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Abstract

:

Ni(Mg)Al-layered hydroxides with molar ratios of (Ni + Mg)/Al = 2, 3, 4 and Ni/(Ni + Mg) = 0.1, 0.3, 0.5, 0.7 were synthesized by mechanochemical activation. It has been proven that the phase composition of the samples was presented by a single hydrotalcite phase up to Ni/(Ni + Mg) = 0.5. For the first time, catalysts based on Ni(Mg)Al-layered hydroxides prepared by a mechanochemical route have been studied in the reaction of furfural hydrogenation. The correlation between furfural conversion, the selectivity of the products, and the composition of the catalysts was established. The effect of phase composition, surface morphology, and microstructure on the activity of the catalysts was shown by XRD, SEM, and TEM. It was found that catalysts with Ni/(Ni + Mg) = 0.5 have the highest furfural conversion. Herewith, the product selectivity can be regulated by the (Ni + Mg)/Al ratio.
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1. Introduction


In recent years, much attention has been paid to the development of new possibilities for the production of fuel and chemicals from no-fossil carbon resources. Furfural (FAL) is a chemical obtained from lignocellulosic biomass, which is a renewable source. Due to the presence of an aldehyde group and a conjugated system of double bounds, FAL can go through several reactions, allowing the production of a range of value-added products [1,2]. FAL hydrogenation is a promising process that allows a number of industrially important compounds to be obtained. The most valuable products of FAL hydrogenation are furfuryl alcohol (FOL) and tetrahydrofurfuryl alcohol (THFOL). FOL is used mainly in the polymer industry together with the production of synthetic fibers, rubbers, resins, and farm chemicals, in the manufacture of lysine, vitamin C, and lubricants, the production of foundry sand binders in the metal casting industry, and as a chemical building block for drug synthesis. Moreover, FOL is also used in the production of other products in the fine chemical industry. THFOL, which is a deep-hydrogenation product of FAL, is an important green solvent used in agriculture and the printing industry [3,4].



There are two approaches for FAL hydrogenation: vapor-phase [5,6,7] and liquid-phase [8,9,10]. Vapor-phase hydrogenation of FAL is associated with issues related to catalyst deactivation due to coke formation, changes in oxidation states of active metals, and sintering of metal particles during the reaction. Additionally, selectivity for FOL is lower in the vapor-phase than the liquid-phase hydrogenation process [11,12]. Different organic compounds are used as solvents in liquid-phase furfural hydrogenation (ethanol, propanol, isopropanol, cyclopentyl methyl ether) [13,14,15]. However, these solvents often take part in the reaction, leading to the formation of undesirable products. Using water as solvent for the reaction of the liquid phase in this reaction has great advantages due to the non-toxicity and availability of water. Moreover, FAL is frequently obtained in the aqueous solution in industry, and therefore the use of water as a solvent in its further transformations is the most economically competitive option, since it eliminates the expensive stage of separation of FAL–water systems [16,17]. However, most catalysts are not optimized to work under aqueous conditions and deactivation is significant because of strong water corrosion [18].



Different catalytic systems have been developing for both for vapor-phase and liquid-phase furfural hydrogenation [15,18]. Industrial copper-chromium catalysts have a high catalytic activity. However, the toxicity of chromium compounds limits their use. Catalysts with noble metals have good catalytic characteristics, but they have a high cost. Therefore, the search for new eco-friendly catalysts with high activity and adjustable selectivity continues.



The development of nickel-containing catalysts for the reaction of FAL hydrogenation is an intensively developing area [9,19,20,21,22]. The catalysts containing Ni on different supports (SiO2, Al2O3, mesoporous clays, carbon materials, Ni-based MOFs) have a sufficiently high activity in FAL hydrogenation and low cost. Additionally, they do not contain toxic substances. At the same time, the problems of an increase in dispersion and achieving balance between the acid-base properties of the catalysts for the decrease in coke formation remain unsolved for Ni-containing systems. Therefore, a search for new supports or methods for the synthesis of catalysts that partially or completely overcome these problems is necessary. Moreover, the simultaneous presence of the hydrogenation cites and Lewis acid sites may affect the catalytic hydrogen transfer. This has a significant impact on the selectivity of the obtained products [18].



