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Abstract

:

Production of green chemicals using a biomass derived feedstock is of current interest. Among the processes, the hydrogenolysis of glycerol to 1,2-propanediol (1,2-PD) using externally supplied molecular hydrogen has been studied quite extensively. The utilization of methanol present in crude glycerol from biodiesel production can avoid the additional cost for molecular hydrogen storage and transportation, as well as reduce the safety risks due to the high hydrogen pressure operation. Recently the hydrogenolysis of glycerol with a Cu/ZnO/Al2O3 catalyst using in situ hydrogen generated from methanol steam reforming in a liquid phase reaction has been reported. This paper focusses on the effect of added Ni on the activity of a Cu/ZnO/Al2O3 catalyst prepared by an oxalate gel-co-precipitation method for the hydrogenolysis of glycerol using methanol as a hydrogen source. It is found that Ni reduces the conversion of glycerol but improves the selectivity to 1,2-PD, while a higher conversion of methanol is observed. The promoting effect of Ni on the selectivity to 1,2-PD is attributed to the slower dehydration of glycerol to acetol coupled with a higher availability of in situ hydrogen produced from methanol steam reforming and the higher hydrogenation activity of Ni towards the intermediate acetol to produce 1,2-PD.
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1. Introduction


Fossil based fuels such as diesel, gasoline and jetfuel have been the most important energy resources affecting human life and modern society in the past century. However, fossil fuel is a non-renewable resource and energy demand has rapidly increased. Currently many researchers are working on alternative sources of renewable energy to reduce the dependence on fossil fuel, especially in view of the emission of greenhouse gases and climate change. Biodiesel has been used to supplement fossil diesel [1] and has already been commercialized in the world. Glycerol, the major by-product from the biodiesel production process, can be utilized to produce a number of value added chemicals such as 1,2-propanediol, 1,3-propanediol, acrolein, acrylic acid and some other special chemicals. Approximately 1 kg of glycerol can be formed for every 9 kg of biodiesel produced via a transesterification reaction using vegetable oil or animal fat as the feedstocks. Adding value to glycerol will not only lower the production cost of biodiesel but also avoid the chemical waste and environmental hazards caused by the large amount of surplus crude glycerol [2,3]. Among all of these applications, the production of 1,2-propanediol (1,2-PD), also known as propylene glycol, has been extensively researched because high 1,2-PD selectivity can be obtained under relatively mild reaction conditions compared with other routes of glycerol upgrading [4,5,6,7]. Xia et al. in 2012 reported a Cu/Zn/Mg/Al mixed oxide catalyst where 1,2-PD selectivity can reach 99.7% under very mild reaction conditions with molecular hydrogen [8]. It has been most frequently reported that 1,2-PD is produced via a glycerol dehydration to form acetol followed by a hydrogenation of acetol [5,6,9]. The conventional glycerol hydrogenolysis reaction is carried out in a batch reactor with heterogeneous catalysts under hydrogen pressure up to 10 MPa [10,11]. However, the high hydrogen pressure will incur a significant cost issue related to molecular hydrogen transportation and storage [12]. Additionally, the high pressure hydrogen in the storage tanks and reactors can cause safety problems due to the potential leak and explosion on contact with air.



To overcome the drawbacks of using high pressure molecular hydrogen, the process without adding external hydrogen has received a lot of interest from researchers. The most frequently reported approach is that the in situ hydrogen is produced via liquid phase glycerol steam reforming (known as APR—aqueous phase reforming) in a batch reactor and used for the glycerol hydrogenolysis process. D’Hondt et al. was the first group who reported this process in 2008 using a Pt/NaY catalyst to convert glycerol to 1,2-PD in the absence of added hydrogen [13]. Under inert atmosphere using 20 wt% aqueous glycerol at 230 °C, after 15 h reaction time, the glycerol conversion was reported to be 85.4% with 64% 1,2-PD selectivity. The advantage of this process is that glycerol itself is the raw material for both hydrogen and 1,2-PD production, no other hydrogen donor is needed avoiding the additional downstream separation steps. However, in order to get sufficient hydrogen from the glycerol reforming process at relatively low temperature (≤250 °C), a Pt based catalyst is usually used [14,15]. Pt is an expensive metal resulting in a high production cost for this process. Barbelli et al. in 2012 investigated a supported Pt catalyst with a lower Pt loading (1 wt%) as well as the promoting effect of Sn for the APR process [16]. The experimental results showed that using monometallic 1 wt% Pt on SiO2 catalyst and 10 wt% aqueous glycerol feedstock, at 200 °C after 2 h reaction, the glycerol conversion is only 1%; when 0.4 wt% Sn was added, the glycerol conversion and 1,2-PD selectivity were improved to 49% and 63% respectively. Roy et al. in 2010 [17] and Pendem et al. in 2012 [18] also reported the hydrogenolysis of glycerol using various Pt based catalysts, the 1,2-PD selectivities were all quite low compared with the process using externally supplied hydrogen.



