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Abstract

:

Ni-Mg/Al mixed oxide catalysts (Ni2Al, Ni2Mg1Al, and Ni1Mg1Al) obtained from layered double hydroxides (LDHs) were tested on the one-pot production of tetrahydrofurfuryl alcohol (TFA) from furfural (FF). Upon calcination at 400 °C and reduction at 500 °C, the LDHs gave catalysts containing small nickel crystallites (<4 nm) dispersed on mixtures of metal oxides and spinel structures. Complete conversion of FF (>99.5%) was achieved on all the catalysts after 4 h at 190 °C and 5.0 MPa of H2 using 5 wt.% FF in ethanol and a furfural-to-catalyst mass ratio of 7.44 g/g. TFA evolved from the sequential hydrogenation of FF to furfuryl alcohol (FA) to TFA. Competing reaction routes involved decarbonylation of FF to furan (FUR) followed by hydrogenation to tetrahydrofuran (THF) or hydrogenolysis to n-butane (BU) and the hydrogenation of the carbonyl group in FF to form 2-methyl furan (mFUR) and its hydrogenation to 2-methyltetrahydrofuran (mTHF). A third competing route consisted of the nucleophilic addition of FF with ethanol and with FA to form acetals (such as 2-(diethoxymethyl)furan, FDA), which were later converted to difurfuryl ether (DFE) and tetrahydrofurfuryl ethyl ether (TFEE) as final products. Hydrogen pressure favored the production of TFA and diminished the formation of acetals, while temperature reduced the capacity of the catalyst to hydrogenate the furan ring, thus reducing TFA and increasing FA and FUR. An 80% yield to TFA was achieved with the Ni2Mg1Al catalysts after 6 h at 190 °C and 50 bar H2, but a variety of coproducts were present at low concentration. Testing of the catalysts in gas-phase hydrogenation conditions at atmospheric pressure revealed a poorer performance, with FA as the main product.
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1. Introduction


Furfural is produced by the acid-catalyzed dehydration of the C-5 carbohydrates forming hemicellulose and has been identified as a key biomass-derived platform chemical [1,2,3]. Furfural is a versatile chemical due to the presence of an aldehyde group and the α,β unsaturation of the furan ring. These functionalities make furfural an excellent starting molecule for the synthesis of many value-added chemicals since it can be converted by dehydration, oxidation, hydrogenation, decarbonylation, decarboxylation, condensation, or ring opening reactions [4,5]. Furfural hydrogenation can produce several industrially useful chemicals, such as furfuryl alcohol, tetrahydrofurfuryl alcohol, or tetrahydrofuran, among others. Tetrahydrofurfuryl alcohol in particular is used as a high-boiling-point solvent for dyes, pesticides and herbicides, inks, specialty chemicals, and in the synthesis of some pharmaceuticals [6].



The established industrial process to produce tetrahydrofurfuryl alcohol (TFA) uses supported Ni catalysts to hydrogenate furfuryl alcohol (FA) at low temperature (typically below 100 °C) in either vapor or liquid phases. The direct synthesis of TFA from furfural has attracted considerable interest, but it is challenging since it requires catalysts that activate both the furan ring and the carbonyl group. Heterogeneous catalysts based on noble metals supported on a variety of materials have been studied in detail for this reaction since they have good C=C reduction activity. Palladium supported on a Si-MFI molecular sieve (3% Pd/MFI) gave a 95% selectivity to TFA after 10 h at 220 °C and 35.5 bar H2 using isopropanol as solvent [7]. Milder conditions were required to reach similar selectivity with other supports such as hydroxyapatite (100% TFA, Pd-HAP, isopropanol, 40 °C, 10 bar H2, 3 h) [8] or metal organic frameworks (100% TFA, Pd/UiO-66, water, 60 °C, 10 bar H2, 4 h) [9]. Addition of platinum to palladium using titanium as support (PdPt/TiO2) gave a 95% selectivity to TFA at lower pressure and temperature (isopropanol, 30 °C, 3 bar H2, 4 h) [10]. A platinum–nickel alloy supported on activated carbon (PtNi/C) gave a 93% TFA yield at 35 °C and 20 bar H2 using water as solvent for 12 h, close to the yield of Pd/C [11] and also similar to the performance of a commercial Rh/C catalyst (93% TFA, water, 30 °C, 10 bar H2, and 12 h) [12]. Due to the high cost of noble metals, catalysts based on non-noble metals such as nickel have been studied widely. Nakagawa et al. [13] reported a 94% yield of TFA in the gas phase hydrogenation of FF at 130 °C on Ni/SiO2 prepared by impregnation. TFA was formed through the sequential transformation of FF to FA to TFA. The presence of FF inhibited the second step because FF adsorption on the surface was stronger than that of FA. This step was also very sensitive to the structure of the catalyst. The highest activity was reached with small Ni crystallites (<4 nm). Yang et al. [14] reached a 99% selectivity to TFA at 140 °C, 40 bar H2 and 4 h using water as solvent with nickel supported on alumina modified with barium (Ni/Ba-Al2O3). Barium enhanced the selectivity to TFA by giving more basicity to the surface, thus inhibiting furfural polymerization and secondary reactions on acidic sites. A bimetallic Ni-Co supported on mesoporous silica (SBA-15) gave catalysts with highly dispersed Ni-CoOx sites (5–8 nm crystallites) that were responsible for the high selectivity to TFA (90%) during the hydrogenation of FF in isopropanol at 210 °C and 70 bar H2 for 6 h [15]. Mesoporous clays modified with MgO to reduce acidity were used as support for Ni catalysts (Ni/MgO/montmorillonite MK-10) that achieved a complete conversion of FF to TFA in aqueous-phase at 140 °C, 40 bar H2, and 4 h [16]. Kumar et al. [17] reported a ca. 90% selectivity to TFA with 10% nickel supported on a CuFe spinel (Ni/CuFe2O4) at 150 °C and 10 bar H2 in ethanol.