Introduction of nickel in the composition of layer double hydroxides (LDHs) allows a high dispersion of hydrogenation metals to be achieved at the atomic level. It is possible due to the unique structure of these materials. It is a class of inorganic compounds with a general formula [M(II)1−x M(III)x(OH)2]•[An−]x/n•mH2O, where M(II) and M(III) are divalent and trivalent cations, An− is the anion, and x can generally have the values between 0.2 and 0.4 [23]. They have a positively charged brucite-like host matrix (comprising different metal cations) and exchangeable interlayer guest anions. The oxidation and reduction treatment of LDH precursors will give rise to supported metal nanoparticles on a mixed-metal oxide. Such materials demonstrated a high specific surface area, adjustable acid-base properties, and the possibility to control metal type, particle size, and metal−support interactions [4,24].



There are some research papers devoted to the study of Ni-containing oxides prepared from LDHs in the reactions of selective hydrogenation of furan compounds. At the same time, both systems containing only nickel as a hydrogenating metal [4,25,26,27,28] and systems containing promoter metals (Fe, Cu, Co, Mo, Pt, In) in their composition, which further improve the properties of nickel catalysts [29,30,31,32,33,34,35,36,37], were studied. In the presented papers, a high dispersion of Ni in the composition of the mixed oxide systems was pointed out. Authors noticed moderate acid-base properties of the Ni catalysts based on LDHs as an additional advantage. For example, in the reaction of hydroxymethylfurfural hydrogenation, acid sites tend to catalyze rearrangement and condensation to form humins, thereby lowering selectivity and causing carbon deposition on catalysts [26]. An excessive number of basic sites may induce a repulsive effect on the furan ring to adversely affect the ring hydrogenation [26,38]. Meanwhile, the acid and base properties of the Ni-containing catalysts prepared from LDHs could be tuned by its mole metals ratio. The catalysts demonstrated not only high activity and adjustable selectivity in the reaction but improved hydrothermal stability. This prevents the undesired agglomeration and leaching of Ni in the hydrothermal environment [26]. NiAl catalysts possessed this property due to enhanced metal support interactions that may be additionally increased by the introduction of Mg in the NiAl-LDH composition [25,26]. The data presented in the literature indicate a high capability of Ni-containing systems prepared from corresponding LDHs to be used as catalysts for the reaction of hydrogenation of furan compounds.



Coprecipitation is a traditional method of LDH synthesis [39]. However, it has a lot of disadvantages. The main ones are a large number of stages, duration, and the large amount of alkaline rinsing water. Mechanochemical synthesis is an alternative method of LDH preparation. In this method, the solid-phase reaction between initial reagents at the mechanical action occurs. As a result, transformation of mechanical energy into chemical energy is observed, and ultimately, this promotes the formation of a new compound. There is very limited information in the literature concerning the use of the mechanochemical method for the preparation of Ni-containing LDH [40,41]. Herewith, the data about the application of prepared systems as catalyst precursors for the reaction of FAL hydrogenation are not yet available. At the same time, the use of the mechanochemical method for Ni-containing LDH synthesis not only significantly speeds up the process and helps to reduce the amount of alkaline wash water but can change the properties of the systems due to the uniqueness of the processes occurring at mechanochemical activation.



The aim of this work was the synthesis of NiAl- and NiMgAl-layered hydroxides under mechanical impact and establishing a relationship between catalyst composition, Ni active site properties, and characteristics of corresponding catalysts in the reaction of aqua-phase FAL hydrogenation.




2. Results and Discussion


2.1. Study of Phase Composition and Morphology of as-Synthesized Ni(Mg)Al-Layered Hydroxides


It this work, the series of Ni-containing layered hydroxides with different (Ni + Mg)/Al and Ni/(Ni + Mg) molar ratios were synthesized by mechanochemical activation. Hydroxides NiAl-2 (Ni/Al = 2), NiAl-3 (Ni/Al = 3), and NiAl-4 (Ni/Al = 4) with two metals in composition were prepared. Additionally, hydroxides NiMgAl-2 (Ni/(Ni + Mg) = 0.1, 0.3, 0.5, 0.7; (Ni + Mg)/Al = 2), NiMgAl-3 (Ni/(Ni + Mg) = 0.3, 0.5; (Ni + Mg)/Al = 3), and NiMgAl-4 (Ni/(Ni + Mg) = 0.3, 0.5; (Ni + Mg)/Al = 4) were synthesized in a similar way. For comparison, MgAl-LDHs with different Mg/Al molar ratios were also prepared by the mechanochemical method.