The other route of the glycerol hydrogenolysis process without external hydrogen added is to use a hydrogen donor such as iso-propanol. Musolino et al. reported a glycerol hydrogenolysis process under an inert atmosphere using 10 wt%Pd supported on Fe2O3 [19,20]. Using glycerol iso-propanol solution (12 wt% with respect to glycerol) as feedstock, at 180 °C for 24 h, the glycerol conversion and 1,2-PD selectivity were reported to be 100% and 94% respectively. Gandarias et al. in 2011 reported a process with iso-propanol as a hydrogen donor using a Ni-Cu/Al2O3 catalyst prepared by a so-gel method [21] which is relatively cheaper than a Pd based catalyst as mentioned previously. Using a 4 wt% glycerol solution as the feedstock and an equal molar of isopropanol with respect to glycerol as hydrogen donor, at 220 °C, after 24 h reaction time, the glycerol conversion was 41.2% and the selectivity of 1,2-PD was only 48.3%. Another active hydrogen donor for this process is formic acid, which can be obtained from non-food biomass sources. Gandarias et al. in 2012 developed a semi-batch system using a Ni-Cu/Al2O3 catalyst with the hydrogen donor being pumped into the reactor continuously [22]. Three different hydrogen donors were investigated, i.e., methanol, iso-propanol and formic acid. The glycerol conversion and 1,2-propanediol selectivity using formic acid were the highest among those three sources which were 33.5% and 85.9% respectively at 220 °C after 10 h reaction time. Recently, Gandarias et al. modified the catalyst and optimized the reaction conditions and developed a kinetic model for this process [23,24]. The optimum glycerol conversion and 1,2-PD selectivity were 55.2% and 84.6% respectively. The advantage of adding another hydrogen donor is that hydrogen can be produced under milder conditions compared with glycerol aqueous phase reforming resulting in a higher 1,2-PD selectivity. However, other downstream separation steps are needed to separate the impurities, such as acetone, unreacted formic acid and iso-propanol, causing a higher production cost.



We have been working on the upgrading of glycerol using in situ hydrogen generated from steam reforming of methanol [25,26]. Methanol has the highest H/C ratio (4:1) compared with formic acid or iso-propanol and is widely used for transesterification reaction for biodiesel production. Stoichiometrically, one mole of triglyceride requires three moles of methanol to produce three moles of methyl ester and one mole of glycerol. An excess amount of methanol is usually added to drive the transesterification reaction towards methyl ester, the ratio of methanol to triglyceride usually ranges from 6:1 to 12:1. In a conventional biodiesel production plant, the unreacted methanol is recovered before sending the crude biodiesel and crude glycerol mixture into a decanter for separation [27]. It has been studied that methanol can be more preferably dissolved in glycerol phase suggested by very small distribution coefficients of methanol in biodiesel to glycerol being less than 0.2 [28]. Therefore, if the crude glycerol is separated from the crude biodiesel before a methanol recovery process, a large amount of un-reacted methanol will be presented in the crude glycerol phase. The amount of methanol present in the crude glycerol before methanol recovery was estimated to range from 29% to 62% depending on the methanol to oil feed molar ratio. The real industrial data provided by Shandong Dingyu Bio-energy Co. Ltd. (Laiwu, China), which is one of the largest biodiesel manufacturing plants in China, using refined palm stearin oil as the feedstock meets a good agreement with our estimation (see the Supplementary Document A1). The excess methanol present in glycerol can be utilized to provide hydrogen in situ for glycerol hydrogenolysis, and the methanol stored in the biodiesel plant can always ensure that the desired methanol content in crude glycerol can be obtained. Biodiesel plants normally do not have H2 plants on site, utilization of the methanol for hydrogen production on site could increase the overall economics for the production of 1,2-PD.



