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Abstract

:

Ordered mesoporous nickel (mesoNi) was successfully synthesized with a hard templating method by using KIT-6 ordered mesoporous silica as a template. With small-angle X-ray diffraction (SAXRD), transmission electron microscopy (TEM) and N2 sorption technique, the mesoporous structures of synthesized catalysts were characterized with desired high surface area (84.2 m2·g−1) and narrow pore size distribution. MesoNi exhibited outstanding catalytic cleavage activity for lignin model compounds (benzyl phenyl ether, BPE) with high selectivity of arenes in the flow reactor system. MesoNi also showed higher regeneration rates than non-porous ones, which were confirmed from deactivation and regeneration mechanism studies in the flow reaction system with varied high temperature and pressure. The adsorbed poisoning species on the mesoporous Ni surface were analyzed and phenol could be the main poisoning species. The excellent catalytic cleavage performance of mesoNi originates from their unique mesoporous structure, which offers high surface area and Ni active sites. The outstanding catalytic performance shows that this process provides a promising candidate for improved lignin valorization with general applicability.
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1. Introduction


Increased demand for energy and value-added chemicals has motivated the development of lignocellulose, which consists of cellulose, hemicellulose, and lignin [1]. Lignin comprises 15–30 wt% of biomass and ca. 40% of its total energy content, its potential as a renewable source of aromatic compounds has recently received great attention [2,3]. Lignin remains the least utilized component of lignocellulose, which has a three-dimensional, highly cross-linked, polyphenolic polymer [4,5]. Recently, a number of homogeneous catalysts (e.g., complexes of Ru [6], V [7], and Ni [8]) and heterogeneous catalysts (e.g., Ni/SiO2 [9], Ru/Nb2O5 [10], and Pd/Zn [11]) have shown high hydrogenolytic performance in cleaving the C–O bonds of lignin and related dimeric lignin model compounds under mild conditions. Homogeneous catalysts can readily access ether bonds in insoluble lignin due to their high mobility, which increases the hydrogenolytic activity of these catalysts [12]. In contrast, heterogeneous catalysts are better adapted to continuous processing [13]. Furthermore, heterogeneous depolymerization of soluble lignin in a flow reactor could enhance heat and mass transfer, allow for variable contact times, and improve the selectivity and yield for desired products [14,15]. All of these advantages for heterogeneous hydrogenolytic processes may also serve to improve our understanding of reaction kinetics for C–O cleavage of lignin and lignin model compounds [16].



Ni-based catalysts are widely studied for C–O bond cleavage in lignin model compounds, such as benzyl phenyl ether (BPE, modeling the lignin α–O–4 linkage), selectively and quantitatively to form smaller aromatic molecules, cycloalkanes, and cyclohexanol under varied temperature and pressure conditions [17,18]. Reductive lignin depolymerization with Ni-based catalysts in a flow-through system was also carefully investigated in which pulping and transfer hydrogenolysis steps were conducted in sequence [19]. However, the catalysts activity declines over time. Heterogeneous catalysts for the hydrogenolysis of lignin aryl ethers suffer from deactivation during extended reaction processes. Fundamental understanding of catalyst fouling and regeneration induced by reactants and products need to be addressed [12,20,21]. Using temperature-programmed desorption (TPD) under high-pressure liquid-phase flow conditions, several adsorbed species could be detected during the hydrogenolysis of benzyl phenyl ether (BPE). These species, such as phenol and cyclohexanol, may be responsible for catalyst deactivation in the form of poisoning deposition on the catalyst surface [22]. Hence, the regeneration rate of a Ni-based catalyst is influenced by the nature of the catalyst and the regeneration operating conditions [23].