According to XRD data for (Ni + Mg)/Al = 2 and Ni/(Ni + Mg) = 0.1, 0.3, and 0.5, the reflexes of the LDH phase are observed (Figure 1a). Peaks 003 and 006 are observed in the low angles area (2θ = 5 ÷ 30°), reflections 012, 015, and 018 are in the area of medium angles (2θ = 30 ÷ 55°, and peaks 110 and 113 are in the region of high angles (2θ = 55 ÷ 80°). The increase in Ni/(Ni + Mg) from 0.5 to 1.0 lead to the decrease in the intensity of the LDH peaks. Moreover, the additional peaks at approximately 18° and 38° appeared. These peaks are attributed to gibbsite and theophrastite. The increase in Ni content leads to decrease of crystallinity of the samples. Also, there was no complete reaction between initial reagents as the Ni content increased. Therefore, the peaks of Al(OH)3 and Ni(OH)2 were in the XRD patterns of corresponding samples. A similar trend of changes in XRD patterns was observed for the samples with molar ratio of (Ni+Mg) = 3 and 4 (Figure 1b,c).



It is well known that the morphological characteristics of LDH are significantly affected by the cation composition and the synthesis conditions. According to obtained SEM data the morphology of NiAl-LDH prepared in this work by mechanochemical method was very similar irrespective of Ni/Al molar ratio (Figure 2 and Figure S1). The surface morphology of NiAl-LDH is presented by agglomerated plate-like particles oriented in horizontal plane (Figure 2a–d). For the NiMgAl-LDH samples rounded plates become more distinguishable (Figure 2e–h). Areas with a relatively loose and relatively dense surface structure are found for the 0.3NiMgAl-4 sample (Figure 2g,h-insert). The morphology of 0.5NiMgAl-4 was most different from all the others. It presented by uniform nanostructure of rounded plate-like particles with the same shape and size of about 0.15 micrometers.



The morphology of Ni-containing LDH prepared by the mechanochemical method was largely different from the samples with the same composition produced by traditional coprecipitation. In accordance with the earlier obtained data, for the Ni-containing samples with Ni/(Ni + Mg) = 0.3 and 0.5 prepared by coprecipitation, the «rosette» morphology is formed. Only for NiAl-LDH the «rosette» morphology become less pronounced [42]. The formation of a «rosette» morphology while obtaining several LDHs by coprecipitation is explained by the equality of the pH of the synthesis and the point of zero charge of the LDH. The mechanochemical method assumes the course of a solid-phase reaction between initial reagents with the LDH precursor formation. Next, this precursor transforms to the LDH phase during aging in water [43]. Therefore, the morphology of the Ni-containing samples, apparently, is determined by nucleation and crystal growth of the LDH particles at both the mechanical activation stage (the first stage) and aging (the second stage).




2.2. Study of the Properties of Actives Sites of the Catalysts


The samples after calcination at 550 °C and reduction in H2 flow at 600 °C were studied in the reaction of furfural hydrogenation. According to obtained thermal analysis data, the weight loss did not occur above 550 °C (Figure S2). This indicates the complete decomposition of the initial hydroxides. Thus, the decomposition temperature for the Ni-containing layered hydroxides prepared by the mechanochemical method was consistent with the decomposition temperature of the most layered hydroxides synthesized by coprecipitation [23]. It was demonstrated earlier that the temperature of 600 °C was enough for a reduction of nickel to the metallic state for the NiAl-LDH prepared by coprecipitation [42,44]. Thus, the same temperature was chosen for the reduction of Ni-containing samples prepared by the mechanochemical route. Additionally, the use of a similar temperature pretreatment of the catalysts will allow for a comparison of their catalytic properties.



All the studied samples were active in the reaction of furfural hydrogenation. MgAl samples did not have any activity in the reaction. For the systems with (Ni + Mg)/Al = 2, even at minor nickel content (Ni/(Ni + Mg) = 0.1), the FAL conversion achieved 18% (Figure 3a). The increase in Ni/(Ni + Mg) to 0.3 contributed to the full FAL conversion. The further increase in nickel content in the catalysts led to the decrease in their activity. Bimetallic NiAl-2-R catalyst had a value of FAL conversion of 53%. Thus, the dependent of FAL conversion from Ni/(Ni + Mg) molar ratio for the catalysts with (Ni + Mg)/Al = 2 had an extreme character with a maximum at Ni/(Ni + Mg) = 0.3. The products’ selectivity and yield depended on Ni/(Ni + Mg) ratio, too (Table 1, Table S1). The samples with lower activity had a higher FOL selectivity (87–89%) and FOL yield (38–46%). The FOL selectivity was 40% and THFOL selectivity was 59% for 0.3Ni-MgAl-2-R. Moreover, a significant amount of THFAL (selectivity about 12.6%) was observed for the 0.3NiMgAl-2-R catalyst. Thus, the study of NiMgAl samples with Ni/(Ni + Mg) = 0.3 and 0.5 that had a higher activity in the reaction is of great interest. Therefore, these ratios of Ni/(Ni + Mg) were chosen for the synthesis by the mechanochemical method of the Ni-containing samples with (Ni + Mg)/Al = 3 and 4.