A high dispersion of the active metal as nanoparticles with small crystallite sizes enhances the hydrogenation activity of the catalysts by providing a large concentration of active sites, but the interaction of the metal nanoparticles with the support must be strong enough to prevent a loss of activity by sintering. An efficient way to achieve a high dispersion and stable nanoparticles is by introducing the metal directly into the structure of the support by using precursors based on layered double hydroxides (LDH) [18,19]. These are clays consisting of hydroxide layers having positive charge, balanced by mobile anions and water located in the interlayer region, according to the general molecular formula [M2+1−x M3+x(OH−)2]x+ [An−x/n·yH2O]x− (0 < x < 1) [20]. This particular structure makes LDH versatile materials that can be used as heterogeneous catalysis. The basicity of the LDH surface can be modified by varying the M2+/M3+ ratio or by changing the anionic species in the interlayer space. Therefore, surface metal species can cooperate with basic-acid sites on the surface of LDH to generate multifunctional catalysts. The anionic species in the interlayer region can be modified by ion-exchange or by calcination and rehydration (memory effect) to introduce catalytically active species into the structure. Furthermore, LDH can be used as support structure for highly dispersed metal nanoparticles [20,21,22]. Heterogeneous catalysts can be also obtained from LDH precursors by calcination at controlled conditions followed by partial reduction. This produces mixed oxide structures containing small and highly dispersed metal crystallites that have strong interaction with the oxides, which provides active catalysts with good resistance to sintering [23,24,25]. Catalysts produced from LDH precursors have demonstrated good performance in the hydrogenation of furfural. Sulmonetti et al. [26] tested various nickel/mixed-metal oxides derived from Ni-Mg-Al and Ni-Co-Al LDHs in the gas-phase hydrogenation of FF at 155 °C and atmospheric pressure. FA was the main product followed by TFA, but variable amounts of FUR, mFUR, BU, and 12PD were obtained. Selectivity to TFA was only 21% with Ni2Al and 13.1% with Ni1.9Mg1Al. Improved selectivity to TFA was achieved in liquid phase hydrogenation. Wu et al. [27] reported a 95% selectivity to TFA in the hydrogenation of furfural in ethanol at 150 °C, 40 bar H2, and 3 h using a supported CuNi alloy catalyst (CuNi/MgAlO) obtained from an LDH precursor. The dispersion of the alloy crystallites and the basicity of the surface was determined by the temperature of calcination of the LDH. A 99% selectivity to TFA using Ni supported on mixed-metal oxides prepared from Ni-Al LDHs having carbonate as interlayer anion was attained in isopropanol at 110 °C, 30 bar H2 and 3 h [28]. Similarly, a 98% yield of TFA was achieved at 160 °C, 30 bar H2 and 4 h using 2-butanol as solvent with an equimolar NiCu alloy supported on mixed oxides (NiO, CuO, CuAl2O4, and NiAl2O4 spinel) derived from Ni(Cu)Al-LDH [29]. Recently, Stepanova [30] explored the Ni(Mg)AlOx catalysts obtained by calcination of Ni(Mg)Al-LDH. Tests were conducted using water as solvent at 90 °C and 20 bar H2. FA tended to be the main product, but Ni0.9Mg2.1Al gave a 44% selectivity to TFA.



The aim of this work was to synthesize NixMgyAl mixed-oxide catalysts from Ni(Mg)Al-LDH precursors using Ni/Mg atomic ratios x/y of 2/0, 1/1, and 2/1. The catalysts were characterized and tested for the total hydrogenation of furfural to TFA. The influence on product selectivity of the process conditions (10 to 50 bar H2, 160 to 210 °C, and 1 to 8 h) was investigated in detail with the Ni2Mg1Al catalyst in a batch slurry reactor using ethanol as solvent, and the pathways leading to the formation of the major products were discussed. The influence of catalyst composition was assessed with experiments at constant conditions, both in liquid phase at 50 bar of H2 and in gas phase on a continuous atmospheric reactor.




2. Materials and Methods


2.1. Synthesis of the Catalysts


To synthesize the LDH precursors, adequate amounts of Mg(NO3)2·6H2O, Ni(NO3)2·6H2O, and Al(NO3)3·9H2O were dissolved in deionized water (Merck Millipore UV water purification system, Merck Life Science S.L.U., Madrid, Spain) to a total concentration of 0.6 M. This solution was then added dropwise at room temperature to a pre-established volume of 0.3 M Na2CO3 in a flat-bottom flask under magnetic stirring at 500 rpm. A pH meter (HI-5222, HANNA Instruments S.L., Eibar, Spain) was used to maintain a constant pH of 10 by adding controlled amounts of a 1.0 M solution of NaOH. The resulting suspension was heated to 60 °C and aged for 24 h under vigorous stirring. The solid was recovered by filtration and washed with distilled water until the wash solution had a pH of 7. Afterwards, the wet solid was transferred to a ceramic crucible and dried at 105 °C for 24 h to obtain the LDH. The active forms of the catalyst were produced by calcination of the LDH in air at 400 °C for 4 h to form the mixed oxides, followed by their reduction at 500 °C for 1 hour with 40 mL·min−1 (STP) of pure hydrogen. The calcined materials were labeled according to their nominal molar metal composition as Ni2Mg1Al, Ni1Mg1Al, and Ni2Al. The reduced catalysts were identified by adding the suffix -R to their tag (Ni2Mg1Al-R, Ni1Mg1Al-R and Ni2Al-R).




2.2. Characterization of the Catalysts


The chemical composition of the calcined materials was measured by inductively coupled plasma optical emission spectrometry (ICP-OES, Spectro Arcos FHS16, SPECTRO Analytical Instruments GmbH, Kleve, Germany). Samples of ca. 52 mg of the oxides were added to 10 mL of 69 wt.% HNO3 in 50 mL Teflon sealed vessels and treated in a microwave reactor (Ethos Easy model, Milestone Srl, Sorisole, Italy) for 15 min at 120 °C followed by 40 min at 220 °C and a cooling period of 15 min. The digested samples were then diluted with milli-Q ultrapure water at a 1:10 volume ratio. The surface composition of the calcined precursors was determined by field emission scanning electron microscopy with energy dispersive X-ray spectroscopy (FESEM-EDX) in a Scios 2 Dual Beam instrument (ThermoFisher, Waltham, MA, USA) at 5 kV with a resolution of 512 by 340 pixels and a pixel size of 0.01 µm.



