belonging to Fe–O stretching from rhombohedral α-Fe2O3 (space group R-3c (D63d)) [4,20]. These modes appear close to that of Fe(III) in distorted tetrahedral symmetry at 294, 473, and 673 cm−1, evidencing that the Fe(III)/Fe(II) ion in octahedral symmetry from maghemite γ-Fe2O3 (space group P4334) exists concomitantly with hematite [8]. This is supported by the broad feature of the FCS NC spectrum and agrees with the XRD observations.



In addition, the Raman features of FCS CM are similar to those of FCS SG, with the modes at 185, 215, 291, 397, 463, 609, and 683 cm−1, being identified as characteristic of maghemite.



Noteworthy, the pronounced modes in FCS CM downshifts to lower frequencies compared to FCS SG, indicating a hardening of the Fe-O, Co-O, or Sn-O bonds due to the higher crystallinity of the former sample, as depicted by XRD. No obvious Raman features of the Fe oxides were observed for FCS CP at low frequency, except for the presence of the modes at 623 and 665 cm−1, identified as being from both hematite and maghemite.



The literature reports that the Raman spectra of γ-Fe2O3 and Fe3O4 have similar features and phonon modes are indeed very close [12]. Therefore, these oxides may appear concomitantly, as seen in XRD spectra. Additionally, Raman vibration modes at 476 cm−1 is associated with the Eg mode due to oxygen atoms in the oxygen plan vibration, whereas those at 632 and 687 cm−1 are ascribed to A1g and B2g vibration modes, since those vibration modes are induced by the expansion and contraction of the Sn-O bonds in tetragonal rutile. This finding is in very good agreement with the optical active Raman characteristic of the SnO2 structure (space group P4/mnm (D4h14)) [29], in addition to those of Fe-related phases.



At the higher frequency region (Figure 4a2), all bands are broad and the vibrations in the 1159–1345 cm−1 range for FSC NC and FCS CM can be attributed to the hematite phase [19]. Small vibrations on these sample at 1092, 1227, and 1264 cm−1 suggest the presence of either hydrocarbon debris from the synthesis or oxygen defect vacancies [19]. Additionally, the bands at 1316 and 1603 cm−1, respectively assigned to be from D and G bands due to the presence of hydrocarbon residues, cannot be ruled out, as observed previously [8]. On the contrary, a broad Raman band at 1313 cm−1 is attributed to the A1g and Eg modes of maghemite, as seen in the spectra of FCS SG and FCS CP.



One should note that the presence of segregated SnO2,phases or phases containing Fe, e.g., Heusler alloys, is routinely encountered in studies of ternary FeCoMe systems (where Me indicates other metals) [25]. This is also explained by the relatively high temperature of ca. 700 °C as promoting the formation of the segregated phases and seems to confirm the observations of XRD, which exhibits samples of nanosized feature with low crystallinity.



Although the Raman spectra of the FCC series (Figure 4b1) have broader bands than those of the FCS series, the modes of the former are found in similar positions and frequencies of those of hematite and maghemite. Moreover, modes at 284 (Ag), 333 (Ag), and 622 (Ag) cm−1 are comparable to the Raman active optical phonons of monoclinic CuO (C62h space group), in good agreement with the previously reported data [30]. These modes may be superimposed to those of hematite and maghemite, evidencing that Cu addition has an impact on decreasing the crystallinity of the samples. Moreover, the expected CuO modes appearing at 282, 333, and 622 cm−1 may be in the same position as those of Fe-related phases due to the broadness of the spectra. At high frequencies, the Raman spectra confirm the presence of hematite and magnetite through the bands at 1120 and 1343 cm−1 (Figure 4b2). Due to the strong luminescence during the measurements, the FCC CP spectrum is not obtained. In addition, the low crystalline nature of the FCC series is reflected by the wideness of the Raman bands, in good agreement with the previously XRD reported data.



On the contrary, the FCM series (Figure 4c1) displayed Raman spectra with no dissimilarities with those of the FCS and FCC series, with FCS SG being an exception. This fact reveals the dependence only of the synthesis method on the hematite and maghemite presence. These findings are not interpreted as the addition of the third metal determining neither significant change in the nanocrystalline features of the solids nor the phases formed. Besides, FCM SG gives a mode at low frequencies ranging from 111 to 728 cm−1, which is related to the typical Raman modes of orthorhombic α-MoO3 (D2h16 Pbnm space group). Besides, the modes located at 275, 330, and 369 cm−1 are associated with the O–Mo–O scissoring and the O=Mo=O wagging modes, respectively [26,31]. The vibrations along with that at 657 cm−1 are assigned to the triply coordinated oxygen (Mo3-O) stretching mode, which results from edge-shared oxygen in common with three octahedra [31]. Such modes may be positioned in the same regions as those of the Fe-related phases identified in the nanomaterials under study.



