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Abstract

:

The development of an efficient catalyst especially with a high productivity for decarboxylation of L-lysine to cadaverine, is of both industrial and economic significance. Here, we reported the synthesis of RuO2 well-confined in the supercage of FAU zeolite (RuO2@FAU) through in situ hydrothermal strategies. A set of characterizations, such as XRD, Raman, TEM, XPS, NH3-TPD and N2 physical adsorption, confirmed the successful encapsulation of RuO2 clusters (~1.5 nm) inside the FAU zeolite. RuO2@FAU had the higher cadaverine productivity of 120.9 g/L/h/mmol cat., which was almost six times that of traditionally supported ruthenium oxide catalysts (21.2 g/L/h/mmol cat.). RuO2@FAU catalysts with different ammonia exchange degrees, as well as different Si/Al ratios were further evaluated. After optimization, the highest cadaverine productivity of 480.3 g/L/h/mmol cat. was obtained. Deep analysis of the electronic properties of RuO2@FAU indicated that the surface defect structures, such as oxygen vacancies, played a vital role in the adsorption or activation of L-lysine which finally led to a boosted performance. Furthermore, the mechanism of decarboxylation of L-lysine to cadaverine was proposed.
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1. Introduction


Cadaverine is a prime important monomer for the development of new and high-performance materials including polyamide (such as nylon 5X) and polyurethane, which can be widely used as engineering plastics and fibrous polymers [1]. Synthesis of cadaverine from bio-based L-lysine is a sustainable and economic process (Scheme 1), which is of great potential to substitute the key monomer, hexamethylenediamine, in petrol-based nylon 66. The biological decarboxylation of L-lysine with decarboxylase as a catalyst has been traditionally applied to produce cadaverine [2,3,4]. Considering the expensive separation process and the toxicity of cadaverine for the cells [5,6,7], the industrial-scale process is still pursuing an economic, reusable, and stable catalyst for the decarboxylation of L-lysine.



Recently, the chemo-catalytic heterogeneous process has attracted more and more interests in decarboxylation of amino acids from both academics and industry. De Vos et al. reported decarboxylation of pyroglutamic acid to 2-pyrrolidone (70% yield) and proline to pyrrolidine (95% selectivity) with supported palladium (Pd) catalysts [8,9]. However, supported Pd catalysts performed poorly in the decarboxylation of L-lysine with a yield of cadaverine of less than 10%. Later, Verduyckt et al. reported the decarboxylation of L-lysine with commercial Ru/C as the catalyst and obtained cadaverine with a yield of 32% [10]. Though the yield was not ideal, it certainly provided a significantly meaningful approach to producing cadaverine. Xie et al. studied the decarboxylation of L-lysine on Ru/C in detail and after reaction conditions were optimal, the yield of cadaverine was significantly improved to 40% [11]. It indicated that a Ru-based catalyst was a candidate for the decarboxylation of L-lysine to cadaverine. In our previous works [12,13], Ru-based catalysts with different kinds of supports were prepared by the traditional impregnation method and further evaluated in the decarboxylation of L-lysine. Among those tested supports, zeolite supported ruthenium oxide catalyst performed much better with a greatly enhanced selectivity of cadaverine (54%). Structure characterization showed that RuO2 was the main phase of ruthenium oxide nanoparticles. The under-coordinated Ru-O bonds in ruthenium oxide catalysts were regarded as active surface sites leading to the dissociative adsorption of H2, which greatly contributed to the hydrogenation–decarboxylation process of L-lysine. Unfortunately, a serious agglomeration of ruthenium oxide nanoparticles was observed for those supported catalysts, which might be largely to blame for the unremarkable performance in the decarboxylation of L-lysine. Still, more effort needs to be devoted to developing an ultrafine ruthenium oxide catalyst for further industrial application.



