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Abstract

:

MCM-41- and Al-MCM-41-supported nickel phosphide nanomaterials were synthesized at two different initial molar ratios of Ni/P: 10:2 and 10:3 and were tested as heterogeneous catalysts for the one-pot conversion of cellobiose to sorbitol. The catalysts were characterized by X-ray diffractometer (XRD), N2 adsorption-desorption, scanning electron microscope (SEM), transmission electron microscope (TEM), 27Al-magnetic angle spinning-nuclear magnetic resonance spectrometer (27Al MAS-NMR), temperature programmed desorption of ammonia (NH3-TPD), temperature-programmed reduction (H2-TPR), and inductively coupled plasma optical emission spectrophotometer (ICP-OES). The characterization indicated that nickel phosphide nanoparticles were successfully incorporated into both supports without destroying their hexagonal framework structures, that the catalysts contained some or all of the following Ni-containing phases: Ni0, Ni3P, and Ni12P5, and that the types and relative amounts of Ni-containing phases present in each catalyst were largely determined by the initial molar ratio of Ni/P as well as the type of support used. For cellobiose conversion at 150 °C for 3 h under 4 MPa of H2, all catalysts showed similarly high conversion of cellobiose (89.5–95.0%). Nevertheless, sorbitol yield was highly correlated to the relative amount of phases with higher content of phosphorus present in the catalysts, giving the following order of catalytic performance of the Ni-containing phases: Ni12P5 > Ni3P > Ni. Increasing the reaction temperature from 150 °C to 180 °C also led to an improvement in sorbitol yield (from 43.5% to 87.8%).
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1. Introduction


The use of biomass as a renewable feedstock to produce fuels and chemicals has gained much attention due to the depletion of fossil fuels and global warming [1,2]. The most abundant biomass is lignocellulose, which is composed of cellulose, hemicellulose, and lignin. The proportion of the three components may differ between plants, but cellulose generally makes up the largest proportion [3].



Cellulose is a non-edible saccharide polymer containing glucose units linked together via β-1,4-glycosidic bonds. The intra- and intermolecular hydrogen bondings are formed within and between the cellulose chains, respectively. Due to its highly rigid structure, high crystallinity index, and insolubility in common solvents including water, the conversion of cellulose to valuable chemicals has been a challenge [4]. A number of attempts have been made regarding the use of catalysts to convert cellulose or cellobiose, a model compound of cellulose, to renewable feedstocks such as glucose [5], methyl glucosides [6], 5-HMF [7], gluconic acid [8], ethylene glycol [9] and sorbitol [10].



Sorbitol is one of the most industrially important renewable feedstocks; it is the most used sugar alcohol and has wide applications in food, pharmaceutical and cosmetic industries [11]. For instance, sorbitol is used as low-calorie sweetener, a component in toothpaste, and a feedstock for the production of vitamin C. Typically, sorbitol is commercially produced by the one-step catalytic hydrogenation of glucose [11]. Additionally, since glucose may be hydrolyzed from cellulose or cellobiose, many researches have investigated the two-step catalytic conversion of cellulose or cellobiose to sorbitol under hydrolytic hydrogenation [12,13,14,15,16]. A catalytic hydrolytic hydrogenation system for the conversion of cellulose or cellobiose to sorbitol normally requires two components: (i) soluble acid, such as phosphoric acid, or solid acid support, such as zeolite and acid-functionalized silica, for the catalytic hydrolysis of cellulose/cellobiose to glucose and (ii) noble transition metals, such as platinum, ruthenium, and palladium for the catalytic hydrogenation of glucose to sorbitol.



Catalytic systems based on nickel, a non-noble metal, have also been found to be efficient and cost effective for hydrogenation processes to produce sugar-related compounds [17,18,19]. It is therefore of interest to develop nickel-based catalysts that contain both acidic and metallic functions in order to accomplish the one-pot hydrolytic hydrogenation for the conversion of cellulose/cellobiose to sorbitol. One way to achieve such bifunctional properties is to form a compound between nickel and phosphorus, namely nickel phosphide. The presence of phosphorus would play an important role in creating Brönsted acid sites from P–OH groups [20]. Nickel phosphide catalysts are otherwise well known for their good catalytic activity in processes such as hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) [21,22]. Furthermore, due to the fact that different stoichiometric ratios of nickel to phosphorus can lead to the formation of different phases of nickel phosphides [23,24], it is also of interest to investigate the bifunctional catalytic properties of different phases of nickel phosphide in the one-pot conversion of cellulose/cellobiose to sorbitol. The use of nickel phosphide nanoparticles as heterogeneous catalyst without support, however, may result in poor catalytic activity due primarily to particle aggregation. Support materials that can help improve the nanoparticle dispersion and therefore circumvent this problem include the widely used mesoporous MCM-41 and Al-MCM-41 materials, owing to their facile synthesis, high specific surface area, uniform pore size distribution, and ordered mesoporous channels [25,26].