The textural properties of the mixed oxides were determined from nitrogen adsorption-desorption isotherms at 77 K using a Quadrasorb SI Model 4.0 (Quantachrome, Boynton Beach, FL, USA). Samples of the calcined precursors were outgassed at 150 °C for 12 h under vacuum (6 mTorr) to eliminate chemisorbed volatiles before the adsorption isotherm was measured. Surface areas were calculated using the BET equation, while the pore size distribution was calculated from the desorption wing of the isotherm according to the DFT method.



X-ray diffraction measurements were made on a Bruker-AXS D8-Advance diffractometer (Madison, WI, USA) with vertical theta-theta goniometer, incident- and diffracted-beam Soller slits of 2.5°, a fixed 0.5° receiving slit, and an automatic air-scattering knife on the sample surface. The angular 2θ range was between 20 and 80°. Data was collected with an angular step of 0.02° at a step/time of 0.5 s. Cukα radiation was obtained from a copper X-ray tube operated at 40 kV and 40 mA. Diffracted X-rays were measured with a PSD detector LynxEye-XE-T (Bruker, Madison, WI, USA) with an opening angle of 2.94°. The experimental diffractograms were fitted with the crystal structure (Rietveld analysis) [31] for the phases identified with the aid of TOPAS 6.0 software (Bruker) [32]. With the same software, the cell parameters and the mean crystallite size of the phases detected were determined using the double-Voigt approach [33]. We considered that the samples were free of micro strain as a secondary effect of the peak broadening to simplify the refinement. The wt.% of the phases involved was estimated by refining the Rietveld scale factor and applying the corresponding equations [34]. The instrumental contribution was obtained from a sample of LaB6 (SRM 660a) analyzed under the same conditions and was considered prior to establishing the crystallite size effect in the peak width.



High-resolution transmission electron microscopy (HRTEM) and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) of the catalysts were recorded at 200 kV on a FEI Tecnai F20 microscope (ThermoFisher, Waltham, MA, USA) equipped with a field emission source with a point-to-point resolution of 0.19 nm. Prior to the analyses, the samples were reduced in situ at 500 °C for 1 h under hydrogen.



Temperature programmed reduction (TPR) of the calcined oxides was conducted on an Autochem 2920 chemisorption analyzer (Micromeritics Instruments, Norcross, GA, USA) equipped with a TCD detector. Samples of ca. 100 mg of calcined oxides were treated at 400 °C for 2 h under a constant flow of 20 mL·min−1 (STP) of He to remove pre-adsorbed species. The samples were then cooled to 50 °C and heated to 800 °C at 5 °C·min−1 under 20 mL·min−1 (STP) of 10% H2 in Ar. The total amount of hydrogen consumed was calculated from the area under the reduction curve. Calibration of the instrument was performed by injecting known volumes of a calibration mixture (10% H2 in argon). The same instrument was used to determine the acidity and basicity of the catalysts by temperature programmed desorption of ammonia and carbon dioxide, respectively. For NH3-TPD-, samples of ca. 100 mg of the calcined oxides were reduced in situ by heating to 500 °C at 20 °C·min−1 under 30 mL·min−1 (STP) of 10% H2 in Ar and kept at that temperature for 1 h. The reduced samples were then cooled down to 40 °C at 90 °C·min−1 and stabilized for 10 min. Ammonia adsorption was performed with 30 mL·min−1 (STP) of 2.5% NH3 in helium for 60 min. Next, the samples were maintained at 45 °C under 30 mL·min−1 (STP) of helium to remove the ammonia physically adsorbed. The TPD-NH3 analysis was then performed in helium heating the sample at 10 °C·min−1 to 800 °C. The total amount of acidic sites was calculated from the area under the NH3 desorption curve. The instrument was calibrated injecting known volumes of a calibration mixture (2.5% NH3 in helium). Concerning CO2-TPD, samples of ca. 100 mg of mixed oxides were reduced in situ as previously described. Carbon dioxide adsorption was performed following the same procedure than for NH3-TPR, but using 30 mL·min−1 (STP) of 2.5% CO2 in helium for 45 min to saturate the sample and extending the CO2 desorption measurement temperature to 900 °C. Calibration was performed using known volumes of a standard containing 2.5% CO2 in helium.




2.3. Catalytic Activity


Catalyst activity was determined in a high-pressure batch slurry reactor (SSR) of 100 mL (Autoclave Engineers, Erie, PA, USA). The reactor was loaded with 30 mL of 5.0 wt.% furfural in ethanol and ca. 200 mg of pre-reduced catalyst (100 to 200 μm), which gave a furfural-to-catalyst mass ratio R/C of 7.44 g/g. The stirrer velocity was set to 1000 rpm to minimize fluid-to-particle mass transfer limitations. The Ni2Mg1Al-R catalyst was studied in detail at several conditions. Experiments were conducted at temperatures of 160 °C, 190 °C, and 210 °C and hydrogen pressures of 1.0, 2.0, 3.0, 4.0, and 5.0 MPa and reaction times of 1, 2, 4, 6, and 8 h. Before loading the SSR, the catalyst samples were reduced under 40 mL·min−1 (STP) of hydrogen at 500 °C for 1 h in a tubular reactor and then cooled to room temperature under hydrogen. Once cold, the tubular reactor was isolated with two ball valves to avoid the exposure of the catalyst to air, detached from the setup, and the catalyst was then discharged directly into the furfural solution contained in the SSR. After completing a reaction, the SSR reactor was cooled to room temperature, depressurized and opened. The catalyst was recovered by filtration, air-dried, and weighted. A sample of the liquid product was filtered with 0.22 μm nylon syringe filters (Nylon 25 mm, Scharlab, Barcelona, Spain) and cold-stored for analysis by gas chromatography as reported below.



The activity of the catalysts was also measured in the gas-phase hydrogenation of furfural at atmospheric pressure on a continuous packed bed reactor (PBR), which was described in detail elsewhere [35]. The reactor was loaded with 500 mg of calcined oxides sieved to 100–200 μm, and the catalyst was reduced in situ under 60 mL·min−1 of H2 (STP) at 500 °C for 1 h. After the catalyst was reduced, the bed temperature was decreased to 190 °C and the catalyst activity was studied at this temperature for a time-on-stream of 4 h. Constant flow rates of 80 mL·min−1 of H2 (STP) and 0.6 mL·min−1 of a solution of 5 wt.% solution of furfural in ethanol were used. The latter was equivalent to a WHSV of 2.85 gFF·gcat−1·h−1 and a hydrogen-to-furfural molar ratio of 12.7:1.0. Samples of the reaction products were collected in a cold trap at −5 °C installed at the exit of the reactor, and cold-stored until analyzed by gas chromatography.