It is interesting to note that professor Lemonidou’s group has recently published a few papers on glycerol hydrogenolysis to produce 1,2-PD using in situ hydrogen produced from methanol steam reforming [29,30,31,32,33]. Their initial work compared the activities of Cu/ZnO/Al2O3 and Pt/SiO2 catalysts [29]. Under the conditions of 3.5 MPa N2, 250 °C, 7.2 wt% methanol, 11.4 wt% glycerol, the glycerol conversion and 1,2-PD selectivity using a Cu/ZnO/Al2O3 catalyst prepared via oxalate gel-co-precipitation method (88.8% and 39.2% respectively) were significantly higher than that using a Pt/SiO2 catalyst (58.9% and 36.2% respectively). By comparison, using a Cu based catalyst, the selectivities of propanol and ethylene glycol were significantly lower than those using a Pt/SiO2 catalyst revealing that the Cu/ZnO/Al2O3 catalyst has less promotion effect on the C-C cleavage reaction and sequential 1,2-PD hydrogenolysis. It is generally accepted that the dehydration of glycerol to acetol is the rate determining step in the hydrogenolysis of glycerol to produce 1,2-PD. In order to achieve high selectivity to 1,2-PD, rapid hydrogenation of the acetol intermediate is required as acetol is known to be active to produce other un-desired products via reactions between acetol and alcohols [9,31,34,35]. Thus, a major challenge of the glycerol hydrogenolysis process without adding molecular hydrogen is to ensure a fast hydrogenation of acetol compared to the other side reactions caused by acetol to produce undesired by-products. Hence a catalyst with high activity for dehydration, hydrogenation and methanol steam reforming would be desirable for a high yield and selectivity to 1,2-PD. We have previously reported that the activity of a Cu/ZnO/Al2O3 catalyst to produce 1,2-PD in the hydrogenolysis of glycerol using molecular hydrogen is dependent on the catalyst preparation method. Among the three preparation methods, namely, alkaline co-precipitation, impregnation and oxalate gel-co-precipitation, the catalyst prepared by the gel-co-precipitation method is the most active and selective [9,36]. Furthermore, Cu/ZnO/Al2O3 prepared by the gel-co-precipitation method has also been reported to be more active for steam reforming of methanol [37,38]. The main focus of this paper is to investigate the effect of Ni on the activity of a Cu/ZnO/Al2O3 catalyst prepared via oxalate gel-coprecipitation for the hydrogenolysis of glycerol using the in situ hydrogen produced via methanol steam reforming as illustrated in Figure 1. Ni was chosen because Ni has been reported to be active for both glycerol hydrogenolysis and methanol steam reforming [39,40,41] and it is less expensive than precious metals such as Pt and less active for C-C bond cleavage [42,43]. The characterization and activity of Cu/ZnO/Al2O3 catalysts prepared by two different methods, namely, oxalate gel-co-precipitation and sodium carbonate co-precipitation were also reported as this provided a rational for adding Ni as a promoter to the Cu/ZnO/Al2O3 catalyst prepared by the oxalate gel-co-precipitation method.




2. Results and Discussion


2.1. Catalyst Characterization


2.1.1. Acidity of the Catalysts


The NH3 temperature programmed desorption (TPD) technique was used to investigate the acidity of the catalysts. The Cu/ZnO/Al2O3 catalysts prepared via oxalate gel-co-precipitation and sodium carbonate co-precipitation referred to as Cu/ZnO/Al2O3-OA and Cu/ZnO/Al2O3-Na respectively. The NH3 desorption profiles for the Cu/ZnO/Al2O3-OA and Cu/ZnO/Al2O3-Na have been presented in our previous work [9] and the desorption data are listed in Table 1. The NH3 TPD data for Cu/ZnO/Al2O3-OA catalysts with added Ni are listed in Table 1 and Figure 2. The Cu/ZnO/Al2O3-Na catalyst has mainly acid sites with weak acidity ranging from 107 to 392 °C and very low total number of acidic sites, while Cu/ZnO/Al2O3-OA possesses both moderate and strong acidic sites corresponding to the desorption peaks ranging from 290 to 470 °C and from 590 to 800 °C respectively. It is noted that the strong acidic sites are a majority, which can facilitate the glycerol dehydration step. More acidic sites are being provided by Cu/ZnO/Al2O3-OA compared to Cu/ZnO/Al2O3-Na due to the smaller particle size, which will be investigated in the later section. Therefore, the oxalate gel-co-precipitation method can significantly enhance the number of acidic sites and the strength of acidity. Since dehydration requires acidic sites, the Cu/ZnO/Al2O3-OA catalyst was chosen to study the promoting effect of Ni on the hydrogenolysis of glycerol with methanol steam reforming. The effect of Ni loading on the acidity of a Cu/ZnO/Al2O3-OA catalyst is presented in Figure 2. With different amounts of Ni loading, three distinct peaks representing weak, moderate and strong acidic sites were observed for all the catalysts with three different Ni loadings (0%, 1% and 5%) indicating that the acidic strength of the catalysts was not changed as no new desorption peak was generated by adding Ni. As Ni loading increased, the peak of the strong acidic sites ranging from 590 to 800 °C with the maximum desorption peak at 683 °C shrunk, suggesting a smaller amount of strong acidic sites as shown in Table 1. When 1% Ni was loaded, the number of strong acidic sites slightly decreased from 0.075 to 0.072 mmolNH3/g-cat; when the Ni loading was increased to 5%, the number of strong acidic sites decreased significantly to 0.030 mmolNH3/g-cat. It is possible that when Ni was added, some strong acidic sites were blocked by Ni. This negative effect of Ni on the acidity of the catalyst behavior has been reported previously [44]. The weak and moderate acidic sites were not significantly affected by the Ni loading, even though the adsorption peak ranging from 290 to 470 °C without Ni loading was observed to be slightly lower than those with 1% and 5% Ni loading.