NiAl-R had almost the same activity in the reaction irrespective of the Ni/Al molar ratio. At the same time, the FAL conversion did not exceed 53%. As for the systems with (Ni + Mg)/Al = 2, for the catalysts with a higher (Ni + Mg)/Al ratio the introduction of Mg in the composition led to a great increase in the activity of the catalysts (Figure 3b,c). For the catalysts with (Ni + Mg)/Al = 3, the highest activity (FAL conversion more than 99%) was observed for the sample with Ni/(Ni + Mg) = 0.5. The full FAL conversion was achieved for the studied NiMgAl catalysts with (Ni + Mg)/Al = 4. The trend of selectivity change for the catalysts with (Ni + Mg)/Al = 3 and 4 was the same as for the systems with (Ni + Mg)/Al = 2. The FOL selectivity and FOL yield decreased with an increase in FAL conversion. Herewith, for the catalysts with (Ni + Mg)/Al = 4 that were characterized by full FAL conversion, the THFOL selectivity rose with the increase in Ni/(Ni+Al) ratio and achieved 70% for the 0.5NiMgAl-4-R. The THFOL yield was 69.4% for this catalyst (Table S1).



It is possible to make the following intermediate conclusions in accordance with the obtained catalytic data. The catalysts that contained only Ni and Al in the composition (NiAl-2-R, NiAl-3-R, NiAl-4-R) showed almost the same activity in the reaction of FAL hydrogenation (FAL conversion 52–53%, FOL selectivity 87–88%). Introduction of Mg in the composition of the catalysts facilitated a significant improvement of their catalytic characteristics. At the same time, the samples with Ni/(Ni + Mg) = 0.3 and 0.5 had the best catalytic properties.



It is well known that the composition of active sites, their dispersion (size), and availability for the reactants have a great impact on the catalytic properties of the samples in the hydrogenation reactions [45]. Thus, for the explanation of obtained regularities, the NiAl-3-R, NiAl-4-R, 0.5NiMgAl-2-R, and 0.5NiMgAl-4-R were chosen for detailed study by XRD and TEM. As has been mentioned above, NiAl-3-R and NiAl-4-R had the same catalytic properties. 0.5NiMgAl-2-R and 0.5NiMgAl-4-R had a much higher activity compared to NiAl catalysts. However, product selectivity was very different for these samples. Therefore, these systems were chosen for further study.



After consecutive calcination and reduction stages the vanishment of LDH reflections is observed on XRD patterns for all studied samples (Figure 1d). This indicates the total collapse of LDH layers. During calcination, the removal of interlayer water, the dehydroxylation of the lattices, and the decomposition of interlayer anions occurred (Figure S2) [23]. The broad reflections located at ca. 37, 43, and 63° 2θ in the XRD pattern of the sample appeared. They are adjacent to the (111), (200), and (220) facets of face-centered cubic NiO, respectively. Similar results have already been obtained for Ni-containing materials prepared from LDH that were synthesized by coprecipitation [42,44,46]. These peaks refer to the formation of a weakly crystalline mixed oxide Ni(Mg)AlOx phase with an Al3+- or Mg2+-doped NiO structure. For NiAl-2-R and NiAl-3-R, additional peaks at 45, 52, and 76° 2θ were presented on the XRD patterns. They can be assigned to reflections of the (111), (200), and (220) planes of face-centered cubic lattice for metallic nickel, respectively. The intensity of peaks related to Ni0 increased with the increase in the Ni/Al molar ratio (i.e., with increasing nickel content in the catalysts). It is interesting that there were no peaks ascribed to the metallic nickel on XRD patterns of the 0.5NiMgAl-2-R and 0.5NiMgAl-4-R. A similar situation was observed for NiAl catalysts prepared by coprecipitation and exposed high temperature treatment in N2 [47]. According to data from multiple studies in the literature, the temperature of 600 °C is sufficient for the reduction of the main part of nickel in the materials based on NiAl-LDH [44,46,48]. One of the possible reasons for the absence of metallic Ni peaks at XRD patterns is their high dispersion. However, in the case of Ni-containing catalysts obtained from Ni-LDH there may be other reasons, which will be discussed below.