The encapsulation of metal clusters in zeolite micropores or cavities is an attractive approach to preparing ultrafine metal nanoparticles. The confinement of zeolite micropores provided a physical restriction for small metal clusters, which finally improved stability against the leaching of active metal species during catalysis [14,15]. Additionally, an improved catalytic performance would be obtained via the synergistic effects between the metal sites and functional sites of zeolites. RuO2 clusters have been successfully encapsulated in LTA (8 MR) for methanol oxidation [16], in MFI (10 MR) for phenol hydrodeoxygenation [17] and in FAU (12 MR) for aerobic alcohol oxidation [18]. Yang et al. [19] found that metal–acid intimacy played an essential role in enhancing the production of cyclohexane. Particularly, few works have been reported on the application of encapsulated RuO2 clusters in the decarboxylation of L-lysine. Herein, well-dispersed RuO2 clusters (~1.5 nm) encapsulated in supercages of FAU zeolites have been developed by an in situ hydrothermal synthesis approach in this study. The successful encapsulation of ruthenium oxide clusters in obtained RuO2@FAU catalyst has been proven by high-resolution transmission electron microscopy (HRTEM). The homemade RuO2@FAU catalyst was evaluated for the decarboxylation of L-lysine and after conditions were optimized, a significantly enhanced productivity of cadaverine (480.3 g/L/h/mmol cat.) was obtained.




2. Results and Discussion


2.1. Synthesis and Characterization for RuO2@FAU Catalysts


Supported metal oxide catalysts generally met a problem of serious agglomeration of nano-sized metal particles which seriously inhibited its evaluation performance. To solve this problem, we prepared ruthenium oxide encapsulated in zeolite channels by the in situ synthesis method. RuCl3 was added to the synthesis system during the aging period. After vigorous stirring, the mixture was transferred to the oven (100 °C) for 12 h for crystallization. Finally, RuO2@FAU samples were obtained after centrifugation.



X-ray powder diffraction (XRD) results indicated that RuO2@FAU had the same structure as the unmodified FAU zeolite (Figure 1A). Both diffraction patterns match well with typical faujasite zeolites [20]. Diffraction patterns of RuO2 were not observed, indicating that no crystal phase was formed when it came to the zeolite-confined RuO2 compound. The Raman spectrum of RuO2@FAU was given as an inserted graph in Figure 1A and characteristic peaks centered at 518 cm−1, 634 cm−1 and 706 cm−1 were all assigned to RuO2 for both amorphous and crystalline samples [21,22]. Raman characteristic lines indicated the existence of RuO2 in the catalyst. Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) analysis showed that the Si/Al ratio of RuO2@FAU was 1.26 and the loading amount of the ruthenium element was 1.48 wt.%. Figure 1B showed the nitrogen adsorption and desorption isotherms of FAU and RuO2@FAU. Compared with FAU, RuO2@FAU exhibited an obvious decrease in the micropore volume from 0.217 to 0.177 cm3∙g−1 and surface area from 506 to 424 m2∙g−1 (Table 1). It indicated that ruthenium particles were successfully encapsulated into FAU cages [19]. The hydrogen temperature-programmed reduction result of RuO2@FAU was given in Figure 1C. The reduction peak at 96 °C was assigned to RuO2 clusters in RuO2@FAU, which was lower than its bulk compounds (102 °C) [23]. It had been reported that the reduction temperature of highly dispersed metal oxide was much lower than that of its bulk counterparts [24]. The shift toward a lower reduction temperature indicated a high dispersion of RuO2 nanoparticles within FAU zeolites.



X-ray photoelectron spectroscopy (XPS) was applied to study the surface chemical environment of ruthenium oxide confined in zeolite channels. Figure 1D was the survey spectrum of RuO2@FAU, and a Ru 3p peak was observed. To obtain the exact valence of the ruthenium element in RuO2@FAU, the high-resolution XPS spectrum of Ru 3p was further given in Figure 1E. Peaks at 462.6 and 484.4 eV were assigned to Ru 3p3/2 and Ru 3p1/2 for Ru4+. Compared with the RuO2 standard, Ru 3p in RuO2@FAU lightly transfers about 0.3 eV. It indicated that the zeolite affected the electronic structures of RuO2 [25,26,27,28]. Figure 1F depicted the high-resolution O 1s spectrum of RuO2@FAU. The binding energy peak of O 1s in a range of 526.0 eV to 534.0 eV for RuO2@FAU was fitted with four pair peaks [29,30,31,32,33]. The peak at the binding energy of 529.7 eV was assigned to the lattice oxygen in zeolite and was noted as Oα2. Moreover, the peak at 531.9 eV was due to the oxygen of Al-OH-Si and was noted as Oγ. The peak at 530.9 eV corresponds to surface oxygen O22–, O2– or O− (denoted as Oβ) caused by structural defects [32,33]. The peak at 528.2 eV appeared which was assigned to lattice oxygen of the RuO2 crystal and was noted as Oα1. It again indicated that ruthenium oxide nanoparticles mainly exist in the form of RuO2.