2.1.2. Temperature Programmed Reduction


The reducibility of the catalysts was characterized by a temperature programmed reduction (TPR) technique. The TPR profiles for the calcined CuO/ZnO/Al2O3-OA and the CuO/ZnO/Al2O3-Na catalysts have been already reported [9]. All the profiles indicated that the reduction of the catalysts could be completed before 300 °C suggesting that reduction at 300 °C is sufficient to reduce the CuO/ZnO/Al2O3 catalysts. Figure 3 shows the TPR profiles of NiO/CuO/ZnO/Al2O3-OA, CuO/ZnO/Al2O3-OA and NiO only. The characteristic p values were calculated in the Supplementary Document A2 to verify that the experiments were carried out with absence of significant reducing agent concentration gradients along the catalyst bed. From the graph, it can be seen that both NiO/CuO/ZnO/Al2O3-OA and CuO/ZnO/Al2O3-OA catalysts show the reduction peaks between 180 and 330 °C with the peak maxima at around 250 °C. The reduction peak for NiO starts at 250 °C and ends at 370 °C with the peak maxima at 310 °C. No distinctive peak is observed in the NiO/CuO/ZnO/Al2O3-OA profile between 300 and 400 °C compared with the profile for CuO/ZnO/Al2O3-OA. This suggests that NiO and CuO are well mixed and both oxides can be effectively reduced at 300 °C [45]. Two shoulder peaks were observed for both NiO/CuO/ZnO/Al2O3-OA and CuO/ZnO/Al2O3-OA. The peak between 185 and 210 °C is due to the formation of bulk CuO and the broad shoulder peak between 270 and 300 °C is possibly due to the reduction of Cu+ to Cu0 [9]. A very broad peak after 300 °C was possibly due to the reduction of ZnO.




2.1.3. Transmission Electron Microscopy


The CuO/ZnO/Al2O3-OA and CuO/ZnO/Al2O3-Na catalysts were characterized by transmission electron microscopy (TEM) to study the effect of preparation method on the catalyst morphology as shown in Figure 4. From Figure 4a,b, it can be observed that for the catalyst prepared by oxalate gel-co-precipitation method, the particle shape is spherical and the particles are very uniformly distributed suggested by a smaller calculated standard deviation (SD). Figure 5 compared the histograms of the particle size distributions for the catalysts prepared by these two methods. The calculated mean particle size for the Cu/ZnO/Al2O3-OA catalyst is 10.41 nm with SD of 2.04. For the Cu/ZnO/Al2O3-Na catalyst, the particles are more elliptical and the average size of the major axis is 18.83 nm and SD is 4.05, which is much larger than the Cu/ZnO/Al2O3-OA catalyst and the size distribution is much wider as illustrated in Figure 5. This observation is in a good agreement with the previous literature reports using these preparation methods [9,46].