In the present study, we report the synthesis and full characterization of supported nickel phosphide catalysts prepared with two different ratios of nickel to phosphorus where MCM-41 and Al-MCM-41 were used as supports in order to enhance the dispersion of nickel phosphide nanoparticles. The synthesized catalysts were then tested for their bifunctional catalytic performance in the one-pot conversion of cellobiose to sorbitol. The catalytic performance of different phases of nickel phosphides was comparatively investigated. The effect of different supports on the formation of nickel phosphide phases and on the catalytic performance was also studied.




2. Results and Discussion


2.1. Characterization of the Catalysts


The low-angle XRD patterns (2θ =1.5°–6.0°) are shown in Figure 1a,b. At low angles, the XRD patterns of MCM-41 and Al-MCM-41 samples exhibited a sharp peak at 2θ ≈ 2.3°, and two small peaks at 2θ ≈ 3.9° and 4.5°, which could be indexed as the (100), (110), and (200) planes, respectively [25]. This finding indicates that both samples exhibited hexagonal structure with a high degree of structural ordering. After nickel phosphide doping, the XRD patterns of the M-xNiyP and Al-M-xNiyP samples exhibited similar characteristics to those of the undoped counterparts, indicating that the incorporation of nickel phosphide nanoparticles into the mesoporous structures of MCM-41 and Al-MCM-41 did not destroy the underlying framework structure of the supports. Nevertheless, the XRD peaks of the M-xNiyP and Al-M-xNiyP samples were less intense and slightly shifted to higher angles, suggesting a decrease in their lattice parameters with respect to those of the undoped counterparts.



The high-angle XRD patterns (2θ = 20°–80°) of the modified materials are shown in Figure 1c,d. At high angles, a broad peak at 2θ ≈ 23° was observed for all M-xNiyP and Al-M-xNiyP samples, which could be attributed to amorphous silica. Furthermore, the XRD results indicate that various phases of nickel phosphides were present in the modified samples and that the initial Ni/P molar ratio played a significant role in determining the proportion of each nickel phosphide phase in each sample. In particular, when the initial Ni/P molar ratio of the modified samples in each series was decreased from 10:2 to 10:3, a new phase with lower relative contents of Ni was present. For instance, the XRD result of the M-10Ni2P sample showed two sets of peaks ascribable to the Ni0 phase (JCPDS No. 89-7128; 2θ ≈ 44.3°, 51.7°, and 76.1°, corresponding to (111), (200), and (220) planes, respectively) and the Ni3P phase (JCPDS No. 34-0501; 2θ ≈ 41.8°, 43.6°, and 46.6°, corresponding to (321), (112), and (141) planes, respectively). On the other hand, when the initial Ni/P molar ratio of the M-xNiyP series samples was decreased to 10:3, the Ni12P5 phase (JCPDS No. 22-1190; 2θ ≈ 41.6°, 47.0°, and 49.0°, corresponding to (400), (240), and (312) planes, respectively) was also observed in addition to the two aforementioned phases.



Further analysis of the XRD results indicates that the type of support also had an effect on the obtained phases of nickel phosphides. Specifically, for each given initial Ni/P molar ratio, the use of Al-MCM-41 as support material was associated with a lesser presence of nickel phosphide phases as compared to when MCM-41 was used as support. For instance, only the crystalline phase of Ni0 was present in the XRD pattern of the Al-M-10Ni2P sample, while both Ni0 and Ni3P phases were present in the XRD pattern of the M-10Ni2P sample. These findings might be attributed to the relatively larger presence of unreduced phosphorus species such as P4O124™ that remained on the surface of the Al-MCM-41 support [27], hindering the production of phosphorus-rich nickel phosphide species on this type of support.



The N2 adsorption desorption isotherms of both pure and modified MCM-41 and Al-MCM-41 materials exhibited a type IV isotherm (Figure 2), which is a characteristic of mesoporous materials [28]. The textural properties of the prepared materials are reported in Table 1. The total BET surface areas of pure MCM-41 and Al-MCM-41 were 900 and 843 m2 g−1, respectively, which were significantly larger than those of the nickel phosphide doped counterparts. In particular, the BET surface areas of M-xNiyP and Al-M-xNiyP materials were in the ranges of 577–771 and 622–643 m2 g−1, respectively. This finding is consistent with the successful incorporation of nickel phosphide nanoparticles into both supports.