At high frequencies (Figure 4c2), the expected modes of hematite and maghemite are visible through the modes at 1162 and 1320 cm−1 or only one of them. Specifically for FCM SG, the strong band at 943 cm−1 is due to the symmetric stretching of the short Mo–O terminal bonds along with a weak and medium band at around 878 and 812 cm−1, both assigned to be from the vibrations of the Mo–O–Mo bridge [31].



According to the findings, the modes attributed to being from Co3O4 arise at 482 (Eg), 519 (A1g), and 621 and 690 cm−1 (F2g) [12]. Thus, the absence of Co-related phase modes in all spectra indicates that cobalt would coexist with Fe-related phases, but the intensity of the latter species is too weak to be measured.



In short, a series of FeCo-based catalysts were prepared via four main routes. The calcination of the solids in air results in the burn of part of the carbon during the carbonization process, so carbon serves as the reducing agent of the Fe and Co to form maghemite, magnetite, and CO2. However, this does not prevent the Fe from oxidizing by air, thus preserving the hematite form. This observation is consistent with the formation of the aforesaid phases, independently of the preparation method, as observed via XRD and Raman spectra. On the contrary, the morphology and textural parameters are dependent on the preparation method, according to SEM-EDS, TEM, and textural parameters results.




2.3. EPR Measurements


EPR measurements were taken to gain further insight into the composition of the selected samples, especially for the location and state of Fe and Co (Figure 5). The EPR spectra recorded for FCS SG and FCM CM show one broad resonance signal with line widths of 3.0 and 3.8 kG (Figure 5). In all of these cases, the electron-free energy values, i.e., g is equal to 2.1. According to the findings, the signal at g = 2.0 can be ascribed to the very likely octahedral coordination or extra-framework form of iron species [17,32]. Thus, the observed shift of 0.1 for the g value can be attributed to the agglomeration of the nanoparticles, resulting in strong dipolar interactions, as for FeCo magnetic compounds [32]. Evidence for the nature of iron as Fe2+/Fe3+ has been recently reported in our previous findings on detailed EPR studies of Fe-based compounds [17], and this confirms the maghemite presence, as previously observed via Raman and XRD.



In addition, the tetrahedral coordination of iron with strong rhombic distortion or framework form appears at g = 4.3, well corresponding with Fe(III) presence in the structure [17]. Furthermore, the findings assign the g value close to 4.3 to the super exchange between Fe3+, Co2+, and Co2+/Co3+ [17,32,33,34]. This can be inferred in light of the signals in Figure 5 below the main line. Therefore, the presence of these species in all solids cannot be ruled out. FCS CP and FCS NC have spectra with signals of Fe in two regions. All of these contributions gave the conclusion that the resulting solid is composed predominantly of the following species: Fe3+/Fe2+ (γ-Fe2O3), Fe3+ (α-Fe2O3), and Co2+/Co3+ (Co3O4), the latter being finely dispersed as an FeCo matrix.



Besides the signal in g = 2.1, a broad ferromagnetic resonance line may overlap the signal of Sn4+ (SnO2 phase), Cu2+ (CuO), and Mo6+ (α-MoO3) with a hyperfine structure at a g value of around 1.9–2.1 (magnetic field 3.0–3.8 kG) [34,35,36], as demonstrated by the curve in Figure 5 above the main line. Because these signals are relative complex, it is hard to assign them to a definite a proper oxidation state.



From the EPR obtained results, it is clear that the samples have the same nature in terms of oxidation states, with the formation Fe2+/Fe3+ Fe3+ and Co2+/Co3+ predominantly on the surface as an FeCo matrix and Sn4+, Cu2+, or Mo6+, depending on the third metal present on the solid. These results are in full agreement with those of the XRD, Raman, and EDS studies.



To sum up the characterization results, it can be inferred that the techniques for synthesizing FeCo-based catalysts used in this work comprises nanocasting (NC), sol–gel (SG), co-polymer assisted co-precipitation (CP), and chemical modification (CM). A comparison between unique features of the preparation methods shows that CM has the advantage of being an easy route to obtain stable materials in relatively large amounts, in spite of their low textural properties and difficulty in achieving nanosized structures, as observed via SEM-EDS, TEM, XRD, Raman, and textural properties.



On the contrary, the most widely method for preparing solids is the sol–gel followed by the hydrothermal method [6,8]. This route involves one-pot hydrothermal process, through the processing of metal salt or metal alkoxide precursors, which is not time consuming for the practical applications. Besides, it displays the characteristics of requiring conditions of short or long aging time. Indeed, as low heating produces solids with a semi-crystalline structure and nanosized features at relatively low reaction temperature during synthesis trials, in line with the characterization results.