The performance of the catalysts was established based on the fractional conversion of furfural (XF) and the molar selectivity towards the hydrogenolysis products (Sj), which were calculated according to Equations (1) and (2), respectively. NF,0 and NF were the moles of furfural in the reactor feed, the product Nj was the moles of product j formed by the reaction, and νj was the stoichiometric number of moles of furfural required to form compound j.


   X  F u r   =    N  F , 0   −  N F     N  F , 0      



(1)






   S j  =    ν j   N j     N  F , 0   −  N F     



(2)







The reaction products were analyzed by capillary gas chromatography. The products were identified by GC-MS (GCMS-QP2010, Shimadzu, Kyoto, Japan) using a TRB-5 column (Teknokroma, Barcelona, Spain; TR-120232, 30 m length, 0.25 μm film thickness, and 0.25 mm inner diameter). Analyses were conducted using a 3-stage temperature programming (5 min at 50 °C, heating to 230 °C at 5 °C·min−1 followed by 10 min at the latter temperature) using He as carrier gas (47 mL·min−1). Sample injection was 1.0 μL and a split ratio of 300 was used. The retention time and the mass spectra of the detected products were compared with those of pure standards, when available, to confirm the assignments. Regular quantification of the reaction products was performed by GC-FID (GC-2010, Shimadzu, Kyoto, Japan) using the same column and analysis conditions.



Calibration standards were prepared in ethanol solutions with commercial samples of furfuryl alcohol (FA, 98%), tetrahydrofuran (THF, 99.9%), 1,2-butanediol (12BD, 98%), 1,2-propandiol (12PrD, 99%), 1,5-pentanediol (15PD, 97%), 1,2-pentanediol (12PD, 96%), 1,4-pentanediol (14PD, 99%), 1-pentanol (PE, 99%), furan (FUR, 99%), and 1-butanol (BU, 99.8%) purchased from Sigma Aldrich, and 2-methylfuran (mFUR, 99%), 2-methyltetrahydrofuran (mTHF, 99.9%), and tetrahydrofurfuryl alcohol (TFA, 98%) purchased from Acros Organics. All chemicals were used as received without any further treatment, except for furfural, which was freshly distilled before the reactions. Response factors in the FID detector of the compounds that were not available commercially were estimated based on their structure [36,37].





3. Results and Discussion


3.1. Catalyst Characterization


The chemical composition of the bulk calcined oxides was measured by ICP-OES (Table 1). The Ni/Al atomic ratios obtained for Ni2Mg1Al and Ni1Mg1Al were 1.90 and 0.90, respectively, closer to the intended values than the ratio of 1.83 for Ni2Al. The Mg/Al ratios were 1.11 for Ni2Mg1Al and 0.98 for Ni1Mg1Al. The surface compositions determined by FESEM-EDX (Figure S1) gave values like those of the bulk composition determined by ICP-OES (Table 1), except on the case of Ni2Mg1Al, where both the Ni/Al and Mg/Al were lower. SEM imaging (Figure S2) showed that the three calcined materials consisted of aggregates of spherical granules, which were slightly larger for Ni2Mg1Al and Ni1Mg1Al than for Ni2Al.



The N2 physisorption isotherms of the calcined LDH precursors (Figure 1) were characteristic of mesoporous materials with type II isotherms and H3 hysteresis loops according to the IUPAC classification [38,39]. The textural properties and the surface composition changed with the (Ni + Mg)/Al atomic ratio of the precursor double-layered hydroxides. The BET surface area (Table 2) of Ni2Al and Ni1Mg1Al were similar, ca. 210 m2·g−1, and it was 200 m2·g−1 for Ni2Mg1Al. The pore size and surface distributions (Figure 2) and the specific volume and average pore diameter calculated with the DFT model followed a similar trend. The average pore volume and surface area were ca. 0.49 mL·g−1 and 5.4 nm for both Ni2Al and Ni1Mg1Al, and the distributions were similar. Ni2Mg1Al had the same pore volume but a larger average pore size (7.1 nm) resulting from the presence of a maximum in both distributions at ca. 7 nm.



The XRD diffraction patterns of the calcined precursors (Figure 3) had wide overlapping peaks characteristic of structures with small crystallites, which complicated the elucidation of the phases present in the materials. The Rietveld analysis revealed the coexistence of a spinel-type structure (A) [B]2O4 (Fd3m) with the tetrahedral position (A) and the octahedral [B] position occupied by Ni or Mg and Al, NiO in Ni2Al, and NixMg(1−x)O mixed oxides in the materials containing magnesium. To determine the composition of the spinel, the distribution of cations was adjusted manually to fulfill these rules: (i) minimum difference between the elemental composition of the sample measured by SEM and that calculated from the Rietveld analysis; (ii) minimum electrical charge of the spinel structure calculated with the Bond valence theory [40]; (iii) minimum conventional Rietveld agreement factor (Rwp); and (iv) complete occupation of the tetrahedral position (A) and the octahedral position [B] by the cations. The NixMg(1−x)O structure was estimated from its refined cell parameter (Vegard’s law) [41]. Calcined Ni2Al consisted of 54. wt.% NiO and 46 wt.% spinel (Table 3). In Ni2Mg1Al, the phases were 58 wt.% mixed nickel-magnesium oxide (Ni0.49Mg0.51O) and 42 wt.% a Mg0.7Ni0.3[Al]2O4 spinel. Similarly, Ni1Mg1Al contained 54 wt.% Ni0.31Mg0.69O and 46 wt.% Mg0.5Ni0.5[Al]2O4. After reduction at 500 °C for 1 h (Figure 3), in Ni2Al-R the amount of spinel and NiO decreased, the spinel was enriched in aluminum, and a 30 wt.% metallic nickel (Fd3m) having an average crystallite size of 3.4 nm was formed (Table 3). A 12 wt.% metallic nickel with an average crystallite size of 2.8 nm was formed in Ni2Mg1Al-R, and the amounts of spinel and mixed oxides decreased to 40 wt.% and 48 wt.%, respectively. Likewise, in Ni1Mg1Al-R, a 6.2 wt.% nickel was formed, with the corresponding decrease on the amounts of spinel and mixed oxides. Overall, the addition of Mg seemed to decrease the reducibility of nickel.