High-resolution transmission electron micrographs (HRTEM) (Figure 2A–I) clearly clarified that all visible ruthenium oxide nanoparticles dispersed uniformly in FAU zeolite. They had a very narrow size distribution around 1.5 ± 0.2 nm. More than 90% of RuO2 nanoparticles had a particle size smaller than 1.5 nm. The diameter of RuO2 nanoparticles was similar to that of α-cage in the FAU framework (1.3 nm) [18], indicating that RuO2 was successfully encapsulated within FAU zeolite channels. It was consistent with the absence of the RuO2 crystallization phase in XRD patterns. On the other hand, considering the structure of the FAU framework, the supercages are tetrahedrally connected by smaller 12-member ring channels (0.74 mm × 0.74 nm) [18]. RuO2 nanoparticles physically encapsulated in the supercages were not able to diffuse freely out of narrow channels. It greatly protected the active metallic sites against agglomeration during the catalytic reaction, which was a significant advantage when compared to the traditionally supported transition metal catalysts.




2.2. Synthesis and Characterization of Modified RuO2@FAU Catalysts


The close proximity between the metal and acid sites inside the cavities or cages of the zeolites has been widely studied as many additional benefits are possible, for example, a shortened diffusion path, improved metal stability, or a synergistic effect. As the mechanism of the decarboxylation of L-lysine to cadaverine catalyzed by confined metal catalysts has not been revealed, it seems to be significantly meaningful to clarify the relationship between ruthenium oxide actives sites and the acid of zeolite, and especially their impact on catalytic performance. RuO2@FAU with different acidic properties were prepared by two different approaches: the ion exchange method, and the variation of Si/Al ratios.



The modified catalysts were noted as RuO2@FAU-NH4-i, where i represented the exchange number, and RuO2@FAU-x, where x represented the Si/Al ratio. According to ICP results, RuO2@FAU-NH4-i and RuO2@FAU-x showed a different content of ruthenium (Table 1). It might be due to the uncontrollable encapsulation process of ruthenium oxide nanoparticles during crystallization. Figure 3A showed XRD patterns of RuO2@FAU-NH4-i and RuO2@FAU-x. All RuO2@FAU-NH4-i catalysts exhibited the typical diffraction peaks of FAU zeolite, but its diffraction peak intensity suffered an obvious decrease when compared to RuO2@FAU. It was generally demonstrated that factors affecting the lattice parameters in zeolites were complex, as the lattice parameters did not follow a fixed trend. It has been reported that the framework of FAU zeolite would undergo a distortion after ion exchange [34]. Marra et al. [35] and Li et al. [36] characterized the cation distribution in Y zeolite and concluded that cations would be relocated after ion exchange modification. All the above factors would lead to a decrease in diffraction peak intensity in RuO2@FAU. As shown in Figure 3B, new peaks at 28°, 35°, and 54° were observed in those modified catalysts, which could be attributed to (110), (101), and (211) crystal planes of RuO2, respectively [37,38,39,40]. It was suggested that ruthenium cations may relocate to form some occluded ruthenium species [41]. Moreover, RuO2@FAU-6 and RuO2@FAU-12 catalysts exhibited typical diffraction peaks of FAU zeolite, and no diffraction patterns of RuO2 were observed, indicating that RuO2 was successfully confined into the zeolite channel.



Nitrogen adsorption-desorption isotherms of RuO2@FAU-NH4-i and RuO2@FAU-x were shown in Figure 3C and a detailed textural property was given in Table 1. The adsorption-desorption isotherms of N2 were observed to be type I with all the catalysts, which represented a typical behavior for microporous materials. For RuO2@FAU-NH4-i catalysts, an obvious decrease was observed in surface areas (243~265 m2·g−1, entries 5~7 in Table 1) when compared with the intact RuO2@FAU catalyst (424 m2·g−1, entry 2 in Table 1). Differently, the mesoporous volume of those modified catalysts met a small rise from 0.104 cm3·g−1 to 0.160 cm3·g−1. The alteration of textural properties in RuO2@FAU-NH4-i catalysts might be assigned to the distorted crystalline structure after ion exchange modifications. For RuO2@FAU-x, the surface area and pore volume increased with Si/Al ratio. Ru@FAU-12 showed the largest surface area of 493 m2·g−1.