CP is an extremely versatile route since it allows for the formation of a large variety of metal oxides at relatively low temperatures. Though this method, nanosized features can be attained in the prepared materials by adjusting the synthesis conditions using a soft template, e.g., co-polymer [37]. However, the main challenge of obtaining nanosized materials via CP is the sintering of the particles forming solids with low textural parameters, as observed in this work.



The preparation of solids via NC consists in using a hard template to obtain materials with regular and controlled morphologies by adjusting the morphology of the applied template, after removal of the latter by selective chemical etching or thermal decomposition in a multi-step procedure [20]. Hence, the formation of materials with nanoporous solids with a semi-crystalline structure and large pore sizes were observed. Additionally, some samples have their morphology destroyed during post-removal of the template, and these materials are not the inverse replica of the original template.




2.4. Activity Tests for Styrene Oxidation


The catalytic performance of all solids was investigated in the styrene oxidation with H2O2 as an oxidant and acetone as a solvent (Figure 6).



It can be seen from the data in Figure 6 that all catalysts were active in the reaction, under the same conditions studied. This demonstrates that the γ-Fe2O3 and α-Fe2O3 monoxides present on the solids promote the oxidation of styrene, as reported in the literature [17,38,39]. Indeed, our previous results have shown that the styrene conversions of α-Fe2O3 and Co3O4 monoxides are 3.0% and 6.8%, respectively [17], which is considered to be too low for the solids. On the contrary, the nanosized cobalt phase in FeCo likely contributes to the activity of the whole set of samples. Additionally, the results provide evidence of extensive promotion of cobalt already at the beginning reaction, resulting from its intrinsically higher oxidation ability than Fe. Hence, the catalytic activity of the solids was assessed in the styrene oxidation due to the combination of Fe and Co.



The reaction conditions in liquid phase oxidation reactions have long been known to markedly affect the composition, textural properties, and crystallinity of the solids, altering the activities of the Fe-containing catalysts in the styrene oxidation ([12] and references herewith). Therefore, these changes do not seem to play a role in the styrene oxidation reaction, when using mild reaction conditions. Indeed, reactions conducted without catalysts have a 3% conversion. Additionally, previous studies have shown that a FeCo catalyst itself has only a 17.8% styrene conversion [17], clearly implying that the preparation method and the addition of the third metal to FeCo contribute to a better catalytic performance.



At the beginning of the reaction, the catalysts converted far more than 5% styrene, independently of the preparation method used to obtain the solids. Prolonging reaction time, however, a distinct behavior was observed due to the stability of each solid in the reaction media.



The styrene conversion declined quickly with FCS CP and FCS CM solids, whereas FCS SG experienced an opposite trend, and conversion over FCS NC was steady (Figure 6a). After 3 h of reaction, styrene consumption increased on FCS CM, following the same trend as that of FCS SG. At this stage, the high porosity of FCS SG seemed to be able to offset the deactivation of the solid. Furthermore, it is interesting that XRD and Raman data show that, despite the high crystallinity, the FSC CM is very active at the end of the reaction. This is most likely due to the synergistic effects of the dispersion Sn4+ sites’ and porosity of the solid (textural properties, EPR and SEM-EDS results), which in turn served to facilitate the exposition of the reactants to the active sites and induce enhanced catalytic performance.



Interestingly, FCS NC was the most active catalyst among the FCS series of solids studied, reaching more than 70% with an unchanged result along of 6 h. Besides the existence of the synergetic effect between FeCo matrix and Sn species, the FCS NC had the additional advantage of being produced via nanocasting. The latter method implies that Sn acted as a promoter on the surface of the nanocasted matrix, with a positive effect in this oxidation reaction.



In the case of the FCC series (Figure 6b), the conversion of styrene decreases as the reaction time increases. The solids reach a conversion of more than 55% at first, and this conversion then slightly drops by 8% at the end of the reaction. On the other hand, the conversion of FCC CP remains below 5% because of a reduced surface area and pore volume. Additionally, a large surface area affords numerous reaction sites, and a low crystallinity favors the catalytic activity of FCC NC and FCC SG, achieving 60% styrene conversion in 6 h of reaction. Hence, the physicochemical features of FCC catalysts for styrene oxidation are dependent on their morphology, phases, and crystal size. The fast adsorption of the reactants towards the nanoparticles produced via SG as well as the diffusion of the reactants to the nanostructure obtained via NC make the FCC NC and FCC SG responsive to surface redox reactions, while reducing the probability of their deactivation.



With respect to the third metal influence, the CuO presence does not allow for increased conversions, compared with SnO2 in the FCS series. The nanocrystalline samples possessing Fe, Co, and Sn in high oxidation states can effectively increase the redox ability of the catalysts, as compared to the combination of Fe, Co, and Cu in FCC catalysts. A comparison between the FCS and FCM series demonstrates that the Mo addition in the α-MoO3 form increases the styrene conversion, at the same level as that of FCS materials. Other findings have shown that the addition of metals to Fe-based materials is also helpful in improving the structural, textural, and electronic properties of the solids for a desired application [40,41,42,43,44].