The structure of the reduced materials was investigated further by TEM (Figure 4). The HAADF-STEM image of sample Ni2Al-R showed a mixture of well-defined elongated structures and small nanoparticles. These nanoparticles appeared brighter in the image and likely corresponded to metallic nickel. The structures were well appreciated in the bright-field TEM image. HRTEM of insert “a” shows lattice fringes at 2.7 and 2.0 Å. Lattice fringes at 2.7 Å were ascribed to the (220) crystallographic plane of nickel aluminate and those at 2.0 Å corresponded well to the (111) crystallographic plane of metallic nickel. The HRTEM image from insert “b” showed lattice fringes at 2.7 and 2.4 Å, which were ascribed to the (220) and (111) crystallographic planes of nickel aluminate and nickel oxide (NiO). Therefore, the sample was constituted by Ni aluminate particles with elongated morphology of about 5–10 nm in size and round-shaped Ni and NiO nanoparticles with mean particle sizes of ca. 3–4 and 4–6 nm, respectively. The HAADF-STEM image of sample Ni2Mg1Al-R showed a poorly defined elongated morphology. The general EDX spectrum showed signals corresponding to Ni, Mg, Al, and O, while the Cu signal was caused by the sample grid. The bright-field TEM image revealed that the elongated structures were, in fact, constituted by very small nanoparticles, ranging in size from 3 to 8 nm. The enclosed areas “c” and “d” are shown in HRTEM mode where lattice fringes at 2.8, 2.4, and 2.0 Å are observed. These were ascribed to the (220) planes of the Mg aluminate spinel, to the (111) planes of NiO, and to the (111) planes of metallic Ni, respectively. The HAADF-STEM image of sample Ni1Mg1Al-R showed elongated nanoparticles that could be better distinguished with respect to the Ni2Mg1Al-R sample. Nevertheless, they were constituted by small nanoparticles as well, as shown in the bright-field TEM image, but the size of the nanoparticles was larger (ca. 5–15 nm). The areas enclosed in inserts “e” and “f” are shown in HRTEM mode. Insert “e” had lattice fringes at 2.8 and 2.0 Å that were ascribed to the (220) planes of Mg aluminate spinel and to the (111) planes of metallic Ni, respectively. In insert “f”, lattice fringes at 2.8 and 2.4 Å ascribed to the (220) planes of Mg aluminate spinel and to the (111) planes of NiO were seen. No other phases were identified.



The reducibility of the calcined materials was studied by H2-TPR between 100 and 800 °C under 10% hydrogen in argon (Figure 5). The three materials presented two peaks above 200 °C, which shifted to higher temperatures with the magnesium content (Table 4). In Ni2Al, the low temperature peak at 302 °C was attributed to the reduction of small fraction of NiO that had little interaction with the aluminates, while the largest and broader peak at 513 °C comprised the transformation of the spinel and the partial reduction of NiO to metallic nickel [42,43,44]. Ni2Mg1Al and specially Ni1Mg1Al were less reducible than Ni2Al. The high temperature peak was very broad and it was attributed to the transformation of multiple structures of nickel with magnesium and aluminum [45]. The peak maxima shifted to higher temperature, and the hydrogen consumption decreased with the amount of magnesium, which was consistent with the formation of the unreducible Mg[Al]2O4 spinel and mixed NixMg(1−x)O oxides with high interaction with the spinel, and a lower formation of reduced nickel, as inferred from XRD.



The acidity of the reduced catalysts was determined by NH3-TPD (Figure 6). The desorption peaks of all the materials had broad temperature ranges, implying wide distributions in the strength of the acidic sites. Multiple overlapped peaks were apparent in Ni2Al-R below 350 °C resulting from the desorption of ammonia from weak and moderate strength sites, together with a peak of strong acidic sites at ca. 600 °C. The presence of Mg in Ni2Mg1Al-R and Ni1Mg1Al-R made the peak below 500 °C less intense than that of Ni2Al-R, thus showing that the addition of Mg reduced the amount of weak and middle-strength acid sites. On the contrary, the high temperature peak gained in intensity, which was caused by the enhancing of the dispersion of the Ni sites responsible for acidity.



Deconvolution of the TCD signal was used to quantify the amounts of weak (α, Td < 220 °C) and intermediate (β, 220 °C < Td < 500 °C) sites (Table 5). The number of α sites increased slightly with the content of magnesium, from 0.34 mmol NH3·g−1 in Ni2Al-R to ca. 0.41 mmol NH3·g−1 in Ni1Mg1Al-R. The amount of β sites diminished with the content of Mg, from 0.66 to 0.31 mmol NH3·g−1 in Ni2Al-R and Ni2Mg1Al-R, respectively. Strong acidic sites (γ, Td > 500°C) could not be quantified reliably with the TCD detector because the ammonia adsorbed on those sites was oxidized to N2O at high temperature at the expense of the surface oxygen of the sample [46], and they were not included in the quantitative results. However, magnesium promoted the peaks at 600 and 700 °C. Magnesium decreased the total acidity from 1.00 mmol NH3·g−1 in Ni2Al-R to 0.74 mmol NH3·g−1 in Ni1Mg1Al-R and 0.67 mmol NH3·g−1 in Ni2Mg1Al-R. Due to the similar surface areas of the three catalysts, the surface density of acidic sites followed the same trend (Table 5).



The basicity of the reduced catalysts was measured by CO2-TPD (Figure 7) and the content of basic sites calculated by deconvolution of the TCD signal (Table 6). Ni2Al-R had the higher concentration of weak sites (Td < 200 °C) and very few strong sites (Td > 500 °C). Addition of magnesium in Ni1Mg1Al-R promoted medium and strong basic sites and decreased the weak. The total content of basic sites in Ni2Mg1Al-R was lower, and it had very few weak sites but the highest content of strong sites. The large difference in the content of low and medium-low basic sites of this catalyst can be explained by the differences derived from the higher M+2/M+3 ratio used to synthesize the LDH precursor.