Ammonia temperature programmed desorption (NH3-TPD) curves of all the catalysts, FAU and RuO2 were described in Figure 3D–F. The peak located below 250 °C was assigned to weak acid sites. Peaks in the range of 250−400 °C were attributed to medium acid sites [35,36,37]. As shown in Figure 3D–F, a narrow and sharp peak was observed in the TPD curves of all samples except FAU. It indicated that this narrow peak was not caused by ammonia desorption. It has been reported that ruthenium oxide nanoparticles play a critical role in the temperature-programmed decomposition of ammonia molecules. This narrow peak might be mainly caused by the partial decomposition of ammonia by RuO2 during the NH3-TPD test [37]. The acid content of RuO2@FAU-NH4-i, RuO2@FAU-x and FAU were calculated according to the NH3-TPD curves and summarized in Table 1. Two ammonia desorption peaks were observed at 133 °C and 189 °C for RuO2@FAU-x catalysts, which were assigned to desorption at weak acid sites. It indicated that only weak acid sites existed in RuO2@FAU-x catalysts. It is well known that the acidity of zeolite is closely related to the Al content. With the Si/Al molar ratio increasing from 2 to 12, the total acid content of the samples decreased from 9.91 to 8.29 mmol/g. However, after ammonium ion exchange modification, desorption peaks at weak acid sites (189 °C) disappeared in RuO2@FAU-NH4-i catalysts, while those at medium strong acid sites were clearly observed, indicating that medium strong acid sites were formed in those modified catalysts. After NH4+ exchange, cations in FAU were converted from Na+ to H+. This led to an increase in acidity, resulting in a shift of the ammonia desorption peak to a higher temperature. RuO2@FAU-NH4-3 showed a maximum total acid content (13.56 mmol/g).




2.3. Enhanced Performance in Decarboxylation of L-Lysine to Cadaverine


We have performed decarboxylation of L-lysine with RuO2@FAU as the catalyst. As shown in Figure 4, RuO2@FAU exhibited a similar activity (X = 48.2%) at 1 h to the traditionally supported ruthenium oxide catalysts RuO2/Beta (X = 46.9%) at 1.5 h. However, the selectivity of cadaverine with RuO2@FAU was 22.2%, which was almost twice that with RuO2/Beta. Meanwhile, the productivity of cadaverine was also significantly improved to 120.9 g/L/h/mmol cat. when compared with that of RuO2/Beta (7.8 g/L/h/mmol cat.). It indicated that confinement of ruthenium clusters into zeolite largely boosted the decarboxylation of L-lysine, especially with the improved productivity of cadaverine.