Figure 6c illustrates the performances of the FCM series. The conversion of styrene reaches values superior to 60%, with FCM NC, FCM SG, and FCM CM achieving the best performances. Nevertheless, styrene conversion is nearly 5% with FCM CP, well consistent with the FCS and FCC series. It seems that an appropriate combination of low textural properties and surface exposition of the promoters is unfavorable to the reaction, which is indeed the main feature of the solids prepared via CP. Through results, it is also shown that SG and NC methods produce porous materials with nanocrystalline phases and geometric structures that is another important aspect related to catalytic performance. In addition, the FCM CM catalyst performs better than FCM NC and FCM SG catalysts because the α-MoO3 species forming reoxidation couples among Fe and Co or among Co and Mo enhance the styrene conversion.



Table 2 summarizes the conversion of styrene, hydrogen peroxide efficiency, and the selectivity of the products obtained in 6 h of reaction.



The FCS NC, FCS CM, FCC NC, FCC SG, and FCM CM catalysts exhibit the highest conversions (>55%), confirming that the NC route produces a porous inverse replica of the template helping to attain disordered structures undoubtedly bring about a high activity in the epoxidation of styrene. In the case of CM, Sn and Co introduction in FeCo may suppress the deactivation of Fe3+ through the immediate proximity of the metal promoters in the lattice of a given catalytically active Fe phase that enhances the conversion. For FCC SG, the combination of SG nanosized features and Cu addition produces a good performance in the reaction.



Therefore, the inferences that can be drawn from the conversion results are that nanosized catalysts prepared via NC and CM are highly active in the oxidation of styrene with H2O2 oxidants. This may be due to the fact that their high textural properties expose more active sites to the reactants during the catalytic reaction. Additionally, the high dispersity of Mo6+, Cu2+, and Sn4+ species on the FeCo matrix is found to be most effective for styrene oxidation. Studies on Fe-based materials for adsorption and photocatalytic applications have shown that the performances of the solids can be associated with the particle sizes and dispersion of the solids, in agreement with our work [45,46].



Concerning the influence of the third metal addition, a direct correlation between the valences of the promoters and the catalytic activity can be established, as follows: Mo6+ > Sn4+ > Cu2+. This preferential enhancement may be due to the variable valences of iron and cobalt in the FeCo, which favors the cleavage of the double bond in styrene on the Fe3+/Fe2+ and Co3+/Co2+ surfaces. Since the SnO2, α-MoO3, and CuO monoxides have styrene conversions inferior to 10% in 6 h of reaction [17], the hexavalent and tetravalent oxidation states of Mo6+ and Sn4+ ions favors the adsorption of H2O2 and styrene together with the help of the FeCo matrix, thereby contributing to enhanced catalytic activity.



Usually the hydrogen peroxide efficiency has a great influence on catalytic performance due to the coordination of H2O2 on the active Me3+ metal sites as an initiation step of the styrene oxidation reaction [12,38]. Hence, all solids show an H2O2 efficiency superior to 10%, which means that H2O2 acts as an oxidant to promote styrene oxidation products. The lowest values of H2O2 efficiencies are achieved over solids prepared via CP methods (Table 2) because of their low exposed surfaces, as demonstrated in Table 1. Another factor to consider is that the surfaces of Sn- and Mo-containing catalysts are capable of decomposing H2O2, which is likely attributed to their high valences compared to those of Cu. Surface species such as Fe2+/Fe3+ (γ-Fe2O3), Fe3+ (α-Fe2O3), Co2+/Co3+ (Co3O4), Mo6+ (α-MoO6), and Sn4+ (SnO2) probably plays an important role in binding to H2O2, thus catalyzing the reaction, as suggested by XRD, Raman, and EPR results. As can be seen in Table 2, benzaldehyde, 2-phenyl ethanol, 2-phenyl acetic acid, and ethylbenzene are the major products obtained with 2-phenyl acetaldehyde and acetophenone produced in lesser amounts for the FCS series. These products are valuable chemical intermediates used in perfumery and exhibit fungi bacteriostatic activities [39,47]. On the basis of the styrene oxidation mechanism, styrene oxide and benzaldehyde are the expected products [48,49], even though the former is not produced. This means that the main products benzaldehyde and styrene oxide are formed, but styrene oxide further reacts, yielding 2-phenyl ethanol, 2-phenyl acetic acid, and 2-phenyl acetaldehyde. In addition, styrene C–C bond cleavage preferentially gives benzaldehyde and ethylbenzene, as an elimination reaction product [50]. In fact, these products are generated by a secondary and consecutive reaction between benzaldehyde and styrene epoxide [17], as summarized by the reaction paths illustrated in Reaction II.