T-plot calculation further revealed that, following the incorporation of nickel phosphide nanoparticles into either supports, the decrease in internal surface area of the materials was more pronounced as compared to the decrease in external surface area. This latter finding indicates that nickel phosphide nanoparticles were relatively well incorporated into the support mesopores. Nevertheless, pore blockage due to agglomerated nickel phosphide nanoparticles and other types of particles, such as unreduced P4O124™ species, could also occur [27]. The change in pore volume of the materials exhibited a similar trend to that of the total BET surface area, where the pore volumes of the nickel phosphide incorporated MCM-41 and Al-MCM-41 samples were significantly smaller than those of the undoped counterparts. On the other hand, all samples had similar average pore diameter of 2.43 nm. The latter finding indicates that the structure of the support materials was stable to the reduction process [29].



The morphology of two representative samples—MCM-41 and M-10Ni3P—was characterized by SEM and TEM, and the results are shown in Figure 3. The SEM results show that both MCM-41 and M-10Ni3P samples exhibited irregular rod shape with smooth surface (Figure 3a,b). Both samples were of similar size, ranging from 0.2–2.4 μm. The TEM image of MCM-41 (Figure 3c) illustrates a uniform array of mesoporous channels with a highly ordered hexagonal structure and a mean pore diameter of ~2.0 nm, which is the characteristic of MCM-41 [30] and is in good agreement with the results from the above N2 adsorption-desorption analysis. When nickel phosphides were incorporated into the structure of MCM-41, the nanoparticles appeared to be well dispersed over the MCM-41 support with an average particle size of 5.6 ± 3.9 nm (Figure 3d). The fact that the vast majority of these nanoparticles were larger than the average size of the pores indicates that a considerable amount of nickel phosphide nanoparticles was responsible for pore blockage and were otherwise located on the external surface of MCM-41.



Two representative samples containing Al: Al-MCM-41 and Al-M-10Ni3P were characterized by 27Al MAS-NMR in order to determine the coordination environment of aluminum in the samples, and the results are shown in Figure 4. The spectrum of Al-MCM-41 exhibited one resonance at 50.7 ppm, indicating that tetrahedral framework aluminum was formed in the mesoporous walls of support [31] and therefore confirming that the post synthesis incorporation of aluminum ions into the MCM-41 structure was successful. The spectrum of the Al-M-10Ni3P showed two strong resonances due to aluminum at 53.2 and 2.1 ppm. These resonances indicate that the Al-M-10Ni3P sample contained both tetrahedral framework and octahedral non-framework aluminum, respectively [31]. In addition to the aforementioned resonances, a weak resonance at about 30–40 ppm was also observed, attributable to penta-coordinated aluminum [32]. The presence of penta- and hexa-coordination of aluminum in Al-M-10Ni3P might have resulted from the reduction process in which the temperature was raised to 750 °C since the use of such a high temperature can potentially cause the formation of these two coordination states of aluminum [33].



The contents of nickel and phosphorus in the synthesized samples were determined by ICP-OES, and the results are reported in Table 2. The nickel and phosphorus contents were found to be lower than the corresponding initial amounts used in the synthesis. Specifically, the contents of nickel in all modified samples were in the range of 9.45–9.85 wt.%, a slight decrease (1.5–5.5%) from the initial amount used of 10 wt.%. As for the contents of phosphorus, the decrease was found to be more pronounced (8.5–14.0%). The relatively large decrease observed in the latter case could be attributed to the release of volatile phosphorus species, such as PH3 during the reduction step [34]. Consequently, the resulting Ni/P ratios of all samples were higher than the corresponding initial ratios used in the synthesis.



The total acidity of the synthesized samples and the strength of their acid sites were characterized using the NH3-TPD technique. The NH3-TPD profiles are shown in Figure 5. According to the NH3-TPD profiles, the NH3 desorption peaks of the undoped MCM-41 and Al-MCM-41 samples were not clearly observed. Nonetheless, the profiles indicate that the total acidity of the undoped Al-MCM-41 sample was higher than that of the undoped MCM-41 sample (Table 2). This finding is likely attributable to the formation of higher concentration of Brönsted acid sites during the substitution of Al for Si in the MCM-41 framework [33]. Each NH3-TPD profile of the doped MCM-41 and Al-MCM-41 samples, on the other hand, exhibited at least one distinct desorption peak, indicating that nickel phosphide doping led to the increase of acidity. Specifically, the total acidity of the doped samples was in the range of 30–125 μmol g−1, which is significantly higher than that of the undoped samples (2–6 μmol g−1) (Table 2). The high acidity of the doped samples would lead to a higher degree of cellobiose hydrolysis, the details of which will later be discussed.