In this study, we report ordered mesoporous Ni (mesoNi) produced by the replication of KIT-6 ordered mesoporous silica as a hard template for the first time. KIT-6 ordered mesoporous silica is a highly ordered mesoporous silica, which has two sets of enantiomeric interwoven mesopores with branched nanorods. The mesoNi showed an enhanced selectivity for arenes during the hydrogenolysis of BPE, which could be important for narrowing the distribution of aromatic monomers in lignin depolymerization. The effect of mesopore morphology on selectivity and stability was investigated and compared with non-porous Raney Ni. The ordered mesoporous Ni showed higher regeneration rates than non-porous Raney Ni, which could be confirmed from the regenerating studies in the flow reaction system with varied high temperature and pressure. The adsorbed poisoning species on the Ni catalysts surface were analyzed and phenol could be the main species that poisons the surface, which could be removed by increasing the reaction temperature. Thus, deactivation can be reduced substantially by performing hydrogenolysis of aryl ether under appropriate operating conditions.




2. Results and Discussion


2.1. Characterizations of the Catalysts


Representative SEM images of ordered mesoporous Ni catalysts are shown in Figure 1a. A non-porous Raney Ni catalyst with similar particle size was also synthesized with a hydrothermal method to compare with mesoNi. From Figure 1a, almost all of the mesoporous Ni nanoparticles were in regular spherical shape, which was totally different from their parent KIT-6 template (Figure S1). From Figure 1b, mesoNi samples had a sphere-like morphology, which was crystallized in a similar direction and lattice fringes of the walls were around several small mesopores [24]. Combined with the small-angle X-ray diffraction (SAXRD) results in Figure S2, the intense peak around 1.15° corresponds to the (211) diffraction of Ia3d symmetry, which indicated the whole mesoNi nanoparticle remained in the long-range mesostructured regularity of the KIT-6 template [25,26]. Figure 1c shows the XRD patterns of mesoNi and Raney Ni displayed typical peaks at 2θ = 44.5°, 51.9°, and 76.4° which were readily indexed to (111), (200), and (220) reflections of pure metallic Ni (JCPDS card No. 65-0380) [27]. The average crystallite size of mesoNi and Raney Ni were calculated to be 13.7 and 19.6 nm by using the full-width at half-maximum (fwhm) of the (111) reflection. No obvious diffraction peaks in the Ni catalyst were observed for other Ni species such as NiO and silica, which indicated high purity and decreased crystallinity of these catalysts. After the hydrogenolysis of BPE, the diffraction peaks of the reused Ni-based catalysts increased which indicated the crystal growth of the Ni particles. However, there was no other obvious change of diffraction peaks, which also indicated the catalyst remained at similar purity after the reaction.



As Figure 1d illustrates, the isotherms of mesoNi were classical type-IV isotherms with H1 hysteresis loop, which is the characteristic of mesoporous structure and wide mesopore size distribution [28]. Two pore size distributions of 4.5 and 22 nm could be observed for mesoNi, of which the former pore was the hard-template replica from KIT-6 and the latter came from the aggregation of mesoporous particles [24,29]. The Brunauer−Emmett−Teller (BET) surface area and average pore diameter of the Ni-based catalysts are listed in Table 1. All the specific surface areas of Ni-based catalysts were lower than the parent KIT-6 template, attributed to the lower structural order and larger density [30]. For used mesoNi, exposure to reaction conditions caused little changes for the porous structures characterized from N2-sorption results. However, these physicochemical changes did not result in significant changes to the powder XRD pattern compared with fresh mesoNi. From the inductive coupled plasma atomic emission spectrometer (ICP-AES) results of Na and Si in Table 1, the sodium contents of fresh mesoNi catalysts were lower than 0.02 wt%. After the recycling of the mesoNi, the Na content decreased to 0.01 wt%. The Si content also showed similar trends with Na. Related energy dispersive X-ray spectrometry (EDX) analysis, in association with ICP-AES characterization could further analyze the elemental content of the recycled mesoNi surface. The above results indicated the mesoporous remained of similar purity after the reaction.