When FCS NC was used as a catalyst, a 74.6% conversion with 27.7% selectivity of benzaldehyde and 50.1% of the sum to 2-phenyl ethanol and 2-phenyl acetic acid was observed. Similarly, the others samples of FCS series followed the trend of the selectivities, except for FCS CM. The latter sample had 50.6% of the sum of the polymerization of styrene products, which tended to be observed in the other CM samples as well. Although lower conversions were exhibited in CP samples, there was a very high selectivity for the polymerization of styrene products at the expense of the other products. Thus, it suggests that the preparation method as well as the nature of the third metal addition have a greater effect than the oxidation state of the Fe center, in contrast to our previous reports [12].



By adding Cu as the third metal to FeCo, i.e., FCC series, benzaldehyde, acetophenone, ethylbenzene, 2-phenyl ethanol, phenyl acetic acid, 2-phenyl acetaldehyde and styrene polymerization products were detected, and this was independent of the preparation method used. Among them, 2-phenyl ethanol and 2-phenyl acetic acid formation were significantly high (>50%) as a result of the styrene epoxide side reactions. Low-valence complexes bearing Cu(II) ligands have been reported to be highly catalytically active sites for olefin epoxidation, especially for styrene polymerization products [51]. This apparently shows that the Cu in FeCo goes through the formation of oxidation and polymerization of styrene reactions, even though iron itself is a promising transition metal for producing benzaldehyde and styrene epoxide [49,51].



A trend similar to that for FCC was observed for the FCM series with regard to the selectivity of the products, having a maximum value of about 50% for 2-phenyl ethanol and 2-phenyl acetic acid, in addition to styrene polymerization products. Thus, taking into account the participation of Mo as a promoter in the FeCo matrix, the Mo6+ species seems to undergo available surface sites, which readily oxidize styrene in a fashion similar to that of Cu2+. In line with these results, Mo complexes have been reported as effective catalysts for producing selectively styrene oxidation products [51].



Though the CM samples show lower selectivities to the main products than their neat NC and SG counterparts, CM selectively provides the formation of styrene polymerization products. The CM procedure has hampered the samples’ practicality due to the necessity of multistep syntheses and expensive reactants during synthesis.



Owing to the semi-crystalline structure, porosity and availability of the active sites in the solids, the NC method allows a structure–activity correlation with the valuable oxidation products mechanism. To better explain this phenomenon, the surfaces of the spheres and the walls of the broken spheres possessing dispersed Mo6+ or Sn4+ species with redox properties can easily convert styrene into the observed compounds, providing valuable products with good selectivity.





3. Experimental Section


3.1. Synthesis of the Solids


A three series of solids, namely, FeCoSn, FeCoMn (FCM), and FeCoCu (FCC) were synthesized using the following methods: copolymer-assisted co-precipitation of iron precursor (CP), chemical modification (CM), sol–gel (SG), and nanocasting (NC).



The copolymer-assisted co-precipitation of metal precursors (CP) method consisted in dispersing 0.36 mmol Pluronic P-123 (Sigma-Aldrich, St. Louis, MO, USA) co-polymer in 60 mL of a 1 wt % hydrochloric acid solution to depolimerize the reactant, under stirring [22]. Then, about 6.5 mmol tin chloride (Isofar) and 6.5 mmol cobalt nitrate (Vetec) solutions were simultaneously added into a flask containing the previous solution. The resulting yellowish brown suspension was added slowly into a beaker containing 30 mL of a 1.0 mol L−1 aqueous solution of sodium carbonate, under vigorous stirring. Afterwards, 13 mmol ferrocene (Aldrich) and 19.9 mmol citric acid (Synth) were mixed to the previous suspension at room temperature. The pH of the final solution was adjusted to 7 using an aqueous solution of sodium hydroxide (2 M). After all the reactants were added, the reddish brown suspension formed was stirred for 5 h at room temperature and was then aged under autogenous pressure conditions at 50 °C for 5 days. Subsequently, the precipitate formed was filtered, washed deionized water, and dried at 30 °C overnight to produce a yellow precipitate. The obtained powder was then calcined at 700 °C for 5 h in a static air atmosphere and named as an FCS CP solid. The letters FCS represents the Fe, Co, and Sn metals, whilst CP indicates that the solid was synthesized via copolymer-assisted co-precipitation.



The chemical modification of Fe ions (CM) route was based on previous reports [19], with modifications. Briefly, a 0.12 mol paraminobenzoic acid was dispersed in 15 mL of Triton X-100 (Aldrich) and magnetically stirred for 10 min. Then, 30 mL of furfural was added dropwise into the previous mixture under vigorously stirring to allow the solution to obtain a uniform aspect. Subsequently, the mixture was continually stirred while adding 47.6 mmol citric acid and 13 mmol ferrocene (Aldrich) for 20 min. The following step was the addition of 6.5 mmol tin chloride and 6.5 mmol cobalt nitrate solutions to the mixture under mechanical stirring for another 30 min at room temperature. The obtained solid was dried overnight at room temperature and the violet product was calcined at 700 °C for 6 h to have FCS CM. The letters FCS represents the Fe, Co, and Sn metals, while CM indicates that the solid was synthesized via chemical modification.