3.2. Catalytic Activity Tests


The influence of the process conditions on the conversion of furfural and the selectivity to its main hydrogenation products were studied in detail with the Ni2Mg1Al-R catalyst. Experiments were performed in a stirred slurry reactor (SSR) considering temperature (160 °C, 190 °C, and 210 °C), time (1, 2, 4, 6, and 8 h), and hydrogen pressure (1.0, 2.0, 3.0, 4.0, and 5.0 MPa). In all the experiments, 30 mL of a 5.0 wt% FF solution in ethanol and 200 mg of reduced catalyst were used.



The effect of hydrogen pressure was studied at 190 °C and 4 h. Furfural conversion was 90.6% at 10 bar, 99.4% at 30 bar, and complete above that (Figure 8). A variety of products with selectivity that changed with hydrogen pressure were identified. At 10 bar, furfural was hydrogenated to furfuryl alcohol (FA, 32%) as the main product and 2-methylfuran (mFUR, 21.6%), but it was also decarbonylated to furane (FUR, 22%). Minor hydrogenation products included tetrahydrofurfuryl alcohol (TFA, 4.9%) from the hydrogenation of FA and n-butanol (BU, 5.1%) from the ring-opening hydrogenolysis of FUR. In addition, difurfuryl ether (DFE, 9.9%) and 2-(diethoxymethyl)furan (FDA, 0.9%) were obtained. Both evolved through the formation of acetals on the acidic sites of the catalyst surface by reversible nucleophilic addition of FF with FA or ethanol (Scheme 1), a reaction path that has been previously observed on different catalysts. The formation of FDA from FF and ethanol was reported under mild hydrogenation conditions on Pd/UiO-66 [9] and on a Pd/C catalyst, where it was identified as the key intermediate in the production of tetrahydrofurfuryl ethyl ether (TFEE) [47]. Similarly, 2-(diisopropoxymethyl)furan resulting from acetylation of FF with isopropanol was reported on NiO [48], NiO-Al2O3, and ZnAl2O4-Al2O3 [49] and on Pd-exchanged β-zeolites [50] during the catalytic transfer hydrogenation of FF with 2-propanol. During FF hydrogenation under mild conditions over Pd/HPA, 2-(isopropoxymethyl)furan was formed as an intermediate compound in weak acidic sites that was then converted to TFA on basic sites [8].



Increasing the hydrogen pressure in Ni2Mg1Al-R promoted the formation of FA and lowered the selectivity to FUR and mFUR. FA selectivity was maximum at 20 bar (58%) but decreased at higher pressure, and it was not detected significantly at 50 bar. Pressure favored the hydrogenation of FA to tetrahydrofurfuryl alcohol (TFA), which reached a selectivity of 78.5% at 50 bar. In addition, pressure shifted the selectivity of the addition reactions to the formation of FDA instead of DFE. FDA was subsequently hydrogenated to TFEE (Scheme 1). The selectivity to 1,2- and 1,5-pentanediol (12PD and 15PD) formed by the hydrogenolysis of FA and TF grew continuously with the hydrogen pressure and reached 7.0 and 4.5 at 50 bar, respectively. Concerning FUR and mFUR, hydrogen pressure promoted their hydrogenation to tetrahydrofuran (THF) and 2-methyltetrahydrofuran (mTHF). The hydrogenation of FUR to THF was promoted over its hydrogenolysis to BU as hydrogen pressure was increased. Overall, a pressure of 50 bar was the most adequate to favor the selectivity to TFA and to lower the formation of byproducts such as DFE, TFEE, and FDA, and it was selected to study the effect of the other variables.



The effect of reaction time was investigated with the Ni2Mg1Al-R catalyst at 190 °C and 50 bar of hydrogen for up to 8 h (Figure 9). FF conversion was 93.4% after 1 h, and the main products were FA (50%) and TFA (36%), together with FUR (4.7%), 12PD (3.2%) and minor amounts of the other products. FF conversion was complete after 2 h. After 4 h, FA was not present, and TFA reached a selectivity of 78.5%, with 7.0% 12PD, 4.5% 15PD, and 3.9% THF. Extending the reaction time to 8 h had little impact on the composition of the product mixture. Selectivity to TFA was constant at ca. 80%, and 12PD and 15PD only increased marginally, reaching 9.0% and 4.8% after 8 h, respectively, showing that the catalyst was not significantly active for the hydrogenolysis of TFA.



The effect of temperature was tested at 160, 190 and 210 °C, with the Ni2Mg1Al-R catalyst at 50 bar and 2 h. FF conversion was 92.7% at 160 °C, and it was complete at higher temperature (Figure 10). Temperature favored the decarbonylation of FF to FUR, which grew from 1.5% at 160 °C to 7.4% at 210 °C, even if FA was always the main primary product (51.5% and 54.3% at 160 °C and 210 °C, respectively). Similarly, the selectivity to mFUR and BU also grew with temperature. It is worth mentioning that the effectivity of the catalyst to hydrogenate the double bonds (π bonds) in furan rings decreased with temperature. The selectivity to TFA was actually lower at 210 °C (26.4%) than at 190 °C (43.6%), while that of FA was higher. Additionally, the selectivity to THF and mTHF was virtually unchanged from 190 to 210 °C, even if the amount of FUR and mFUR grew. Finally, raising the temperature from 190 to 210 °C had no impact on the selectivity to 12PD and 15PD.