2.2. Catalytic Hydrogenolysis of BPE


The conversion of BPE on ordered mesoporous Ni as a function of space time (W/F) is compared with Raney Ni in Figure 2a. For Raney Ni with large particle size, the conversion of BPE achieved 96% at a high space time of 6.5 h. The mesoNi showed much higher conversion (>99% in 0.9 h) compared to Raney Ni. This result suggests that the mesoNi catalyst was more active than non-porous Raney Ni for hydrogenolysis of BPE [31]. Figure 2b shows the major product distribution as a function of hydrogenolysis conversion of BPE on mesoNi and Raney Ni. Consistent with previous work, phenol (PhOH) and toluene (Tol) are the primary products of hydrogenolysis over all catalysts. These products could then be hydrogenated to cyclohexanol (CyOH) and methylcyclohexane (MCH) (Scheme S1). From Figure 2b, mesoNi showed much higher selectivity for PhOH. CyOH was only generated when mesoNi was used under a high conversion level above 20%, which indicated the selectivity of these reactions was strongly dependent on the porous structures of Ni-based catalysts. From the selectivity to primary products at certain low conversion level of 20% ± 2% (Figure 2c), mesoNi gave the higher yield of PhOH compared to Raney Ni, which also meant a higher hydrogenolysis efficiency for BPE. Changing the catalyst structure from mesoporous to non-porous led to a significant decrease in the selectivity toward C–O hydrogenolysis. The apparent activation energy (Ea,app) of liquid phase hydrogenolysis of BPE for non-porous Raney Ni and mesoNi is shown in Figure 2d. The mesoNi showed the lowest Ea,app of 71 KJ/mol. The apparent activation energy of phenol hydrogenation to cyclohexanol was higher than that of hydrogenolysis of BPE (89 KJ/mol compared to 71 KJ/mol, Figure S3), which indicated the elevated temperature was beneficial to increase the selectivity of cyclohexanol [32].



The above differences clearly indicate that changing the porous structure of the Ni-based catalyst could remarkably change the selectivity towards different reaction pathways. Consequently, changing Ni-based catalysts from non-porous to mesoporous structure could dramatically improve hydrogenolysis efficiencies to BPE while it greatly inhibits hydrogenation of phenyl rings.



In order to study the regeneration processes and stability of the mesoNi and Raney Ni catalysts, the reusage activities of hydrogenolysis of BPE with these catalysts was examined in batch at 120 °C for six runs. As Figure 3a displays, BPE conversion of all catalysts decreased with increasing recycling batch runs. For mesoNi, BPE conversion decreased about 7% after six runs, which demonstrates the mesoNi had higher recycling abilities and stabilities than non-porous Raney Ni. From ICP analysis of the products solution, no detectable amount of Ni leached out of the catalyst during the reactions (Table 1). For the hydrogenolysis of BPE, poisoning and fouling of the Ni-based catalysts could be the main reason for the deactivation during the reaction process [22,23]. Hence, metal leaching is not the main reason for catalyst deactivation and quite limited Ni concentration (<0.1 mg·L−1) was detected in the reaction products. To further study the regeneration mechanism, the deactivated catalysts were washed with pure isopropanol to remove the residual products and then regenerated at 205 °C with 5.0 mmol L−1 BPE in isopropanol as the H-donor (Figure 3b). The BPE conversion remained quite low when the regeneration temperature increased to 205 °C. Then the BPE conversion gradually increased and reached the highest value (91.4% and 96.7%) with 105 and 89 min for Raney Ni and mesoNi, respectively. The deactivation and regeneration of Ni-based catalysts are often associated with the surface adsorption of the organic intermediates and products [33], and these surface adsorbed species have different poisoning effect to the deactivation of the catalysts, which is vital to further investigate the deactivation and regeneration mechanism [34,35].