Modified catalysts, both RuO2@FAU-NH4-i and RuO2@FAU-x, were also evaluated in the decarboxylation of L-lysine to produce cadaverine. Time profiles of cadaverine yield over different catalysts were given in Figure 5A. Two different patterns were observed with RuO2@FAU-NH4-i and RuO2@FAU-x. For RuO2@FAU-6 and RuO2@FAU-12, the yield of cadaverine reached a maximum at 0.5 h and then began to decrease with reaction time. Cadaverine could further undergo deamination to give piperidine, resulting in a yield loss of cadaverine after 0.5 h. Differently, the yield of cadaverine increased with reaction time in a range of 0 to 3.0 h over RuO2@FAU-NH4-i, indicating that prolonging the reaction time seemed to be helpful for the synthesis of cadaverine. It was clear that RuO2@FAU showed a higher productivity rate of cadaverine than RuO2@FAU-NH4-i. As discussed above, the relocation of ruthenium nanoparticles after ammonium ion exchange occurred to form some occluded ruthenium species, which might be blamed for the slower productivity of cadaverine with RuO2@FAU-NH4-i. Notably, RuO2@FAU-x exhibited a higher cadaverine yield when compared to RuO2@FAU-NH4-i catalysts. To further clarify the effect of modification on the decarboxylation reaction, the initial activity of the different catalysts was further given in Figure 5B, together with the selectivity of cadaverine. The activity of catalysts suffered a decrease after ammonium ion exchange modification, with a conversion of less than 30%. The selectivity of cadaverine had a similar trend in RuO2@FAU-NH4-i catalysts. Differently, both the conversion and selectivity of cadaverine were greatly enhanced over RuO2@FAU-6 and RuO2@FAU-12 when compared to RuO2@FAU. For example, conversion was 27.2% at 0.5 h over RuO2@FAU, which greatly increased up to 89.8% and 97.8% for RuO2@FAU-6 and RuO2@FAU-12, respectively. The highest selectivity of cadaverine (39.7%) was obtained with RuO2@FAU-12. Additionally, the highest cadaverine productivity of 480.3 g/L/h/mmol cat. was obtained on RuO2@FAU-12, which is much higher than RuO2@FAU (120.9 g/L/h/mmol cat.), and RuO2@FAU-NH4-3 (40.1 g/L/h/mmol cat.). Productivity of cadaverine, defined as the number of cadaverine produced per molar catalyst per time, reflected the intrinsic reaction ability of catalysts. Although the selectivity of cadaverine was not greatly enhanced by confinement and modification, the significantly enhanced productivity of cadaverine in RuO2@FAU-12 brought new opportunities for the effective decarboxylation of L-lysine.



For either RuO2@FAU-NH4-i catalysts or RuO2@FAU-x catalysts, they both showed a change in acidity compared with RuO2@FAU. To further clearly illustrate the effect of acidic properties on catalytic performance, time profiles of conversion and cadaverine selectivity over RuO2@FAU, RuO2@FAU-12 and RuO2@FAU-NH4-3 were particularly selected for discussion in detail as shown in Figure 6A,B. The detailed acidic property was described in Figure 6C and Table 1. RuO2@FAU-12 outperformed the other two catalysts in activity, selectivity and productivity with much lower acid content. It seemed that the excessive acid content might be not helpful to cadaverine synthesis.



Our previous work showed that active surface oxygen vacancies in catalysts facilitated the adsorption of intermediate in the decarboxylation of L-lysine [13]; therefore, the relationship between the quantity of oxygen vacancies in catalysts and their catalytic performances were studied. The high-resolution O 1s spectra for RuO2@FAU, RuO2@FAU-12 and RuO2@FAU-NH4-3 catalyst were depicted in Figure 7A–C. The peak area of Oα1, Oα2, Oβ and Oγ were calculated. The density of oxygen vacancies (Ov) could be assumed as Oβ/(Oα + Oβ + Oγ). For RuO2@FAU, the peak of Oα2 shifted to 530.8 eV for RuO2@FAU-12 catalyst and to 531.7 eV for RuO2@FAU-NH4-3 catalyst, respectively. The shift in the binding energy for crystal oxygen of FAU in modified catalysts might be due to the distorted crystalline structure which has been described above in Figure 3A. According to the literature, 32–33 peaks at the binding energy of 530.9 eV for RuO2@FAU, 531.8 eV for RuO2@FAU-12, and 532.5 eV for RuO2@FAU-NH4-3 were assigned to surface oxygen vacancies. Then the cadaverine productivity as a function of oxygen vacancies in proportion was plotted as shown in Figure 7D. It showed that cadaverine productivity increased when there was oxygen vacancy. Undoubtedly, oxygen vacancies were significantly beneficial to the synthesis of cadaverine. It was supposed that oxygen vacancies interacted with the carbonyl oxygen atoms in L-lysine to weaken the C=O bond and finally, promote the target decarboxylation process [42].