As for the strength of the acid sites, the NH3-TPD profiles present two distinct desorption peaks for the M-10Ni2P, Al-M-10Ni2P and Al-M-10N3P samples, suggesting that these doped materials contained acid sites of two different strengths. The lower temperature desorption peaks were observed in the temperature range of 174–194 °C, which can be assigned to the weaker Brönsted acid sites of P-OH groups in the unreduced phosphate species [20,35]. It can be observed that the lower temperature desorption peaks for the M-10Ni2P and Al-M-10Ni2P samples were more intense than those for the M-10Ni3P and Al-M-10Ni3P samples, respectively, even though a higher phosphorus content was initially used for the synthesis of the latter samples. This finding is possibly attributable to the larger presence of the remaining unreduced phosphate species in the M-10Ni2P and Al-M-10Ni2P samples as compared to the M-10Ni3P and Al-M-10Ni3P samples, respectively, resulting in the higher availability of Brönsted acid of the P-OH groups in the former samples. The higher temperature desorption peaks were observed in the temperature range of 376–422 °C and can be assigned to the stronger Lewis acid sites of the electron-deficient Niδ+ (0 < δ < 1) species [20,35].



The reducibility of two representative materials, MCM-41 and calcined M-10Ni3P precursor, was investigated by H2-TPR technique. According to the H2-TPR profiles (Figure 6), no obvious reduction peak was observed in the temperature range of 100–800 °C for the MCM-41 sample. This finding is consistent with the fact that MCM-41 is a nonreducible oxide [36]. On the other hand, several reduction peaks were observed for the calcined M-10Ni3P precursor sample. First, a minor broad peak at ~300–500 °C was observed, which can be assigned to the reduction of nickel oxide to nickel (0) [20]. Second, a number of overlapping reduction peaks were also observed over a temperature range of ~500–800 °C. In particular, peaks in the range of ~500–684 °C can be ascribed to the reduction of the highly stable P-O bonds in nickel phosphate. Also, within this temperature range, the nickel (0) species previously generated at lower temperatures can adsorb and dissociate hydrogen. The dissociated hydrogen species can subsequently spill over to the nickel phosphate and promote the formation of nickel phosphide species [34]. While it is to be noted that the reduction was not complete at the highest temperature of this study (800 °C), the peak observed in the temperature range above 720 °C can be attributed to the reduction of the excess of phosphate non-associated with nickel [34].




2.2. Catalytic Conversion of Cellobiose to Sorbitol


The MCM-41- and Al-MCM-41-supported nickel phosphide catalysts were tested for their catalytic performance in the one-pot conversion of cellobiose to sorbitol. In this catalytic reaction, cellobiose molecules had easy access to the active sites located both inside and outside the mesoporous channels of the catalysts. In particular, the calculation by HyperChem showed that the structural size of cellobiose in the samples (length and width of 1.04 and 0.65 nm, respectively) was smaller than the average pore size of the catalysts (2.43 nm).



To investigate the catalytic performance of the synthesized catalysts, the reaction was performed under the following conditions: 150 °C, 3 h, 4 MPa of H2, 10 mL of 1% cellobiose solution, and 0.08 g of catalyst loading. The control experiments were also performed. First, a blank experiment where no catalyst was used gave 24.6% conversion of cellobiose, 5.8% yield of glucose, and no hexitol products. Second, experiments where the undoped MCM-41 and Al-MCM-41 materials were used as catalysts were also performed. The updoped MCM-41 and Al-MCM-41 materials gave, respectively, 54.8% and 71.9% conversion of cellobiose and 16.7% and 28.0% yield of glucose. The latter, the only product detected in these reactions, was produced from the hydrolysis of cellobiose catalyzed by acid sites on the surface of the undoped supports. The fact that higher conversion was achieved by Al-MCM-41 than by MCM-41 can primarily be attributed to the higher acid density of the former, which was confirmed by NH3-TPD.



The catalytic performance of the nickel phosphide incorporated catalysts is shown in Figure 7. As compared to the undoped catalysts, the conversion of cellobiose increased to 89.5–95.0%. The fact that the conversion achieved by the M-xNiyP and Al-M-xNiyP catalysts was similarly high indicates that doping the supports with nickel phosphide nanoparticles significantly improved the efficiency of the acid-catalyzed hydrolysis of cellobiose under the reaction conditions used and that the density of acid sites in these catalysts (30–125 μmol g−1 from NH3-TPD) was sufficiently high to convert most of the cellobiose in the reaction into glucose. The distribution of products obtained with the M-xNiyP and Al-M-xNiyP catalysts was also different from that obtained with the undoped counterparts. In particular, in addition to glucose, hexitols (i.e., sorbitol and mannitol) were also obtained.