To study the regeneration mechanism of Ni-based catalysts, surface adsorption products of BPE hydrogenolysis were analyzed with temperature-programmed desorption under high pressure liquid flow conditions. From Figure 3c, the CyOH peak of Raney Ni was detected at 180 °C (32 min) with temperature increasing and flushing of pure isopropanol. The desorption rate went through a maximum at 205 °C (59 min). The PhOH peak could also be detected at the same temperature, of which the peak area was much lower than that of CyOH. No obvious peak of Tol was detected during the process. Compared to Raney Ni, the CyOH peak of mesoNi was higher than that of Raney Ni (Figure 3d). The maximum desorption peak of mesoNi was also earlier than that of Raney Ni. Since both the peaks of CyOH and PhOH were detected, it is possible that adsorbed PhOH was hydrogenated to CyOH on the Ni active sites under the high temperature of 205 °C [34]. Meanwhile, it could not be BPE molecule. If it was BPE adsorbed on the surface of Ni nanoparticles, an equivalent amount of phenol and toluene would have been detected. The concentration of toluene peak was much lower than that of phenol, which meant the adsorbed molecules could not produce an equal amount of phenol and toluene. Thus, it was impossible for BPE molecules to be adsorbed on the catalyst surface. Therefore, the adsorbed molecules were likely phenol molecules [31,36]. Related attenuated total reflectance Fourier transform infrared spectroscopy (ATR FT-IR) was used to characterize the adsorbed species on the Ni nanoparticles (shown in Figure S4).



Figure S4 compares IR spectra of adsorbed species formed on the deactivated Ni-based catalysts after the hydrogenolysis of BPE. Unlike the corresponding spectra of pure mesoNi or BPE, the spectrum of deactivated mesoNi showed the diagnostic absorption of cyclohexanol species at 3332 cm−1 and 2965 cm−1. These two peaks as well as relevant absorption in the stretching and bending of O–H and C–H bonds (3400~3650 and 2850~2960 cm−1) were evident in the spectra obtained for cyclohexanol. It is worth emphasizing neither of these absorptions was observed when pure mesoNi was tested. The absorption peaks at 948 and 1013 cm−1 may help in attributing them to absorbed cyclohexanol surface species on the Ni-based catalysts. Finally, formation of surface cyclohexanol has been considered a consequence of phenol surface reactions on metal nanoparticles [37]. These results confirm the desorption results of poisoning species on the Ni-based catalysts shown in Figure 3.



To further investigate the competitive reaction pathways during the reaction processes, hydrogenolysis of BPE were carried out in a mixture with reaction products or analogous phenolic monomers at 120 °C (Figure 4a) [35,38]. From Figure 4a, the conversion of BPE hydrogenolysis achieved 71% after 30 min. However, the conversion of BPE hydrogenolysis progressively varied in the presence of toluene (60%), cyclohexanol (56%), and phenol (24%) after 30 min (Figure 4b). Therefore, the addition of PhOH obviously decreased the BPE conversion compared to Tol and CyOH. Moreover, the hydrogenation rate for PhOH was much faster than that of Tol, which indicated the higher reactivity and lower active energy of PhOH hydrogenation. When equimolar phenol was added to the BPE solution, competitive adsorption could have happened between the added phenol and the phenol generated from the hydrogenolysis of BPE (Figure 4c) [39]. Hence, the hydrogenolysis rate of BPE could be influenced at last [20,40]. However, when the phenol was added to the reaction system, the hydrogenolysis rate of BPE greatly decreased. The hydrogenation rate of phenol was higher than that of toluene since almost no methylcyclohexane was generated during the reaction. Hence, hydrogenolysis of BPE was greatly influenced with the addition of phenol. Compared to Figure 4c, the effects of other phenolic monomers formed in lignin disassembly were also analyzed by addition of equimolar catechol, guaiacol, and anisole to the BPE during the hydrogenolysis reactions (Figure 4d). The hydrogenolysis rate of BPE was the most affected by the addition of catechol and anisole showed the least hinderance effect analyzed from kinetic profiles [41]. These results analyzed together with those relative to chemical species generated in the reaction, implied that the hydrogenolysis process of BPE was very sensitive to the presence of analogous phenolic monomers in the reaction system.