The mechanism of decarboxylation of L-lysine to cadaverine was proposed as shown in Figure 8. First, H2 dissociative adsorption on the polarized Ru–O bond releases the active H* species [43]. Two kinds of under-coordinated surface atoms, the bridging oxygen atoms and onefold under-coordinated Ru atoms, existed in RuO2. The bridging oxygen atoms were able to accept H atoms as a Brønsted base, which finally formed bridging O–H species and released active H* species [44,45,46,47]. Then L-lysine was adsorbed by positive oxygen vacancies in RuO2@FAU. The hydroxyl in the carboxyl group interacted with the active H* species through a hydrogen bond. After the dehydration process, the surface carboxylate species (Ru-COOR) with a conjugate structure was formed, where the character R represented NH2(CH2)4CH(NH2)– group. This conjugated chemical was believed to be the intermediate in the decarboxylation process [48,49]. Thirdly, the decarbonylation process occurred to form active R species while releasing one CO molecule. The alkylation product of CO (methane) was detected by in situ gas chromatography (GC). Finally, cadaverine was obtained with the attack of H* species.



Finally, Table 2 described the performance comparison of various ruthenium oxide catalysts in the decarboxylation of L-lysine to cadaverine. As shown in Table 2, Ru/BaSO4 exhibited the highest selectivity for cadaverine at 62.0%. However, the concentration of L-lysine was merely 0.01 mol/L, which was too low for the industrial production of cadaverine on a large scale. For commercial Ru/C catalyst, the selectivity of cadaverine only reached 46.6%. The time needed for total conversion was even prolonged to 120 min. In comparison with commercial Ru/C catalyst, the selectivity of cadaverine had a certain improvement for the Ru-Mn/Beta catalyst. Nevertheless, the productivity of cadaverine was still not ideal. For the RuO2@FAU-12 catalyst in this study, ruthenium oxide was confined within the supercage of FAU zeolite. Compared with the traditionally supported ruthenium oxide catalysts, RuO2@FAU-12 showed excellent catalytic activity in the decarboxylation of L-lysine to cadaverine with a productivity of 480.3 g/L/h/mmol cat. which was almost three times that of the best-reported catalyst.





3. Experimental Section


3.1. Chemicals


Ruthenium chloride hydrate (RuCl3·3H2O), sodium hydroxide (NaOH), sodium aluminates (NaAlO2), silica sol (25–30 wt.%), L-lysine monohydrochloride, and phosphoric acid (H3PO4) were obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). They were used as accepted without any further modification.




3.2. Synthesis of RuO2@FAU


RuO2@FAU: The initial composition of the sample was SiO2:Al2O3:Na2O:H2O = 4:1.00:17.00:675. The designed Si/Al ratio was 2; 2.800 g NaOH and 0.332 g NaAlO2 were added to 25 mL of deionized water under stirring; 2.1 mL silica sol was poured into the above solution; 0.34 g RuCl3·3H2O was added to the mixture under stirring at 300 rpm. After stirring for 4 h, the above mixture was placed in a sealed Teflon recipient and crystallized at 100 °C for 12 h. The obtained sample was filtered and washed with deionized water until the filtrate was neutral. After drying at 80 °C for 24 h, we obtained a black powder and it was noted as RuO2@FAU. ICP results showed that the ruthenium content of RuO2@FAU was 1.48 wt.%.




3.3. Synthesis of RuO2@FAU with Different Si/Al Ratio


RuO2@FAU-6 and RuO2@FAU-12 have been synthesized by adjusting the raw material ratio Si/Al ratio of 6, and 12, respectively. ICP results showed that the ruthenium amount of RuO2@FAU-6 and RuO2@FAU-12 was 3.72 wt.%, 1.58 wt.%, respectively.




3.4. Modification of RuO2@FAU


We dissolved 0.5349 g ammonium chloride in 10 g water under stirring to obtain 1 mol/L NH4Cl solution; 1 g RuO2@FAU was added into the ammonium chloride solution under stirring at 70 °C. After stirring for 1 h, the solid powder was filtered and washed with 1 L distilled water. It was heated at 100 °C overnight and then calcinated at 400 °C for 2 h at a rate of 5 °C/min. The obtained sample was noted as RuO2@FAU-NH4-1. By changing the number of ammonium ion exchanges, we obtained RuO2@FAU-NH4-2 and RuO2@FAU-NH4-3 samples.