Despite the above similarity in catalytic performance, the modified catalysts performed differently in terms of sorbitol yield, which can primarily be attributed to the difference in types and amounts of Ni-containing phases present in these catalysts. Specifically, the results indicate that nickel phosphide phases were more active for the hydrogenation of glucose to produce sorbitol than the Ni0 phase. For instance, Al-M-10Ni2P, which contained only the Ni0 phase, gave a 18.6% yield of sorbitol while Al-M-10Ni3P, which contained both the Ni0 and Ni3P phases, gave a 25.8% yield. Further investigation confirmed that the Ni3P species had higher catalytic performance in terms of sorbitol yield than the Ni0 species, which is in agreement with a previous report [24]. In particular, M-10Ni2P, which had a higher Ni3P/Ni0 ratio than Al-M-10Ni3P, gave a higher yield of sorbitol than the latter (33.8% versus 25.8%) even though both catalysts contained the same types of Ni-containing species: Ni0 and Ni3P.



The Ni3P phase, on the other hand, was outperformed by the Ni12P5 phase for the catalytic production of sorbitol from cellobiose. In particular, by comparing the catalytic performance of the M-10Ni2P and M-10Ni3P catalysts, where the latter contained the Ni12P5 phase in addition to the phases that were present in both catalysts: Ni0 and Ni3P, it was found that M-10Ni3P gave a 43.5% yield of sorbitol while M-10Ni2P gave only a 33.8% yield.



From the above experimental results, the following order of catalytic performance of the Ni-containing phases for the hydrolytic hydrogenation of cellobiose to sorbitol under the above reaction conditions can be established: Ni12P5 > Ni3P > Ni. Specifically, sorbitol yield was positively related to the relative amount of phosphorus present in the Ni-containing phases. Additionally, it can be established that the higher Brønsted acidity provided by Al in the Al-MCM-41 supported catalysts did not significantly contribute to the catalytic performance in the conversion of cellobiose to sorbitol. A possible explanation is that, under the reaction conditions studied, the density of Brønsted acid in each catalyst of the M-xNiyP and Al-M-xNiyP series was already sufficiently high for the hydrolysis of cellobiose to glucose. The main factor determining the catalytic performance was therefore the composition of phases present in the catalysts, which affected the performance in terms of sorbitol yield. Moreover, while mannitol was also obtained from this reaction system, the sorbitol/mannitol ratio was high (≥ 10). This latter finding suggests that nickel/nickel phosphide-based catalysts are suitable for the selective one-pot conversion of cellobiose to sorbitol.



The effect of increasing the reaction temperature on the catalytic performance of the M-xNiyP and Al-M-xNiyP catalysts was also investigated. In particular, the reaction temperature was raised to 180 °C, while keeping other reaction conditions constant, and the results are reported in Figure 8. At 180 °C, all catalysts exhibited high cellobiose conversion (93.3–94.0%), which was close to that obtained at 150 °C (89.5–95.0%). Nonetheless, a marked improvement in catalytic performance was observed for the subsequent conversion of glucose to sorbitol via hydrogenation. Specifically, at 180 °C, the amount of glucose remained in the solution and the sorbitol yield significantly decreased and increased, respectively: less than 7% glucose remained (versus 48.6–68.4% at 150 °C) and 81.2–87.8% sorbitol yield was obtained (versus 18.6–43.5% at 150 °C). These findings indicate that temperature also played an important role in the hydrogenation of glucose to sorbitol over the nickel-based catalysts and therefore the performance of both Ni0 and nickel phosphide phases in catalyzing the hydrolytic hydrogenation under the reaction conditions studied can be effectively optimized by controlling the reaction temperature.



In order to identify the suitable temperature range for the two-step hydrolytic hydrogenation of cellobiose, the conversion was carried out under the aforementioned conditions but with reaction temperature ranging from 140–180 °C. M-10Ni3P, the best performing catalyst in this study, was used as a representative catalyst. The results are shown in Figure 9. It was found that the conversion of cellobiose, which was in the high range of 93.3–96.7%, was not significantly affected by reaction temperature. Nevertheless, reaction temperature had significant effect on product distribution. Notably, increasing the temperature from 140 °C to 170 °C led to a large decrease and increase in the contents of glucose and sorbitol, respectively. The effect of reaction temperature on product yields was, however, not linear. In particular, further increasing the temperature from 170 °C to 180 °C resulted only in small changes in glucose and sorbitol yields, which were 1.4% and 87.8% at 180 °C, respectively. Mannitol yield, like the conversion of cellobiose, was relatively unaffected by reaction temperature. Particularly, the yield was found to be about 4% or less across the range of temperature studied. Overall, the suitable reaction temperature for the two-step catalytic reaction was 170–180 °C. Under all reaction conditions employed in this study, the carbon balances for the hydrolytic hydrogenation of cellobiose using the M-xNiyP and Al-M-xNiyP catalysts were above 98.5%. This finding suggests that the occurrence of side reactions where the formation of degradation byproducts and/or that of coke took place were relatively small. It is to be noted that increasing the temperature beyond 180 °C might otherwise deteriorate the yield of sorbitol since its decomposition to form lower alcohols such as glycol and 1,2-propanediol can occur under H2 atmosphere [14].