3. Materials and Methods


3.1. Preparation of Catalysts


Ordered mesoporous Ni catalysts were synthesized using a modified dipping method to improve the long-range ordering according to the template direction [42,43]. Typically, 0.078 g of hexamethyldisilazane (HMDS) was added into 30 mL of n-hexane with 0.40 g of calcined KIT-6 to modify the silica surface of KIT-6 with methyl groups by refluxing. The obtained material was denoted as hydrophobic KIT-6 (HP-KIT-6). Then, absolute ethanol solution (0.21 g of Ni(NO3)2·6H2O, 3 mol·L−1) was impregnated into 0.35 g of the HP-KIT-6. After drying at 40 °C for two days, the sample was heated to 350 °C in air for 2 h with heating rate of 1 °C·min−1. Then, the products were collected and placed in the tubular furnace, and further reduced at a higher temperature of 450 °C under 10% H2 + N2 mixture gas flow (100 mL·min−1) for another 2 h at a heating rate of 1 °C·min−1. Then, the composite material was treated with 2 mol·L−1 sodium hydroxide solution (50 mL) at 40 °C for 4 h to completely remove the silica template. After washing with absolute ethanol, the product was further washed with hydrazine hydrate ethanol solution (2 mol L−1, 50 mL) at room temperature for 4 h. The possible oxidized NiO was also reduced during the process. The final product was washed with absolute ethanol and water several times. After vacuum drying at 60 °C overnight, the final product was labeled as the mesoNi.




3.2. Hydrogenolysis of BPE


The flow reactor (1/4 in. outer diameter) was heated with up-flow direction with aluminum heat transfer blocks wrapped in electric heating tape and a ceramic insulating blanket. A K-type thermocouple and a thermal controller was used to control the reaction. The Ni-based catalyst (20.0 mg) was diluted with silicon carbide (180.0 mg, 80–100 mesh, Sigma-Aldrich). Then the above mixture was loaded into the tubular reactor with crushed quartz (0.1–0.2 mm diameter, void fraction 0.4, Sigma-Aldrich) and glass wool to hold the catalyst bed in place (Scheme S1 in Supporting Information). The liquid was fed into the reactor with an HPLC pump (Dalian Elite Co. Ltd., P230II). With the desired reaction condition of flow rate (0.04–10.0 mL min−1) and pressure (0.1–4.0 MPa), appreciable conversion of the hydrogenolysis process could be maintained for the kinetics study. The temperature and pressure of liquid reactant was controlled with rapped heating tape and a back pressure regulator located after the reactor. The total pressure of the reactor was monitored with a pressure gauge. After passing through the gas–liquid separator, the collected liquid products were analyzed with gas chromatography-mass spectrometer (GC–MS) (injection volume 1 uL, Shimadzu 2010, Agilent HP-5MS, 30 m × 0.25 µm × 0.25 µm). The space time (W/F) was used as the reciprocal of weight hourly space velocity (WHSV).