The sol–gel (SG) route was applied to obtain the FCS SG solid, based on previous findings, with modifications [8]. Typically, 0.18 mmol polyvinylpyrrolidone (Sigma-Aldrich, St. Louis, MO, USA)) was dissolved in a 50% (v/v)) of isopropyl alcohol under constant stirring for 10 min. Then, 15.6 mmol citric acid and 13 mmol ferrocene were added to the previous solution. After the suspension was stirred for additional 10 min, 6.5 mmol cobalt nitrate (Vetec) and 10 mmol tin chloride (Isofar) aqueous solutions were added drop-by-drop to the mixture, and stirring was continued for 2 h. The reddish brown mixture was introduced into a Teflon-lined stainless steel autoclave at 180 °C for 9 h. Then, the resulting black precipitate was filtered and washed several times with deionized water and subsequently calcined at 700 °C in an air flow. Importantly, the letters FCS represent the Fe, Co, and Sn metals, whereas SG indicates that the solid was synthesized via sol–gel.



Nanocasting (NC) consisted in the use of a hard template such as XAD-16 (Aldrich). In a typical synthesis [20], about 10.0 g of the resin was dispersed in 40 mL of deionized water under stirring for 10 min. This step was repeated several times to give the solution a pH level of 7, and the resin was then dried at 50 °C for 24 h. Simultaneously, solutions containing 13 mmol iron nitrate and 6.5 mmol tin chloride and cobalt nitrate were prepared. About 20 mL of the aforesaid solutions were added to 2 g of XAD-16 resin under stirring for 2 h. Finally, the solid was washed followed by drying at 60 °C overnight and calcination at 700 °C for 8 h, obtaining a solid labeled as FCS NC. The letters FCS represent the Fe, Co, and Sn metals along with CM, indicating the solid was synthesized via chemical modification.



Two other series of solids were synthesized in a similar fashion as described above, changing the third metal for Cu (copper nitrate, Vetec) or Mo (ammonium heptamolybdate precursors, Isofar), and these series were labeled as FCC and FCM, respectively.



Therefore, the general nomenclature adopted in this work consisted of the letters FCX followed by the synthesis method, i.e., CP, NC, SG, or CM. For instance, in the expression “FCM NC,” FCM indicates the Fe, Co, and Mo metals, respectively, and NC indicates that the sample was obtained via nanocasting.




3.2. Characterization of the Catalysts


Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advanced diffractometer (Bruker, Karlsruhe, Germany) using Cu Kα radiation at 40 kV and 25 mA. The step size was 0.02° and the scan range of 10–80°. The diffraction patterns were compared with those included in the JCPDS (Joint Committee of Powder Diffraction Standards) database.



The specific surface area, the total pore volume, and the average pore diameter were determined via nitrogen physisorption isotherms at −196 °C. The experiments were performed using an ASAP 2420 instrument (Micrometrics, Norcross, GA, USA). The samples (ca. 0.1 g) were thermally pretreated via outgassing in a vacuum at 150 °C for 10 h to remove the adsorbed moisture. Surface areas were calculated with the Brunauer–Emmett–Teller (BET) method, whereas pore size distributions were determined with the Barrett–Joyner–Halenda (BJH) method.



Raman spectroscopy studies were carried out using a triple Jobin-Yvon T64000 spectrometer coupled to charge-coupled device (CCD) detector. The argon ion laser in a power of 0.3 mW was used to obtain the Raman spectra in the 100–4000 cm−1 range. The Olympus objective lens with a focus of 100 times was used and the laser line was at 785.8 nm.



Inductively coupled plasma optical emission spectroscopy (ICP-OES) were carried out with a Perkin Elmer spectrometer. Before the analyses, samples were digested in a hydrochloric acid and nitric acid solutions in a sand bath at 200 °C. After solvent evaporation, 1 wt % nitric acid and water were added to the resulting precipitate to determine the metal concentrations.



Scanning electron microscopy (SEM) images and Energy Dispersive X-ray spectroscopy (EDS) analysis were performed on an FEI, Quanta 200 FEG model microscope (FEI, Hillsboro, OR, USA). Samples were prepared via gold sputtering on their surfaces and deposited onto aluminum stubs coated with a carbon film.