To investigate the catalyst reusability in the hydrolytic hydrogenation of celobiose, M-10Ni3P was used as the representative catalyst for the reaction under the following conditions: 180 °C, 3 h, 4 MPa of H2, 10 mL of 1% cellobiose solution, and 0.08 g of catalyst loading. The result indicates that, after the first recycling run, the sorbitol yield significantly decreased from 87.8% to 64.8% despite the fact that the conversion of cellobiose only decreased from 93.3% to 91.7%. The overall decrease in catalyst performance can be attributed to the partial leaching of amorphous nickel phosphides at high temperature, which can occur following the transformation of crystalline nickel phosphides to their amorphous forms. An example of this type of leaching can be represented by the following equation [24]:


2Ni12P5 + 40H2O → 24Ni + 10H3PO4 + 25H2











According to the equation, the leaching process leads to the change of a nickel phosphide phase to the less catalytically active Ni0 phase. Consequently, the sorbitol yield decreased. It can therefore be expected that improving the high-temperature stability in aqueous reactions of the supported nickel phosphide-based catalysts will result in the improvement of overall catalytic performance.




2.3. Catalytic Mechanism


The mechanism that provided the bifunctionality of the nickel phosphide catalysts in the hydrolytic hydrogenation of cellobiose comprised primarily of i) the Brönsted acid sites on the surface of the supports (MCM-41 and Al-MCM-41) and those from the P–OH groups of the unreduced phosphate species and ii) the nickel sites of nickel phosphides. In particular, the Brönsted acid sites helped drive the hydrolysis of cellobiose by cleaving its β-1,4 glycosidic bonds (C-O-C) to produce glucose, while the nickel sites helped in the adsorption and dissociation of hydrogen through catalyzing the hydrogenation of glucose to hexitols (i.e., sorbitol and mannitol) [20,37] (Scheme 1). Additionally, the presence of phosphorus in nickel phosphides also induced the change in electron density of the nickel cations and therefore helped facilitate the hydrogen dissociation in the hydrogenation step [38].



In addition to the twoconsecutive reaction pathways mentioned above, the hydrolytic hydrogenation of cellobiose may also involve the hydrogenation of cellobiose to cellobitol followed by the hydrolysis of cellobitol to sorbitol [10,39]. However, this alternative pathway was not present under the reaction conditions used in this study, owing to the fact that cellobitol was not detected as an intermediate. As a matter of fact, the catalytic pathways for the hydrolytic hydrogenation of cellbiose can be affected by a number of factors and conditions including reaction temperature, catalyst loading, as well as the presence of mineral acids [39].




2.4. Comparison of Catalytic Performance of Various Metal-Based Catalysts


The catalytic performance in the one-pot conversion of cellobiose to sorbitol of the M-10Ni3P catalyst—the most efficient catalyst in this study—was compared to that of several other metal-based catalysts and the results are reported in Table 3. It was found that the M-10Ni3P catalyst showed similar or higher sorbitol yield as compared to other catalysts based on noble metals such as Pd, Pt, and Ru. Moreover, unlike the system described in this work, a number of other catalytic systems require the addition of a homogeneous acid solution in order to allow the conversion of cellobiose to sorbitol to proceed in one pot as well as to improve the yield of sorbitol.





3. Materials and Methods


3.1. Materials


Hexadecyltrimethylammonium bromide (CTAB), tetraethyl orthosilicate (TEOS), ammonia solution (25%), aluminium isopropoxide, hydrochloric acid and ethanol were purchased from Merck (Darmstadt, Germany). Toluene was purchased from Carlo Erba Reagents (Val de Reuil, France). Ammonium dihydrogen phosphate (NH4H2PO4) and nitric acid were purchased from Shantou Xilong Chemical Co., Ltd. (Guangdong, China). Nickel (II) nitrate hexahydrate was purchased from Beijing Yili Chemical Co., Ltd. (Beijing, China). Cellobiose was purchased from J&K Chemical Co., Ltd. (Shanghai, China). Glucose, sorbitol, and mannitol were purchased from Alfa Aesar (Ward Hill, MA, USA). All chemicals were analytical grade reagents and were used without further purification.