4. Conclusions


In this study, ordered mesoporous Ni (mesoNi) was successfully fabricated by using KIT-6 as a hard template and applied for the hydrogenolysis of benzyl phenyl ether (BPE) with 2-propanol as the hydrogen source. MesoNi has a uniform pore structure, which the specific surface area and average pore diameter of the catalyst could reach 84.2 m2·g−1 and 8.9 nm, respectively. The catalytic system not only presented high hydrogenolysis activity for BPE, but also showed excellent selectivity and enhanced stability for the process. The possible reason relies to the unique mesoporous structure and high specific surface area of mesoNi, which facilitates the mass transport of the lignin model compounds and enhances the heterogeneous hydrogenolysis activities of mesoNi. Arenes and cyclohexanol are the major products for the hydrogenolysis of lignin model compounds. MesoNi also shows good catalytic activities after six cyclic runs without change of structural framework. Phenol could be the main poisoning species after the analysis of adsorbed species on the mesoNi surface. This study provides a highly efficient catalytic system with high selectivity of arenes, which may inspire the lignin valorization to value-added low molecular weight aromatics.
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Figure 1. (a) Scanning electron microscope (SEM) images and (b) transmission electron microscope (TEM) images of ordered mesoporous Ni made with KIT-6 ordered mesoporous silica as a hard template (mesoNi), (c) high-angle XRD patterns, and (d) related N2-sorption characterizations of Raney Ni, mesoNi, and used mesoNi. The insets in (a) and (b) show high resolution images of mesoNi. 
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Figure 2. (a) Conversion as a function of space time (W/F) for hydrogenolysis of benzyl phenyl ether (BPE) and (b) major primary product distribution as a function of BPE conversion over mesoNi and Raney Ni catalysts. (c) Selectivity toward major products as W/F was adjusted to maintain a similar BPE conversion level (20% ± 2%). (d) Related Arrhenius plots and corresponding apparent activation energies (Ea,app) for hydrogenolysis of BPE. Reaction conditions: 120 °C, 20.0 mg catalyst, 2-propanol as both solvent and H-donor, pressure 4 MPa, 5.0 mmol·L−1 BPE, Time on Stream (TOS) = 60 min. 
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Figure 3. (a) Recycling of mesoNi and Raney Ni catalysts used in batch benzyl phenyl ether (BPE) hydrogenolysis. Reaction conditions: 120 °C, 20.0 mg catalyst, 80 mL 2-propanol (2-PrOH) as both solvent and H-donor, pressure 4 MPa, 5.0 mmol·L−1 BPE, stirring at 650 rpm. (b) Temperature-programmed regeneration of the used mesoNi and Raney Ni catalysts in a flow reactor. Regeneration conditions: 25–205 °C, 10 °C·min−1, 20.0 mg catalyst, 2-PrOH as both solvent and H-donor, pressure 4 MPa, 5.0 mmol·L−1 BPE. Temperature-programmed desorption from used Ni catalysts in a flow reactor: (c) Raney Ni and (d) mesoNi. Concentrations were measured by Gas chromatograph-flame ionization detector (GC-FID) and normalized using an internal standard. Desorption conditions: 25–205 °C, 10 °C min−1, 20.0 mg catalyst, pressure 4 MPa, 2-PrOH as both solvent and H-donor. 
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Figure 4. Kinetic profiles for benzyl phenyl ether (BPE) hydrogenolysis with mesoNi in a batch reactor: (a) with no reaction products, (b) in the presence of a reaction product (toluene or cyclohexanol, 1 equiv.), (c) in the presence of various amounts of phenol (5, 1, and 0.5 equiv.); (d) in the presence of anisole, catechol or guaiacol (1 equiv.). Normalized concentrations were measured by GC-FID using an internal standard. Reaction conditions: 120 °C, 20.0 mg catalyst, 80 mL 2-PrOH as both solvent and H-donor, pressure 4 MPa, 5.0 mmol L−1 BPE, stirring at 650 rpm. 
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Table 1. The structural and chemical properties of ordered mesoporous Ni and related Ni-based catalysts and templates.
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	Catalysts
	SBET a (m2·g−1)
	Dp b (nm)
	Pore Volume (cm3·g−1)
	dXRD (nm)
	dTEM (nm)
	Na c wt%
	Si wt%
	Ni Leaching d (mg·L−1)





	MesoNi
	84.2
	8.9
	0.191
	13.7
	268 ± 64
	0.02
	0.13
	<0.1



	Raney Ni
	46.3
	5.6
	0.082
	19.6
	576 ± 83
	N/D
	N/D
	<0.1



	Recycled mesoNi
	87.7
	9.9
	0.217
	16.2
	293 ± 73
	0.01
	0.07
	<0.1



	KIT-6 template
	8