Based on the previous results, the effect of the Mg/Ni ratio in the catalyst was tested at 190 °C, 50 bar of H2, and 4 h of reaction time (Figure 11). The conversion of FF was complete in the three catalysts (Ni2Al-R, Ni2Mg1Al-R, and Ni1Mg1Al-R) and the selectivity to minor products such as FUR, mFUR, THF, mTHF, and BU was practically independent of the catalyst composition. TFA was the main product in all cases, but differences were observed on its selectivity and those of the other major products. FA was not produced in Ni2Al-R. It had the lowest selectivity to TFA (51%) and a 35% selectivity to TFEE, thus showing a high capacity to catalyze the formation of acetals through addition reactions. This is consistent with its higher content of medium strength acidic sites and lower presence of basic sites. Even if this catalyst had a 30% reduction of Ni, its furfural hydrogenation capacity was limited by the competence of the condensation reactions of furfural on the Lewis sites of the surface NiO groups. In contrast, TFEE in Ni1Mg1Al-R was only 0.4% showing that addition of Mg inhibited this reaction route by reducing the amount of acid sites with intermediate strength (Table 5) by the formation of the mixed NixMg(1−x)O oxide. However, its hydrogenation capacity was somewhat limited by the low content of reduced Ni, which was only 6.2%. That is why at the tested conditions it still gave 7.3% unconverted FA and formed less TFA (62%) than Ni2Mg1Al-R (78.5%). The latter had a similar content of Ni-Mg oxide phase and low acidity that prevented the condensation route, but it had a 12% reduction of Ni, which increased its hydrogenation capacity. However, the Ni1Mg1Al catalyst was slightly more selective to ring-opening reactions since it gave the highest formation of 12PD (12%) and 15PD (8.2%).



The three catalysts were also tested at 190 °C on a continuous packed bed reactor at atmospheric pressure. Important differences on the behavior of the catalysts were observed when the reaction was conducted in gas phase (Figure 11). Unlike the SSR, FA was always the main product in the atmospheric PBR. FF conversion was complete on Ni2Al-R and it gave a selectivity to FA and THF of 30% and 14%, respectively, accompanied by smaller amounts of 15PD, FUR, mFUR, THF, BU, and DFE. Overall, the selectivity of the products that were identified only accounted for 79% of the converted furfural. The unidentified fraction consisted of a complex mixture of species with apparent high molar masses that were observed in the gas chromatograms at high retention time but could not be identified by GC/MS. The formation of these compounds by condensation reactions involving FF and FA seems consistent with the capacity exhibited by this catalyst to promote the formation of acetals in liquid phase under high H2 pressure. In Ni2Mg1Al-R the selectivity to FA was 43%, followed in decreasing order by FUR (26%), TFA (14%), and DFE (6.5%). In fact, these values are qualitatively closer to those obtained with this catalyst in the SSR reactor at 10 bar than to those measured at 50 bar. Finally, FF conversion was only 98.6% on Ni1Mg1Al-R, although it gave more FA (50%) and less FUR and TFA than Ni2Mg1Al-R. Again, this is consistent with its lower content of reduced Ni. It is worth mentioning that pentanediols were not formed significantly with Ni2Mg1Al-R and Ni1Mg1Al-R at atmospheric pressure, in contrast with the situation in the slurry reactor at 50 bar of H2. Additionally, both catalysts produced significant amounts of condensation products at atmospheric pressure, with 6.5% DFE in Ni2Mg1Al-R and 8.0% FDA in Ni1Mg1Al-R.





4. Conclusions


Ni-Mg/Al catalysts derived from layered double hydroxides were synthesized and tested in the production of TFA from FF in liquid-phase hydrogenation. After calcination and reduction, the catalysts contained small nickel crystallites (ca < 4 nm) dispersed on a solid matrix consisting of nickel-magnesium mixed oxides and a Mg[Al]2O4 spinel. Furfural conversion took place by a competing set of reactions. A low hydrogen pressure favored FA as the main hydrogenation product together with FUR and mFUR, and also promoted addition reactions that formed acetals that eventually led to DFE and TFEE as identified final products. Higher hydrogen pressures promoted the hydrogenation of the furan rings and reduced the extension of the condensation reactions, thus favoring TFA as the main product. Temperature reduced the selectivity to TFA and increased that to FA. Pentanediols (12PD and 15PD) were formed as minor products, but their selectivity increased with the Mg/Ni ratio of the catalyst. Testing of the catalysts in gas-phase hydrogenation conditions at atmospheric pressure revealed a poorer performance with FA and FUR as the main products. Even if the Ni2Mg1Al catalysts achieved complete conversion of FF and a selectivity to TFA of 80% after 6 h at 190 °C and 50 bar H2, a large variety of coproducts were present at low concentration. Further optimization of the catalysts (Mg/Ni ratio and synthesis parameters) and reaction conditions is required to obtain a catalyst selective enough for the total hydrogenation of FF to TFA at the industrial level.
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Figure 1. N2 physisorption isotherms of the LDH precursors calcined at 400 °C for 4 h. The red symbols are the adsorption branch, and the black symbols are the desorption branch of the isotherm. 
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Figure 2. Pore volume (left) and surface (right) distributions of the LDH precursors calcined at 400 °C for 4 h and determined with the DFT model. 
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Figure 3. XRD patterns of the LDH precursors calcined at 400 °C for 4 h (left) and the catalysts after reduction at 500 °C for 1 h (right) (a: Ni2Al, b: Ni2Mg1Al, c: Ni1Mg1Al). 
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Figure 4. TEM analysis of Ni2Al-R (top row), Ni2Mg1Al-R (center row), and Ni1Mg1Al-R (bottom row): HAADF-STEM images (1st column), bright-field TEM images (2nd column), and HRTEM images of the selected areas labelled a to f in the bright-field TEM images (3rd and 4th columns). Arrows mark the measured lattice fringes. 
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Figure 5. H2-TPR of the LDH precursors calcined at 400 °C for 4 h. 
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Figure 6. Acidic groups on the reduced catalysts by NH3-TPD. Black line: recorded signal. Red line: deconvoluted signal. Blue peaks = weak (α); green peaks = intermediate (β); red peaks = strong sites (γ). 
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Figure 7. Basic groups on the reduced catalysts by CO2-TPD. Black line: recorded signal. Red line: deconvoluted signal. Blue peaks = weak (α); green peaks = intermediate (β); red peaks = strong sites (γ). 
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Figure 8. Furfural conversion and product selectivity over Ni2Mg1Al-R: effect of hydrogen pressure at 4 h and 190 °C using 5 wt.% FF in ethanol (the dashed lines only indicate trends). 






Figure 8. Furfural conversion and product selectivity over Ni2Mg1Al-R: effect of hydrogen pressure at 4 h and 190 °C using 5 wt.% FF in ethanol (the dashed lines only indicate trends).