2.1.4. Thermal Gravimetric Analysis


In our previous work, the thermogravimetric analysis (TGA) results for the Cu/ZnO/Al2O3-OA and Cu/ZnO/Al2O3-Na catalyst have been presented [9]. The Cu/ZnO/Al2O3-OA and Cu/ZnO/Al2O3-Na were completely decomposed at 325 and 630 °C respectively. The oxalate gel-coprecipitation method favors a chemical homogenous phase of Cu and Zn, and the lower calcination temperature compared with Na2CO3 co-precipitation method can help to avoid the sintering of the particles during the calcination process. Figure 6 illustrates the TGA results for the oxalates of Cu/ZnO/Al2O3-OA and Ni/Cu/ZnO/Al2O3-OA. The temperature difference was used to demonstrate the heat flow during the thermal decomposition of metal oxalates process. For a Cu/ZnO/Al2O3-OA catalyst, the weight loss completes at 330 °C and a small weight loss peak is observed at around 210 °C indicating a thermal decomposition of a mixed metal oxalate with a higher Cu content as shown in Figure 6a, which is in agreement with the results we previously published [9]. When Ni was added, a similar trend was observed from Figure 6b that the weight loss started at 165 °C and completed at 330 °C with the highest rate of weight lost at 310 °C suggested by the temperature difference profile. A positive temperature difference reveals that the thermal decomposition of metal oxalate is an exothermic reaction. As the decomposition rate increased, the temperature difference was also increased and reached its maxima at 310 °C due to the maximum heat released associated with the metal oxalate decomposition. No separate peak was found for the decomposition of nickel oxalate suggesting that Ni was well mixed with other metals; this is also supported by the X-ray diffraction (XRD) data in the latter discussion. Therefore, the calcination temperature of 360 °C would be sufficient for the decomposition of all the catalyst precursors.




2.1.5. Diffuse Reflectance Infrared Fourier Transform


Figure 7 shows the Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra of adsorbed CO on the reduced catalysts at ambient temperature. At a CO equilibrium pressure of 50 Pa, two bands were observed for the sample of Cu/ZnO/Al2O3-OA catalyst. The band appears at 2106 cm−1, which decreases in intensity with decreasing equilibrium CO pressure and disappears after evacuation, corresponding to the absorbance of Cu0–CO species [47,48]. The band at 2025 cm−1 still remains even after evacuation at ambient temperature, and it is associated with the carbonyls linearly adsorbed on the Cu0 atoms with lower coordination numbers [48]. It is worth noting that the band at 2025 cm−1 shifts to 2005 cm−1 after evacuation. This is related to the decrease in the coverage of CO on the Cu surface during evacuation, which leads to a decrease in the dipole–dipole coupling of the adsorbed CO molecules and further a band shift toward lower wavenumbers [49]. For the Ni-doped Cu/ZnO/Al2O3-OA catalysts, a new band at 2057 cm−1 was observed, which can be assigned to the stretching vibration of the linear-bonded CO on the reduced Ni. This band vanished after evacuation. In general, the linear-bonded CO on Ni appears in the region of 2020–2080 cm−1, and the position of the band is a reflection of the crystallinity and dispersion of Ni. According to the literature [50,51], the band at 2057 cm−1 (>2050 cm−1) implies that Ni exists in a high dispersion and a low crystallinity, which is in a good agreement with the results of XRD. Another band corresponding to bridged-bonded CO on Ni usually can be observed in the region of 1990–1940 cm−1 [50]. In this case, however, the band cannot be distinguished because it overlaps with the signal of the carbonyls linearly adsorbed on the Cu0 atoms.




2.1.6. X-ray Diffraction and Other Physicochemical Properties


The crystalline phases for all the catalysts were investigated by XRD. The XRD pattern for CuO/ZnO/Al2O3-OA and CuO/ZnO/Al2O3-Na have been previously reported. It showed that for the catalyst prepared via the gel-co-precipitation method the particles were very well mixed and homogeneously distributed through the catalyst as suggested by much broader and low intensity peaks for CuO and ZnO [9,38,46]. Figure 8 illustrates the XRD patterns for the CuO/ZnO/Al2O3-OA catalysts with different Ni loadings. It can be observed that the crystal structures of the catalysts are not significantly affected by Ni loadings, the 2θ peaks located at 35.6° and 38.8° represent CuO and the 2θ peak located at 31.9° represents ZnO [6,9,38]; the particle sizes of CuO and ZnO calculated by Scherer’s equation are also not significantly affected as shown in Table 2. The peak for NiO is not observed from the XRD patterns for the catalysts suggesting that NiO particles are in a low crystallinity and highly dispersed in the catalyst or the Ni loadings are so small that the peaks for NiO cannot be clearly observed which has been reported [52,53]. The copper surface area of the catalyst with different amounts of Ni loading are listed in Table 2, where addition of 1% Ni into the Cu/ZnO/Al2O3-OA catalyst causes a 3.7% reduction of Cu surface area, while a 5% Ni loading reduces the Cu surface area by 16.0%. This reduction of Cu surface area can significantly affect the activity of the catalyst which will be discussed later. Table 2 also lists the actual metal molar content measured by an Inductively coupled plasma (ICP) technique, the actual values of the metal content for the Cu/ZnO/Al2O3-OA catalysts with different Ni loading are not significantly changed compared with the feed composition during the preparation.