Transmission electron microscopy (TEM) was performed using a JEOL JEM 2010F electron microscope (FEI Quanta, Hillsboro, OR, USA) running at 200 kV. Prior to the analyses, the solids were sonicated in ethanol for several seconds and then dried and dropped on the TEM grids. Some images were taken in an FEI Tecnai20 G2 200 kV electron microscope.



Electron paramagnetic resonance, EPR spectra were recorded on a Bruker spectrometer (Bruker, Rheinstetten, Germany) with a high frequency modulation of 100 kHz. The X-band microwave frequencies were close to 9.5 GHz. Before the measurements, the solids were loaded in an EPR quartz tube under a helium atmosphere. All the measurements were carried out at 293 K. The g factor values were determined through the simultaneous measurements of the magnetic field magnitude and the microwave frequency [12].




3.3. Catalytic Evaluation


Styrene oxidation was conducted using a batch glass reactor equipped with a thermocouple, a reflux condenser, and a gas inlet at atmospheric pressure. In the oxidation reactions, typically 0.1 g of catalyst, 10 mmol styrene, 10 mmol dilute H2O2 (30%), and acetone were introduced into the reactor. Then, the reaction was carried out at 50 °C for 6 h. The reaction mixture was allowed to cool down to room temperature. The products were analyzed via gas chromatography using a GCrom apparatus. The identification of the products was by means of gas chromatography coupled to mass spectrometry (GC-MS) device in a Shimadzu GCMSQP5050 equipment (Shimadzu, Kyoto, Japan). Xylene was used as internal standard. The performance of the solids was calculated on the basis of styrene conversion, H2O2 efficiency, and selectivity of the products [17], as follows:


   % Styrene   conversion =   Styrene   in − Styrene   out   ×   100   Styrene   in     



(1)







The selectivity of the products formed was determined based on the conversion of styrene:


   % Selectivity   to   product   i =   mols   of   product   i   produced   ×   100   mols   of   reacted   styrene     



(2)






   % Efficiency   of   the     H  2   O 2  =   Amount   of     H  2   O 2    used   for   oxidation   × 100   Amount   of     H  2   O 2    transformed     



(3)









4. Conclusions


The catalytic activities of the FeCo-based catalysts were assessed in the styrene oxidation to benzaldehyde, acetophenone, ethylbenzene, 2-phenyl ethanol, 2-phenyl acetic acid, 2-phenyl acetaldehyde, and styrene polymerization products. Among the various preparation methods used, namely, sol–gel, chemical modification, copolymer-assisted co-precipitation, and nanocasting, the nanocasting and chemical modification produced catalysts with a semi-crystalline structure and defined porosity, which in turn enhanced the formation of the desired products. The other methods allow for the synthesis of solids with low selectivities to the desired products. A considerable influence on the conversion and selectivity was observed when using Mo, Cu, or Sn. The tin nanoparticles dispersed in an FeCo matrix was added, affording a styrene conversion of styrene oxide greater than 70% and a selectivity of the desired products of more than 50%.
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Figure 1. SEM images of the solids studied: (a) FCS series, (b) FCC series and (c) FCM series. (d) TEM images of the FCS CM, FCM NC, FCC SG and FCM CP samples. The included images in SEM and TEM panels correspond to the magnified images of the samples. 






Figure 1. SEM images of the solids studied: (a) FCS series, (b) FCC series and (c) FCM series. (d) TEM images of the FCS CM, FCM NC, FCC SG and FCM CP samples. The included images in SEM and TEM panels correspond to the magnified images of the samples.



[image: Catalysts 07 00323 g001a][image: Catalysts 07 00323 g001b][image: Catalysts 07 00323 g001c]







[image: Catalysts 07 00323 g002a 550][image: Catalysts 07 00323 g002b 550] 





Figure 2. (a) The elemental analysis mapping of selected solids: FCS CM, FCC CP, FCC SG and FCM NC. (b) Nitrogen physisorption isotherms of the FCS, FCC, and FCM series, and (c) pore size distribution curves of the samples. 
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Figure 3. XRD patterns of the synthesized solids: (a) FCS series; (b) FCC series; (c) FCM series. 
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Figure 4. Raman spectra of the solids synthesized: (a) FCS series; (b) FCC series; (c) FCM series. The number 1 indicates the spectra taken at low frequencies, whereas the number 2 indicates the spectra taken at high frequencies. 
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Figure 5. EPR spectra of selected solids: (a) FCS SG, (b) FCC NC, (c) FCM CM, and (d) FSC CP. The included figures show a specific region of the spectra. 
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Figure 6. Styrene conversion in function of the reaction time: (a) FCS, (b) FCC and (c) FCM. Reaction conditions: a temperature of 50 °C, styrene-to-H2O2 molar ratio of 1 in the presence of acetone and 0.1 g of catalyst. 
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Table 1. Chemical composition of the solids from ICP-OES data. The textural properties of the solids synthesized by different methods through the data obtained from the nitrogen physisorption and pore distribution curves.
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ICP-OES Textural