3.5. Characterizations


The structure of catalysts was studied by powder X-ray diffraction (XRD) patterns with Cu Kα radiation (40 kV, 100 mA, λ = 1.5406 Å) with a speed of 5°/min from 10° to 80°. N2 adsorption/desorption isotherm of samples at 77 K was investigated by a Micromeritics ASAP 2460 surface area and porosity analyzer. Before measurements, 100 mg samples were pretreated at 150 °C for 3 h. The specific surface areas of catalysts were calculated using the Brunauer–Emmett–Teller (BET) methods. The acid content of the catalysts was determined by NH3-TPD; 100 mg catalysts were pretreated at 300 °C for 1 h under Ar gas. Then the catalyst was cooled to 50 °C and exposed to NH3-Ar flow (30 mL/min) for 1 h, purged with Ar (30 mL/min) and heated to 600 °C at a rate of 10 °C/min. H2-TPR was carried out using an AutoChem II 2920 analyzer. The catalysts were pre-treated at 350 °C for 1 h under Ar gas. After cooling, the catalysts were purged with 5% H2/Ar (30 mL/min) and heated to 800 °C at a rate of 10 °C/min. X-ray photoelectron spectroscopy (XPS) was performed on a Thermo ESCALAB 250 Xi spectrometer (ThermoFisher Scientific, Waltham, MA, USA) with Al Kα (1486.6 eV) radiation as the excitation source in an ultrahigh vacuum (6.710–8 Pa). The binding energy scale was corrected with respect to the C 1s line (284.4 eV) derived from adventitious carbon. The powder samples were pressed into self-supported disks loaded in the subchamber and evacuated for 4 h. The transmission electron microscopy (TEM) was carried out by Tecnai G2 F30/F20 (Yumpu, Diepoldsau, Switzerland).




3.6. Evaluation in Decarboxylation of L-Lysine to Cadaverine


The decarboxylation of L-lysine was performed in a high-pressure reactor with a 25 mL quartz liner. L-lysine (10 mL, 0.1 M) and catalyst were added to the reactor. After adjusting the pH of the mixture to 2 through the addition of H3PO4, the reactor was sealed and flushed with N2 six times and then H2 six times. Then the decarboxylation of L-lysine was performed at 200 °C with an H2 pressure of 2 MPa and a stirring speed of 800 r/min. The reaction was stopped by quenching in ice water.



Products were determined using LC-UV (Waters) equipped with a C18 column (100 Å, 5 µm, 4.6 mm × 250 mm) according to the method described in our previous work [13]. To be brief, 50 µL of the diluted solution and 50 µL of dansyl chloride (5 mg/mL in acetone) were successively added into a 4 mL centrifuge tube, and the mixture was heated by ultrasonic pretreatment for 10 min in the dark. The derivatized product was extracted by adding 1850 µL methanol into the tube. After the filtration product was analyzed. The conversion of L-lysine was calculated by (moles of consumed L-lysine)/(moles of initial L-lysine) and the selectivity of cadaverine was defined as (moles of cadaverine)/(moles of consumed L-lysine).