2.2. Glycerol Hydrogenolysis with In Situ Hydrogen Produced from Methanol Steam Reforming


2.2.1. Effect of Preparation Method for Cu/ZnO/Al2O3 Catalysts


The Cu/ZnO/Al2O3-OA catalyst has been reported to be more active than the Cu/ZnO/Al2O3-Na catalyst on both glycerol hydrogenolysis with external molecular hydrogen added [9] and methanol steam reforming [37,38]. The conversion of glycerol, selectivity of 1,2-PD and the yields of different products were calculated through the equations listed below, where “i” stands for each product/by-product formed from glycerol. The experimental results on glycerol hydrogenolysis with in situ hydrogen generated from methanol steam reforming are listed in Table 3. The space-time yields are provided from Tables S1–S4 in the Supplementary Material. It can be clearly observed in Table 3 that the glycerol conversion and 1,2-PD selectivity using a Cu/ZnO/Al2O3-OA catalyst are significantly higher than those using a Cu/ZnO/Al2O3-Na catalyst; the space-time yield of 1,2-PD using a Cu/ZnO/Al2O3-OA catalyst is about 10 times higher than that using a Cu/ZnO/Al2O3-Na catalyst as listed in Tables S1 and S2. When Cu/ZnO/Al2O3-Na was used, the selectivity of 1,2-PD was only 29.1% and the major by-products were acetol and some other higher molecular weight compounds. These higher molecular weight compounds were believed to be formed via condensation reactions of alcohols with acetol [9,35]. A significantly higher 1,2-PD selectivity obtained using Cu/ZnO/Al2O3-OA (70.7%) compared with the Cu/ZnO/Al2O3-Na catalyst (29.1%) attributed to its superior activity on methanol steam reforming to provide more hydrogen for acetol hydrogenation, as revealed in Table 3, since the acetol yield and other undesired by-products yields in the product mixture were significantly lower. The higher conversion obtained with the Cu/ZnO/Al2O3-OA catalyst is attributed to the higher copper surface area and higher number of acidic sites and higher acidic strength. Professor Lemonidou’s group also reported that a Cu/ZnO/Al2O3-OA catalyst was more active than a Cu/ZnO/Al2O3-Na catalyst in the hydrogenolysis of glycerol using hydrogen derived from steam reforming of methanol [29]. In their optimization study, the space-time yield for 1,2-PD was reported to be 12.1 mmol/h.g-cat at 250 °C after 1 h reaction [30]; a very similar space-time yield for 1,2-PD was found using the Cu/ZnO/Al2O3-OA catalyst at 220 °C, as listed in Table S2, which was calculated to be 11.8 mmol/h.g-cat. The space-time yield of 1,2-PD was found to be slightly lower possibly due to a slightly lower reaction temperature. It was also reported that at 220 °C a maximum yield of 50.6% was obtained at 220 °C after 4 h reaction time; a similar 1,2-PD yield was also obtained, as listed in Table S2, that at the same reaction temperature, the yield of 1,2-PD at 4h reaction time was found to be 46.1%. Therefore, it is believed that the Cu/ZnO/Al2O3-OA catalyst is feasible for this reaction system. It is clear that the 1,2-PD selectivity strongly depends on the hydrogen supply, which is derived from methanol steam reforming in this reaction system. Higher ethylene glycol yield using a Cu/ZnO/Al2O3-OA catalyst (Table 3) is possibly due to the higher acidity of the catalyst and a higher hydrogen concentration generated by methanol steam reforming promoting the C-C cleavage to produce more ethylene glycol. The Cu:Zn:Al molar ratio of 35:35:30 was chosen for this work after a metal composition study, as listed in Table 3. The composition study for Cu/ZnO/Al2O3 catalysts have been extensively reported and the optimum molar ratio of Cu/Zn has been mostly reported to be 1 for both methanol steam reforming [37,38,54] and glycerol hdyrogenolysis [6,55,56]. In this work, the molar ratio for Cu/Zn of 1 was chosen and the molar content of aluminum was varied. The experimental results are shown in Table 3. A significant improvement for glycerol conversion and 1,2-PD selectivity was noticed when the aluminum molar content was increased from 10% to 30%. If the aluminum molar content was further increased from 30% to 50%, the glycerol conversion and 1,2-PD yield slightly dropped. Therefore, the catalyst with a Cu/Zn/Al molar ratio of 35/35/30 was the optimum ratio and was used for further study. The absence of external liquid to solid mass transfer limitation and intraparticle diffusion limitation were also verified via theoretical calculations provided in the Supplementary Document A3. It has been mathematically proven that the experiments were carried out in the reaction controlled regime.