According to the obtained TEM images, the agglomerates of well-dispersed particles on the support were observed for all studied catalysts (Figure 4). They appeared as a cluster of irregular dark areas against the background of a lighter field of support. The number of areas containing agglomerates increased in the line 0.5NiMgAl-2-R, 0.5NiMgAl-4-R, NiAl-3-R, then NiAl-4-R, i.e., with increasing Ni content in the samples. Moreover, the agglomerates size rose as the nickel content increased in the catalysts, too. In accordance with microscopic data, the estimation of agglomerates size was completed. The particles of various sizes were in all studied catalysts. More uniform particle size distribution was presented for 0.5NiMgAl-2-R. The majority of agglomerates had the size about 4 nm, although particles with higher sizes of about 7.5 nm were in the sample, too. The particle size distribution became less homogeneous with the increase in Ni content in the samples. The average agglomerates size rose for the 0.5NiMgAl-4-R to 6.5 nm (with some part of the particles with sizes of about 11 nm). For NiAl-3-R, areas with agglomerates with average sizes of 5, 7.5, and 14.5 nm were observed. For the sample with higher Ni content (NiAl-4-R), a small proportion of agglomerates with sizes of about 8 nm was presented. However, the majority of agglomerates had very different sizes (10–28 nm) with an average value of 17 nm.



Different areas of the catalysts showed a lattice fringe of 0.243 nm that was assigned to the planes of multiple Ni(Mg)Al-mixed oxides. The abundant ambiguous lattices indicate low crystallinity of the oxides, and this is in full compliance with XRD data. Additionally, there were many areas with lattice fringes of 0.208 nm for NiAl-4-Red. This may be due to NiO formation during high temperature treatment for the sample with the highest Ni content. Despite the existence of metallic Ni in the NiAl-3-R and NiAl-4-R samples in accordance with XRD (Figure 1d), lattice fringes of Ni0 were not detected by TEM for any of the studied samples. The crystal lattice was not allowed on the dark areas of the micrographs, which could obviously be attributed to metallic nickel. This was typical for both large agglomerates in NiAl-3-R (Figure 4g–i) and NiAl-4-R (Figure 4j–l), and smaller agglomerates in 0.5NiMgAl-2-R (Figure 4a–c) and 0.5NiMgAl-4-R (Figure 4d–f). The similar phenomenon was observed for some NiAl catalysts based on the corresponding LDH [47]. Only the STEM technique allowed the metallic nickel particles to be found. The superposition of the mixed oxides matrix and metallic nickel matrix allowed us to conclude that metal Ni clusters are implanted in the weakly crystalline Ni(Al)Ox matrix. Moreover, it is possible to segregate Ni clusters inside the Ni(Al)Ox matrix as the particles grow during reduction from the mixed oxide structure [46]. This can lead to the enrichment of Ni at the center of particles and formation of the Ni (core)/Ni(Al)Ox (shell)/AlOx structure. Ni nanoparticles confined in the weakly crystalline Ni(Al)Ox internal shell are embedded in amorphous AlOx networks. The authors managed to draw such conclusions based on the results of STEM-EDX. Cherepanova et al. [49] have demonstrated the formation of a sandwich-like structure for calcined NiAl-LDH prepared by coprecipitation. This structure consisted of a core with an Al-doped NiO-like structure and some surface layers with a spinel NiAl2O4 structure epitaxial connected with the core. The mechanochemical method used in this work for the preparation of Ni-containing layered hydroxides leads to obtaining the materials comprising the particles with irregular morphology and agglomerations (macro level) and substantial lattice distortion and structure faults (in microcosm) [50]. Therefore, with a high degree of probability, it is possible to assume the formation of structures similar to those described in [46] for the obtained systems. Therefore, it is likely that the dark spots on the TEM images for the samples studied in this work correspond to metallic nickel. An additional confirmation of this is the increase in the number and size of these regions with an increase in the nickel content in the catalysts.