3.2. Synthesis of Nickel Phosphide Nanoparticles Supported on MCM-41 and Al-MCM-41


Mesoporous MCM-41 was synthesized by the following procedure: First, 2.4 g of CTAB was dissolved in 120 g of deionized water. Then, 10.24 mL of ammonia solution was added to the above solution and the mixture was stirred for 5 min at room temperature. After that, 10 mL of TEOS was added dropwise to the resulting solution under stirring. The mixture was further stirred at room temperature for 24 h and the resulting product was filtered and washed with ethanol and deionized water until the pH of the wash solution was 7. The solid product was then dried at 60 °C for 12 h followed by calcination at 550 °C for 5 h to obtain MCM-41.



Al-MCM-41 was synthesized by adding 1.0 g of MCM-41 and a required amount of aluminum isopropoxide in 100 mL of toluene such that the Si/Al molar ratio was 14.1. The mixture was then stirred at room temperature for 12 h. The solid product was filtered and subsequently dried at 100 °C for 12 h, followed by calcination at 550 °C for 5 h to obtain Al-MCM-41.



The syntheses of MCM-41 and Al-MCM-41 supported nickel phosphide catalysts were modified from a previous report [24] where two different initial Ni/P ratios were used: a constant nickel loading of 10 wt.% and varied phosphorus loadings of 2 wt.% and 3 wt.%. Briefly, the required amounts of nickel (II) nitrate hexahydrate and dihydrogen phosphate were dissolved in 3 mL of deionized water. A small amount of concentrated HNO3 was added to the mixture as required to obtain a homogeneous solution. The solution was then sonicated for 5 min, followed by the addition of 0.5 g of MCM-41 or Al-MCM-41. The mixture was subsequently stirred at room temperature for 16 h and dried at 60 °C for 24 h. The resulting solid was then calcined at 550 °C for 4 h prior to being reduced in H2 atmosphere at 750 °C for 2 h. Finally, the product was cooled to room temperature and passivated in a 0.5% O2/Ar flow for 3 h. The resulting MCM-41 and Al-MCM-41 supported nickel phosphide catalysts are denoted as M-xNiyP and Al-M-xNiyP, respectively, where x and y represent the initial wt.% loadings of nickel and phosphorus, respectively.




3.3. Materials Characterization


The crystalline phases of the prepared materials were identified by X-ray diffractometer (XRD) (Rigaku D/MaX-2200 Ultima-plus, Tokyo, Japan) with a Cu Kα X-ray source of wavelength 1.5418 Å operated at 40 kV and 30 mA. Low- and high-angle XRD patterns were recorded in the ranges of 1.5° to 6.0° and 20.0° to 80.0°, respectively, with a scanning rate of 5° min−1. The textural properties of the materials were analyzed by N2 adsorption-desorption with a BELSORP-mini-II apparatus (BEL Inc., Osaka, Japan). The surface area was calculated according to the Brunauer–Emmett–Teller (BET) method and the pore volume and pore size were calculated according to the Barrett–Joyner–Halenda (BJH) method. The position of aluminum ions in the lattice was determined by 27Al-magnetic angle spinning-nuclear magnetic resonance spectrometer (27Al MAS-NMR, Bruker Avance DPX 300 MHz, Karlsruhe, Germany) operated at 78 MHz. The morphology and particle size of the materials were analyzed by transmission electron microscope (TEM, JEOL JEM-2100, Peabody, MA, USA) and scanning electron microscope (SEM, JSM-5410 LV, Peabody, MA, USA). The acidity of the synthesized materials was measured by temperature programmed desorption of ammonia (NH3-TPD) using a Micromeritics AutoChem II 2920 chemisorption analyzer. Before acidity measurement, each sample was pretreated under helium flow (50 mL min−1) at 500 °C for 5 h. Each sample was then saturated with 10 vol.% NH3 (10 mL min−1) and the weakly adsorbed NH3 was removed. After that, each sample was heated from 50 °C to 550 °C at a rate of 10 °C min−1. The reducibility of the catalyst precursors was measured by temperature-programmed reduction (H2-TPR) using a Micrometrics Chemisorbs 2750 automatic system. In the procedure, 0.1 g of each sample was carried out in a quartz U-tube reactor. The reduction was conducted in 10%H2 in Ar with a flow rate of 25 mL min−1 and a heating rate of 10 °C min−1. The consumption of hydrogen was determined by a thermal conductivity detector (TCD). Nickel and phosphorus contents in the materials were measured by inductively coupled plasma optical emission spectrophotometer (ICP-OES) (Perkin Elmer Optima 2100, Waltham, MA, USA) after acid digestion of the materials.