4. Conclusions


Ruthenium oxide nanoparticles (~1.5 nm) confined into supercages of FAU zeolites were successfully prepared using the in situ hydrothermal synthesis method. This new RuO2@FAU was used for the decarboxylation of L-lysine to cadaverine. After modification by ammonia exchange and different Si/Al ratios, the best catalyst (RuO2@FAU-12) had extraordinarily high cadaverine productivity of 480.3 g/L/h/mmol cat., which was 22.6 times that of traditionally supported ruthenium catalysts (21.2 g/L/h/mmol cat.). Moreover, the effect of encapsulated active metal centers and the acidic sites of zeolite that existed in catalysis was further investigated and it was found that the excessive acid content might be detrimental to the production of cadaverine.
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Scheme 1. Synthesis of cadaverine by decarboxylation of L-lysine. 
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Figure 1. Phase characterizations. (A) XRD patterns of FAU and RuO2@FAU catalysts, and the inserted graph was Raman spectrum of RuO2 and RuO2@FAU; (B) nitrogen adsorption-desorption isotherms of FAU and RuO2@FAU catalyst; (C) hydrogen temperature-programmed reduction curves of RuO2@FAU; (D) XPS survey spectrum of RuO2@FAU; (E) high-resolution spectra of XPS of RuO2 and RuO2@FAU for Ru 3p and (F) high-resolution spectra of RuO2@FAU for O 1s. 
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Figure 2. (A–C) HRTEM images of RuO2@FAU catalyst, and (D–I) HADDF scanning transmission electron microscopy image and energy dispersive X-ray spectrometry (EDX) mapping of RuO2@FAU catalyst for Al, Na, Si, O, Ru elements, respectively. 
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Figure 3. Characterizations of different catalysts. (A) XRD patterns of all catalysts, (B) enlarged XRD patterns of RuO2@FAU-NH4-i catalysts between 5 and 60°, (C) Nitrogen adsorption and desorption isotherms curves of all catalysts, (D) NH3-TPD curves of RuO2@FAU-NH4-i catalysts, (E) NH3-TPD curves of RuO2@FAU-x catalysts, the light-blue rectangle in (D,E) represents weak acid sites, and the light-purple rectange represents medium strong acid sites, (F) NH3-TPD curves of RuO2 and FAU. 
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Figure 4. Performance comparison of decarboxylation of L-lysine to cadaverine between RuO2@FAU with the traditional supported RuO2/Beta catalyst with similar activity. The reaction conditions are as follows: L-lysine (0.1 M), Ru catalysts (1.01 g), 200 °C, 800 rpm, 2 MPa H2. 
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Figure 5. Decarboxylation of L-lysine to cadaverine with different catalysts. (A) variation of cadaverine yield with reaction time (B) conversion and cadaverine selectivity at 0.5 h with different catalysts, and (C) productivity of cadaverine with different catalysts. Reaction conditions are as follows: L-lysine (0.1 M), Ru catalysts (0.101 g), 200 °C, 800 rpm, 2 MPa H2, pH 2.0. 
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Figure 6. Decarboxylation of L-lysine to cadaverine with RuO2@FAU, and RuO2@FAU-12 and RuO2@FAU-NH4-3 catalysts. (A) variation of conversion with reaction time, (B) variation of the selectivity of cadaverine with reaction time. (C) acid content comparison of RuO2@FAU, and RuO2@FAU-12 and RuO2@FAU-NH4-3. 
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Figure 7. High-resolution spectra of XPS of RuO2@FAU (A), RuO2@FAU-12 (B), RuO2@FAU-NH4-3 (C) for O 1s, and variation of cadaverine productivity with oxygen vacancies percentage in RuO2@FAU, RuO2@FAU-12, and RuO2@FAU-NH4-3 catalysts (D). Based on the XPS peak differentiating results for O 1s, the oxygen vacancies percentage was calculated by using area normalization method. 
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Figure 8. Proposed mechanism of decarboxylation of L-lysine to cadaverine. 
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Table 1. The textural and acidic properties of different RuO2@FAU catalysts.
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	Catalysts
	Ru/wt%
	SBET (m2·g−1)
	Vmicro (cm3·g−1)
	Vmeso (cm3·g−1)
	Vtotal (cm3·g−1)
	Total Acid Content (mmol/g)





	FAU
	-
	506
	0.217
	0.013
	0.23
	13.53



	RuO2@FAU
	1.48
	424
	0.177
	0.104
	0.281
	9.91



	RuO2@FAU-6
	3.72
	446
	0.211
	0.059
	0.27
	9.84



	RuO2@FAU-12
	1.58
	493
	0.235
	0.04
	0.275
	8.29



	RuO2@FAU-NH4-1
	2.22
	265
	0.09
	0.148
	0.238
	9.77



	RuO2@FAU-NH4-2
	1.93
	259
	0.088
	0.159
	0.247
	11.54



	RuO2@FAU-NH4-3
	1.96
	243
	0.063
	0.16
	0.223
	13.56
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Table 2. Performance of varied supported ruthenium oxide in decarboxylation of L-lysine to cadaverine.
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	Catalyst
	C a/mol/L
	nRu/mmol
	S b/%
	t c/min
	P d/g/L/h/mmol cat.
	Ref





	RuO2/BaSO4
	0.01
	0.05
	62.0
	30
	21.7
	[12]



	Ru/C
	0.1
	0.015
	46.6
	120
	161.6
	[10,11]



	Ru-Mn/Beta
	0.1
	0.05
	54.1
	90
	73.0
	[13]



	RuO2@FAU-12
	0.1
	0.016
	39.7
	30
	480.3
	This work







a: concentration of L-lysine. b: selectivity of cadaverine. c: time for 100% conversion. d: productivity of cadaverine.
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