As has been shown in [29], the matrix of Ni(Al)Ox facilitated better Ni dispersion. It explained the good catalytic activity (FAL conversion 52–53 wt. %) of the NiAl-3-R and NiAl-4-R catalysts with high Ni agglomerates (Figure 4g,j). The same and large size of agglomerates in these catalysts due to the high nickel content (Figure 3h–l) explain their similar catalytic properties in the reaction of FAL hydrogenation.



The introduction of magnesium to the catalyst composition additionally facilitated better Ni dispersion during mixed oxide formation [26]. It led to the formation of Ni particles with smaller sizes and as a consequence increased its activity in the reaction (Table 1, Figure 3a–f). Moreover, the NiO phase was presented in the samples NiAl-3-R and NiAl-4-R (Figure 1d, Figure 4g,k,l). This phase could affect the catalysts’ characteristics, because the oxidation state of the active metals in the catalyst will influence the activity and selectivity through promoting reactant activation and regulating the adsorption of intermediates [51,52]. The higher FAL conversion for the 0.5NiMgAl-4-R is explained by the higher content of highly dispersed Ni in the catalyst composition (Figure 4f).



The different product selectivity of the 0.5NiMgAl-2-R and 0.5NiMgAl-4-R catalysts can be explained from two points of view. The first explanation is based on the assumption of consistent products transformation during FAL hydrogenation (Scheme 1).



In this case, the higher FOL selectivity for 0.5NiMgAl-2-R is explained by the insufficient quantity of active nickel sites for the transformation of FOL to THFOL. The second explanation is connected with the assumption of different surface microstructures of studied catalysts. The authors of [4] found that catalysts prepared based on NiAl-LDH with NO3 interlayer anions exhibited a high selectivity (97%) to FOL. At the same time, the samples synthesized from NiAl-LDH with CO3 anions in the interlayer space showed an exclusive selectivity (99%) toward THFOL. A combination study allowed the authors to prove the existence of highly exposed Ni(111) planes on the CO3-based catalysts and multiplanes with abundant steps/vacancies for NO3-based systems. As a result, a large proportion of steps/edges of Ni nanoparticles in NO3-based catalysts suppressed the adsorption of the furan ring and only facilitated activated adsorption of the C=O group. In contrast, a high exposure of the Ni(111) plane in CO3-based catalysts promotes activated adsorption of both furan ring and C=O group, resulting in the production of THFOL. Different surface microstructures are not excluded for the samples obtained in this work. So, for a sample 0.5NiMgAl-2-R (Figure 4c), there are extended dark areas that are absent for the sample 0.5NiMgAl-4-R. However, this assumption requires additional study, which is beyond the scope of this work.



It is interesting to note that the similar surface morphology (according to SEM data) of NiAl samples affected by their similar catalytic properties, and different surface morphology of NiMgAl-LDH led to their higher activity and different selectivity.



Ni-containing catalysts based on LDH synthesized by coprecipitation have already been studied in our previous work [42]. For all prepared catalysts (NiAl-3-R, 0.3NiMgAl-3-R, 0.5NiMgAl-3-R), the distinct metallic Ni particles were observed on TEM images. Apparently, in the samples obtained by coprecipitation, nickel particles are less embedded in the oxide structure after high temperature treatments. Therefore, they are more accessible and better defined by TEM. At the same time, the trends in the catalytic properties of the samples obtained by coprecipitation, as well as the values of FAL conversion and product selectivity, were close to the samples obtained by the mechanochemical route.





3. Materials and Methods


3.1. Catalysts Preparation


NiAl- and NiMgAl-LDH were prepared by the mechanochemical route. All initial reagents were taken from Omskreactive, Omsk, Russia. At the first stage, the mixture of dry initial reagents (Ni(OH)2, Al(OH)3, and Na2CO3 for NiAl-LDH preparation and Ni(OH)2, Mg(OH)2, Al(OH)3, and Na2CO3 for NiMgAl-LDH preparation) with desired ratios of metal cations was mechanically activated on a high-energy ball centrifugal planetary mill AGO-2. Mechanical activation was conducted in steel drums with steel milling bodies (d = 8 mm, acceleration = 1000 m s-2, the ratio of the mass of the reagents to the mass of the milling bodies = 1:20) for 30 min. At the second stage, the aging of the samples obtained after mechanical activation, in distilled water excess at constant stirring at 60 °C for 2 h, was carried out. Next, the samples were filtered and dried in air at 120 °C for 2 h. The obtained samples were denoted as NiAl-X or YNiMgAl-X, where X—molar ratio Ni/Al or (Ni + Mg)/Al, Y—molar ratio Ni/(Ni + Mg). For the preparation of the mixed oxides, the corresponding Ni-containing hydroxides were calcined at 550 °C. The final catalysts were produced by the reduction of corresponding mixed oxides in hydrogen flow at 600 °C for 2 h. The reduced samples were denoted as NiAl-X-R or YNiMgAl-X-R.