3.4. Catalytic Cellobiose Conversion and Product Analysis


The conversion of cellobiose was performed in a Teflon-lined stainless-steel autoclave. Unless otherwise stated, the reaction was performed as follows: 10 mL of 1% cellobiose solution and 0.08 g of catalyst were added into the reactor. The reactor was purged four times with H2 and pressurized with 4 MPa of H2 at room temperature. The catalytic reaction was then performed at a desired temperature for 3 h with a stirring rate of 750 rpm. The autoclave was subsequently cooled down to room temperature, and the solid catalyst was separated by vacuum filtration. The liquid products were analyzed using a high-performance liquid chromatography (HPLC) (Shimadzu LC-20AD, Kyoto, Japan) connected with refractive index detector using deionized water as mobile phase with the flow rate of 60 mL/min and the oven temperature of 70.0 °C. For the quantification of the remaining cellobiose and the products present in the reaction mixture, external standard calibrations of pure compounds were performed under the same conditions as those used for the analysis of liquid products. The cellobiose conversion and product yield were calculated as follows:


Conversion (%)=(molcellobiose before reaction− molcellobiose after reaction)molcellobiose before reaction×100










Yield (%)=molcarbon in each product molcarbon in cellobiose before reaction×100













4. Conclusions


The synthesized MCM-41- and Al-MCM-4-supported nickel phosphide nanomaterials were highly efficient bifunctional heterogeneous catalysts for the one-pot conversion of cellobiose to sorbitol. The bifunctionality was achieved by combining acid sites originating mainly from P-OH groups of the unreduced phosphate species and metallic sites created by Ni species, which participated in catalyzing the hydrolysis of cellobiose to glucose and the hydrogenation of glucose to sorbitol, respectively. Under the reaction conditions of 150 °C, 3 h, and 4 MPa of H2, the acidity of the catalysts was sufficient for catalyzing the hydrolysis process where high cellobiose conversion of 89.5–95.0% was obtained. Nonetheless, the catalytic performance in the hydrogenation process varied greatly with the presence of Ni-containing species in the catalysts, where sorbitol yield was positively related to the relative abundance of phosphorus-rich species: Ni12P5 > Ni3P > Ni. Sorbitol yield was also found to depend on the reaction temperature, where the yield produced by the best catalyst in this study more than doubled (from 43.5 to 87.8%), without significant formation of undesired products, when the temperature was increased from 150 to 180 °C. Due to the environmental friendliness, cost-effectiveness and high efficiency offered by the bifunctional heterogeneous catalytic system described in this work, it has wide potential applications in catalysis and proved to be a promising candidate to replace catalytic systems based on noble metals.
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Figure 1. X-ray diffraction patterns of the synthesized materials at low angles (a–b) and high angles (c–d). 
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Figure 2. N2 sorption isotherms of the synthesized materials. 
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Figure 3. SEM images of MCM-41 (a) and M-10Ni3P (b); TEM images of MCM-41 (c) and M-10Ni3P (d). 
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Figure 4. 27Al MAS-NMR spectra of Al-MCM-41 and Al-M-10Ni3P materials. 
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Figure 5. NH3-TPD profiles of the synthesized materials. 
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Figure 6. H2-TPR profiles of MCM-41 and calcined M-10Ni3P precursor. 
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Figure 7. Catalytic performance of M-xNiyP and Al-M-xNiyP catalysts for the hydrolytic hydrogenation of cellobiose at 150 °C, 3 h, 4 MPa of H2, 10 mL of 1% cellobiose solution, and 0.08 g of catalyst. 
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Figure 8. Catalytic performance of M-xNiyP and Al-M-xNiyP catalysts for the hydrolytic hydrogenation of cellobiose at 180 °C, 3 h, 4 MPa of H2, 10 mL of 1% cellobiose solution, and 0.08 g of catalyst. 
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Figure 9. Effect of reaction temperature (140–180 °C) on cellobiose conversion and product distribution in the hydrolytic hydrogenation of cellobiose for 3 h using 4 MPa of H2, 10 mL of 1% cellobiose solution, and 0.08 g of catalyst. 
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Scheme 1. Hydrolytic hydrogenation of cellobiose to produce hexitols. 
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Table 1. Textural properties of the synthesized materials.
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	Materials
	BET Surface Area a (m2 g−1)
	Internal Surface Area b (m2 g−1)
	External Surface Area b (m2 g−1)
	Pore Volume c (cm3 g−1)
	Pore Diameter c (nm)





	MCM-41
	900
	865
	71
	0.68
	2.43



	M-10Ni2P
	771
	747
	27
	0.43
	2.43



	M-10Ni3P
	577
	552
	23
	0.33
	2.43



	Al-MCM-41
	843
	767
	84
	0.59
	2.43



	Al-M-10Ni2P
	