ConversionGlycerol=100%−nGlycerolnGlycerol+n1,2−PD+nAcetol+nEG+nPropanol+nOthers×100%,










Yieldi=ninGlycerol+n1,2−PD+nAcetol+nEG+nPropanol+nOthers×100%,










Selectivityi=YieldiConversionGlycerol×100%.












2.2.2. Effect of Ni as a Promoter for the Cu/ZnO/Al2O3-OA Catalysts


Ni based catalysts are active in various hydrocarbon reforming [39,40] and glycerol hydrogenolysis processes [57,58] and Ni is less costly compared to some precious hydrogenation metals such as Pt, Pd and Ru. Since the Cu/ZnO/Al2O3-OA catalyst is more active and selective to 1,2-PD in the glycerol hydrogenolysis process than Cu/ZnO/Al2O3-Na, Ni was added to Cu/ZnO/Al2O3-OA to further improve the selectivity to 1,2-PD. The Ni/Cu/ZnO/Al2O3-OA catalysts with three different molar contents of Ni (1%, 3% and 5%) were used to investigate the promoting effect of Ni on the catalytic activity. The products distributions were listed in Table 4, the glycerol conversion, 1,2-PD selectivity, other by-products yields over the reaction time are illustrated in Figure 9. The space-time yields were provided from Tables S5–S7 in the Supplementary Material. From Table 4 and Figure 9a, it can be seen that as Ni content increased from 0% to 5%, the glycerol conversion dropped over the reaction time and the final glycerol conversion decreased from 87.1% to 70.0%. The lower glycerol conversion as more Ni added is attributed to the loss of Cu surface area and a reduction of acidity (Table 1 and Table 2). The reaction rate of glycerol hydrogenolysis has been reported to be strongly dependent on the Cu surface area [59,60]. Sato et al. in 2008 reported a mechanism for glycerol dehydration to form acetol catalyzed by a Cu surface [61]. More experimental evidence will be shown later that Cu is the primary active site for glycerol dehydration in this reaction system. Since the addition of Ni reduces the number of strong acidic sites (Figure 2, Table 1), a slower reaction rate for the acid catalyzed glycerol dehydration is expected. Therefore, the glycerol conversion was lower with added Ni. Thus, the reaction rate of glycerol dehydration can be affected by two factors, namely the strong acidic sites and Cu surface area.