3.2. Catalysts Characterization


Structural properties of as-prepared NiAl- and NiMgAl-LDH and final catalysts (after oxidation and reduction stages) were studied by X-ray diffraction analysis (XRD). X-ray diffraction studies were carried out on a D8 Advance (Bruker, Billerica, MA, USA) diffractometer using Cu-Kα source in the 2θ angular range from 5° to 80°. The scanning step was 0.02°, and the signal integration time was 5 s/step. The phase composition of samples was identified using the international diffraction database ICDD PDF-2.



The surface morphology of the samples was investigated by using scanning electron microscopy (SEM) on a JSM-6460 LV (JEOL, Tokyo, Japan) instrument equipped with a tungsten cathode and working at an accelerating voltage of 20 kV. Before each experiment, the samples were ground in an agate mortar and fixed on a conducting double-sided carbon Scotch tape. To prevent the re-charging effects, a conducting gold film was sputtered on the fixed samples. Before each experiment, the samples were evacuated in the microscope chamber for 15–20 min to remove volatile compounds from the surface, which could exert a detrimental effect on the secondary electron emission and thus deteriorate quality of the image.



Thermal analysis (TG/DTA and DTG) was carried out using a DTG-60 (Shimadzu, Kyoto, Japan) instrument in the air atmosphere from room temperature to 700 °C at a heating rate of 10 °C min−1.



Transmission electron microscopy (TEM) images were obtained using a JEM-2100 electron microscope (JEOL Ltd, Tokyo, Japan) with a crystal lattice resolution of 0.14 nm and an accelerating voltage of 200 kV. The analysis and computer processing of electron microscopic images were performed using the Digital Micrograph "Gatan" program, as well as the Fast Fourier Transform (FFT) technique.




3.3. Catalysts Testing


For the liquid-phase reaction of hydrogenation of furfural, catalysts Ni(Mg)(A)lOx (500 mg) that were preliminarily oxidized and reduced in a stream of hydrogen (600 °C) were placed in a steel autoclave with a capacity of 180 ml together with distilled water (40 ml). To remove air components from the pore space of the catalyst, it was prereduced with hydrogen (T = 90 °C, pressure 2.0 MPa, stirring 1400 rpm, time 30 min) directly in the autoclave. The reaction mixture was heated to a predetermined temperature by circulating heated water through an external “jacket”. After this activation, 5 mL of furfural and 60 mL of distilled water were placed in an autoclave. The furfural hydrogenation reaction was carried out at a temperature of 90 °C, a pressure of 2.0 MPa, with stirring at 1400 rpm. The reaction was controlled by measuring the volume of consumed hydrogen with a mass flow meter. The volume of consumed hydrogen normalized to normal conditions was recalculated to its equivalent amount that is needed for the formation of furfuryl alcohol from furfural. After completion of the reaction and cooling, the aqueous phase was separated from the catalyst by filtering. The quantitative determination of the reaction products was carried out by gas chromatography (Chromos GX-1000) in a capillary column VB-WAX (60 m × 0.32 mm) and a flame ionization detector.



The FAL conversion X (mol. %), selectivity to each product S (mol. %), and product yield Y (mol. %) were calculated as follows:


  X =   m o l e s   o f   r e a c t e d   F A L   m o l e s   o f   i n i t i a l   F A L     · 100 %  



(1)






  S =   m o l e s   o f   p r o d u c t   o b t a i n e d   m o l e s   o f   r e a c t e d   F A L     · 100 %  



(2)






  Y =   m o l e s   o f   p r o d u c t   o b t a i n e d   m o l e s   o f   i n i t i a l   F A L     · 100 %  



(3)