[image: Chemistry 05 00041 g008]







[image: Chemistry 05 00041 sch001 550] 





Scheme 1. Reaction pathways involved in the hydrogenation of furfural on Ni-Mg/Al catalysts. 
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Figure 9. Furfural conversion and product selectivity over Ni2Mg1Al-R: effect of reaction time at 50 bar of H2 and 190 °C using 5 wt.% FF in ethanol (the dashed lines only indicate trends). 
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Figure 10. Furfural conversion and product selectivity over Ni2Mg1Al-R: effect of reaction temperature at 50 bar of H2 and 2 h using 5 wt.% FF in ethanol (the dashed lines only indicate trends). 
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Figure 11. Furfural conversion and product selectivity using 5 wt.% FF in ethanol at 190 °C: influence of the catalyst composition and the reactor type. Left: batch reactor at 50 bar of H2 for 4 h. Right: tubular reactor at atmospheric pressure using a WHSV of 2.85 gFF·gcat−1·h−1 and a hydrogen-to-furfural molar ratio of 12.7:1.0. 
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Table 1. Atomic ratios of the LDH precursors calcined at 400 °C for 4 h, measured by ICP-EOS and FESEM-EDX.
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Calcined Material

	
ICP-EOS

	
FESEM-EDX




	
Ni/Al

	
Mg/Al

	
Ni/Al

	
Mg/Al






	
Ni2Al

	
1.83

	
-

	
2.05

	
-




	
Ni2Mg1Al

	
1.90

	
1.11

	
1.27

	
0.82




	
Ni1Mg1Al

	
0.90

	
0.98

	
0.96

	
1.02
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Table 2. Textural properties of the LDH precursors calcined at 400 °C for 4 h.
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	Calcined Material
	BET Surface Area

(m2·g−1)
	DFT Pore Volume

(mL·g−1)
	DFT Pore Diameter

(nm)





	Ni2Al
	210
	0.49
	5.4



	Ni2Mg1Al
	200
	0.50
	7.1



	Ni1Mg1Al
	212
	0.48
	5.4
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Table 3. Crystalline phases detected and average crystallite sizes calculated from the XRD diffraction patterns of the calcined and reduced samples.
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Composition (XRD %)

	
Phases




	
Samples

	
Al

	
Mg

	
Ni

	
Identified

	
wt.%

	
Crystallite Size (nm)






	
Ni2Al

	
13.6

	
-

	
57.6

	
(Al0.85Ni0.15)[Al0.55Ni0.45]2O4

	
46

	
1.3




	
NiO

	
54

	
2.2




	
Ni2Mg1Al

	
10.5

	
13.6

	
33.0

	
Ni0.3Mg0.7[Al]2O4

	
42

	
1.2




	
Ni0.49Mg0.51O

	
58

	
2.8




	
Ni1Mg1Al

	
7.7

	
13.0

	
18.8

	
Ni0.5Mg0.5[Al]2O4

	
46

	
0.7




	
Ni0.31Mg0.69O

	
54

	
2.1




	
Ni2Al-R

	
18.3

	
-

	
59.0

	
(Al0.90Ni0.10)[Al0.99Ni0.01]2O4

	
35

	
1.3




	
NiO

	
35

	
1.8




	
Ni

	
30

	
3.4




	
Ni2Mg1Al-R

	
15.1

	
16.8

	
37.1

	
Mg[Al]2O4

	
40

	
1.3




	
Ni0.51Mg0.49O

	
48

	
2.8




	
Ni

	
12

	
2.8




	
Ni1Mg1Al-R

	
16.5

	
18.8

	
30.3

	
Mg[Al]2O4

	
44

	
1.3




	
Ni0.44Mg0.56O

	
50

	
1.5




	
Ni

	
6.2

	
3.6
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Table 4. Specific hydrogen consumption during the TPR of the LDH precursors calcined at 400 °C for 4 h.
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Calcined Material

	
Peak 1

	
Peak 2

	
Total




	
T (°C)

	
H2 (mmol·g−1)

	
T (°C)

	
H2 (mmol·g−1)

	
H2 (mmol·g−1)






	
Ni2Al

	
302

	
0.31

	
513

	
6.77

	
7.08




	
Ni2Mg1Al

	
392

	
0.31

	
630

	
5.67

	
5.98




	
Ni1Mg1Al

	
422

	
0.58

	
706

	
4.29

	
4.87
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Table 5. Concentration and surface density of weak (α, Td < 220 °C) and intermediate (β, 220 °C < Td < 500 °C) acidic sites determined by NH3-TPD.
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Catalyst

	
Concentration (mmol NH3·g−1)

	
Surface Density (µmol NH3·m−2)




	
Weak (α)

	
Medium (β)

	
Total

	
Weak (α)

	
Medium (β)

	
Total






	
Ni2Al-R

	
0.34

	
0.66

	
1.00

	
1.62

	
3.14

	
4.76




	
Ni1Mg1Al-R

	
0.41

	
0.33

	
0.74

	
1.93

	
1.56

	
3.49




	
Ni2Mg1Al-R

	
0.36

	
0.31

	
0.67

	
1.80

	
1.55

	
3.35
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Table 6. Concentration and surface density of weak (α, Td < 200 °C), intermediate (β, 200 °C < Td < 500 °C), and strong (γ, Td > 500 °C) basic sites determined by CO2-TPD.






Table 6. Concentration and surface density of weak (α, Td < 200 °C), intermediate (β, 200 °C < Td < 500 °C), and strong (γ, Td > 500 °C) basic sites determined by CO2-TPD.





	
Catalyst

	
Concentration (mmol CO2·g−1)

	
Surface Density (µmol CO2·m−2)




	
Weak (α)

	
Medium (β)

	
Strong (γ)

	
Total

	
Weak (α)

	
Medium (β)

	
Strong (γ)

	
Total






	
Ni2Al-R

	
0.20

	
0.12

	
0.05

	
0.37

	
0.96

	
0.57

	
0.24

	
1.78




	
Ni1Mg1Al-R

	
0.13

	
0.19

	
0.14

	
0.46

	
0.62

	
0.87

	
0.66

	
2.15




	
Ni2Mg1Al-R

	
0.04

	
0.14

	
0.20

	
0.39

	
0.20

	
0.72

	
1.01

	
1.94
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