	
Properties




	
Series

	
Fe (wt %)

	
Co (wt %)

	
Sn (wt %)

	
Cu (wt %)

	
Mo (wt %)

	
BET Surface Area (m2 g−1)

	
t-Plot Micropore Area

	
Pore Volume (cm3 g−1)

	
Pore Diameters (nm)






	
FCS

	
NC

	
61.0

	
19.5

	
19.5 (1.9) a

	
-

	
-

	
45

	
0.3

	
0.18

	
15.6




	
SG

	
60.2

	
19.8

	
20.0 (1.7) a

	
-

	
-

	
34

	
-

	
0.14

	
15.4




	
CM

	
61.0

	
19.4

	
19.6 (1.8) a

	
-

	
-

	
24

	
-

	
0.10

	
6.1




	
CP

	
62.3

	
18.8

	
18.9 (1.5) a

	
-

	
-

	
3

	
3

	
0.01

	
1.0




	
FCC

	
NC

	
64.0

	
18.0

	
-

	
17.0 (1.8) b

	
-

	
25

	
5

	
0.12

	
24.8




	
SG

	
68.3

	
17.4

	
-

	
18.8 (1.8) b

	
-

	
12

	
-

	
0.07

	
16.2




	
M

	
65.1

	
17.6

	
-

	
17.3 (1.7) b

	
-

	
11

	
0.4

	
0.06

	
16.9




	
CP

	
64.7

	
16.8

	
-

	
18.5 (1.3) b

	
-

	
1

	
1

	
0.01

	
0.7




	
FCM

	
NC

	
63.5

	
18.5

	
-

	
-

	
18.0 (1.6) c

	
178

	
39

	
0.60

	
18.7




	
SG

	
63.2

	
18.0

	
-

	
-

	
18.8 (1.7) c

	
35

	
7

	
0.13

	
10.8




	
CM

	
63.7

	
18.2

	
-

	
-

	
18.1 (1.8) c

	
9

	
-

	
0.03

	
2.5




	
CP

	
64.9

	
17.4

	
-

	
-

	
17.7 (1.3) c

	
2

	
2

	
0.01

	
1.0








a Fe/Sn molar ratios; b Fe/Cu molar ratios; c Fe/Mo molar ratios.
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Table 2. Catalytic performance of the solids in the oxidation of styrene using hydrogen peroxide as an oxidant. Reaction condition: Styrene-to-H2O2 molar ratio of 1, a 100 mg of catalyst, a temperature of 50 °C, and 6 h of reaction. The compounds benzaldehyde (Benz), acetophenone (Acet), ethylbenzene (EB), 2-fenyl ethanol (PEt), 2-fenyl acetic acid (PAc), and 2-fenyl acetaldehyde (PAcet) are the major products obtained. Others include products of styrene polymerization.
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Sample

	
Conversion (%) Efficiency of H2O2 (%)

	
Selectivity (%)




	

	

	
Benz

	
Acet

	
EB

	
PEt

	
PAc

	
PAcet

	
Others






	
FCS

	
NC

	
74.6

	
24.3

	
27.7

	
5.4

	
13.3

	
21.5

	
29.3

	
2.8

	
-




	
SG

	
46.5

	
21.8

	
23.8

	
4.2

	
14.5

	
31.9

	
24.2

	
1.4

	
-




	
CM

	
67.7

	
16.9

	
25.4

	
3.1

	
11.7

	
26.5

	
33.3

	
0.9

	
-




	
CP

	
8.9

	
2.4

	
9.6

	
-

	
28.8

	
11.5

	
-

	
0.1

	
50.6




	
FCC

	
NC

	
55.2

	
13.7

	
12.0

	
5.9

	
10.6

	
30.7

	
29.2

	
1.5

	
10.1




	
SG

	
58.4

	
12.1

	
13.7

	
1.5

	
15.1

	
26.6

	
26.2

	
0.4

	
16.5




	
FCM

	
CM

	
41.2

	
9.3

	
14.2

	
8.5

	
15.3

	
27.3

	
25.9

	
4.0

	
15.8




	
CP

	
5.0

	
1.6

	
9.6

	
-

	
24.5

	
9.9

	
-

	
-

	
56.4




	
NC

	
69.3

	
23.0

	
15.4

	
7.0

	
12.7

	
24.1

	
25.6

	
0.5

	
14.2




	
SG

	
62.0

	
20.5

	
16.6

	
5.5

	
13.2

	
20.8

	
22.9

	
0.2

	
12.5




	
CM

	
86.2

	
21.7

	
17.0

	
5.0

	
15.5

	
22.4

	
25.6

	
0.3

	
13.8




	
CP

	
4.8

	
1.8

	
12.9

	
-

	
23.8

	
10.6

	
-

	
-

	
52.7
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