4. Conclusions


In the present work, Ni(Mg)Al-layered hydroxides with different (Ni + Mg)/Al and Ni/(Ni + Mg) molar ratios were synthesized by the mechanochemical method. Phase composition of the samples was presented by a single hydrotalcite phase up to Ni/(Ni + Mg) = 0.5. The composition of the samples with higher Ni/(Ni + Mg) were presented by additional gibbsite and theophrastite phases. For the first time, properties of the catalysts obtained after high-temperature treatment of corresponding Ni(Mg)Al-LDH were studied in the reaction of furfural hydrogenation. It was found that NiAl catalysts had the same catalytic properties (FAL conversion 52–53%, FOL selectivity 87–88%). The best catalytic results were achieved by using NiMgAl catalysts with Ni/(Ni + Mg) = 0.3 and 0.5. The FAL selectivity of FOL formation increased with the increasing (Ni + Mg)/Al ratio. The same catalytic properties of NiAl catalysts can be explained by their close morphology and surface microstructure (the same size of active sites, their relatively large size). NiMgAl samples are characterized by the highly dispersed Ni with a lower size compared to the NiAl systems. The catalytic properties of studied catalysts did not exceed the catalytic properties of the catalysts with the same composition prepared by coprecipitation. Therefore, this paper shows the possibility of obtaining catalysts for furfural hydrogenation with excellent properties by using an eco-friendly synthesis procedure. The possibility of microstructural changes to catalysts by varying (Ni + Mg)/Al and Ni/(Ni + Mg) open new promising avenues for further research.
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Figure 1. XRD patterns of the samples: (a) (Ni + Mg)/Al = 2, 1-NiAl-2, 2-0.7NiMgAl-2, 3-0.5NiMgAl-2, 4-0.3NiMgAl-2, 5-0.1NiMgAl-2, 6-MgAl-2; (b) (Ni + Mg)/Al = 3, 1-NiAl-3, 2-0.5NiMgAl-3, 3-0.3NiMgAl-3, 4-MgAl-3; (c) (Ni + Mg)/Al = 4, 1-NiAl-4, 2-0.5NiMgAl-4, 3-0.3NiMgAl-4, 4-MgAl-4; (d) samples after calcination and reduction pretreatments: 1-0.5NiMgAl-2-R, 2-0.5NiMgAl-4-R, 3-NiAl-3-R, 4-NiAl-4-R. 
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Figure 2. SEM images of the samples: (a,b) NiAl-3, (c,d) NiAl-4, 3, (e,f) 0.5NiMgAl-4, 4, (g,h) 0.3NiMgAl-4. 
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Figure 3. FAL conversion for the catalysts (a) (Ni + Mg)/Al = 2, (b) (Ni + Mg)/Al = 3, (c) (Ni + Mg)/Al = 4. 
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Figure 4. TEM images for the catalysts: (a–c) 0.5NiMgAl-2-R, (d–f) 0.5NiMgAl-4-R, (g–i) NiAl-3-R, (j–l) NiAl-4-R. 
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Scheme 1. Furfural transformation during hydrogenation process. 
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Table 1. Results of FAL hydrogenation in the presence of Ni(Mg)Al-R catalysts with different Ni/(Ni + Mg) and (Ni + Mg)/Al molar ratios (90 °C, 2.0 MPa, stirring 1400 rpm, reaction time 220 min).
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Sample

	
(Ni + Mg)/Al

	
Ni/(Ni + Mg)

	
S, %




	
FOL

	
THFOL

	
THFAL *

	
Other

Products






	
0.1NiMgAl-2-R

	
2

	
0.1

	
78

	
8

	
12.6

	
1.4




	
0.3NiMgAl-2-R

	
0.3

	
40

	
59

	
0.5

	
0.5




	
0.5NiMgAl-2-R

	
0.5

	
66

	
32

	
0.2

	
1.8




	
0.7NiMgAl-2-R

	
0.7

	
89

	
7

	
4.0

	
0.0




	
NiAl-2-R

	
1

	
87

	
9

	
4.0

	
0.0




	
0.3NiMgAl-3-R

	
3

	
0.3

	
50

	
32

	
17

	
1.0




	
0.5NiMgAl-3-R

	
0.5

	
39

	
61

	
0.0

	
0.0




	
NiAl-3-R

	
1

	
88

	
9

	
3.0

	
0.0




	
0.3NiMgAl-4-R

	
4

	
0.3

	
43

	
57

	
0.0

	
0.0




	
0.5NiMgAl-4-R

	
0.5

	
30

	
70

	
0.0

	
0.0




	
NiAl-4-R

	
1

	
87

	
7

	
4.7

	
1.3








* tetrahydrofurfural.
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