However, it is interesting to note that as Ni loading is increased from 0% to 5%, the 1,2-PD selectivity is increased from 70.7% to 85.5%. In Figure 9b, it can be seen that the 1,2-PD selectivity is always higher with a higher amount of Ni loaded over the reaction time. One reason that a higher 1,2-PD selectivity can be obtained as the Ni content is increased to 5% is because the acetol concentration in the reaction mixture is lower due to the lower dehydration rate suppressing the formation of other by-products caused by the condensation reactions between acetol and alcohols [31]. As illustrated in Figure 9d, for all types of catalysts, the acetol yields always increase at the early stage of the reaction and then decrease afterward. This is expected as acetol is the intermediate in the reaction system. As more Ni was added into Cu/ZnO/Al2O3-OA, the acetol yields over the reaction time were always lower, revealing a lower acetol concentration in the reaction mixture when more Ni was present in the catalyst. For the Cu/ZnO/Al2O3-OA catalyst and the catalyst with 1% Ni added, the acetol yields increase and reach their maximum at the fourth hour and then decrease thereafter. When the Ni content is further increased from 3% to 5%, the acetol concentrations reach the maximum on the second hour, which is earlier than that when lower Ni is present in the catalyst and then decreases. This trend reveals that at the beginning of the reaction, the major product is acetol when the hydrogen being produced from methanol steam reforming is insufficient to effectively hydrogenate the acetol formed via glycerol dehydration. When the Ni is added into a Cu/ZnO/Al2O3-OA catalyst, the loss of strong acidic sites and Cu surface area cause a slower glycerol dehydration rate resulting in a lower yield of acetol. This can cause slower rates for the side reactions with acetol to produce lower amounts of undesired by-products as shown in Figure 9c. Ethylene glycol yield at the end of the reaction was also increased from 2.9% to 3.4% when 1% Ni was added onto the catalyst. When the Ni loading was further increased from 1% to 5%, the ethylene glycol yield was not significantly changed. The increment of ethylene glycol due to the addition of Ni is possibly due to the promoting effect of the Ni on C-C cleavage. As shown in Figure 10, both Cu surface area and the number of strong acidic sites have positive correlations with the glycerol conversion; but they all have negative effects on 1,2-PD selectivity since the higher acetol formation rate by glycerol dehydration can cause a higher formation rate of other un-desired by-products when the hydrogen availability is not sufficient for acetol hydrogenation. Therefore, even a slower glycerol conversion rate was obtained using a Ni promoted catalyst, the space-time yield of 1,2-PD was not significantly changed as listed in Table S5, which was found to be 11.0 mmol/h.g-cat, this was very close to the value obtained using a Cu/ZnO/Al2O3-OA catalyst in the previous discussion and the reported literature value [30]. It is important to obtain a high 1,2-PD selectivity, since the un-reacted glycerol can be recycled back to the reactor and hence it can reduce the production cost. Otherwise, the high yield of undesired by-products will require separation of other by-products prior to the recycling of glycerol. Even though the glycerol conversion is lower at higher Ni loading, the yield of 1,2-PD is not significantly lowered due to the high 1,2-PD selectivity, as listed in Table 4.



The effect of catalyst loading was also investigated by varying the catalyst loading amount from 3 to 9 wt% with respect to the total weight of feedstock mixture using a Ni/Cu/ZnO/Al2O3-OA catalyst with 5% Ni loading as listed in Table 4. When the catalyst loading was increased from 3 to 9 wt%, the glycerol conversion was increased from 70.0% to 87.0% with the 1,2-PD selectivity slightly reduced from 85.5% to 82.9%. The loss of 1,2-PD selectivity by increasing the catalyst loading is mainly due to the increments of ethylene glycol, propanol and other by-products yields. It is possibly because when the catalyst loading is increased, more active sites can be provided for C-C cleavage, the sequential hydrogenolysis of 1,2-PD and the condensation reactions between acetol and other alcohols resulting in higher yields of ethylene glycol, propanol and other by-products. In addition, when the catalyst loading is higher, more active sites are provided for methanol steam reforming generating more hydrogen, which can also favor the C-C cleavage and 1,2-PD hydrogenolysis to propanol.



As discussed previously, the 1,2-PD selectivity strongly depends on the acetol concentration in the reaction mixture. The un-desired by-products are mainly due to the side reactions of acetol present in the mixture when the hydrogen being produced from methanol steam reforming is not sufficient for the acetol hydrogenation. Therefore, the methanol steam reforming reaction is another key factor improving the 1,2-PD selectivity. The experiments were carried out without taking any sample during the reaction time to investigate the methanol conversion and mole balance of glycerol. In this case, the methanol conversion, glycerol conversion, 1,2-PD selectivity and yields of products were calculated using the equations listed below, where “i” stands for each product/byproduct formed from glycerol. Table 5 lists the effect of Ni loading on methanol conversion. To investigate the roles that Cu and Ni play in the reaction system, a Ni/ZnO/Al2O3-OA catalyst without Cu present was also used. The mole balances of glycerol were all close to 100% revealing that glycerol steam reforming did not occur to any significant extent. When Ni was added to Cu/ZnO/Al2O3-OA, the methanol conversion was higher. As more hydrogen was produced, acetol could be more effectively hydrogenated resulting in a higher 1,2-PD yield, a lower acetol yield and a lower other by-products yield. It gives a good agreement with the previous discussion that when Ni was added, the 1,2-PD selectivity was higher, the yield of acetol and the other un-desired by-products were lower (see Figure 9). Therefore, the promoting effect of Ni on methanol steam reforming is the main reason why the addition of Ni can improve the 1,2-PD selectivity. It is also important to note that when Ni/ZnO/Al2O3-OA catalyst was used without Cu being present, essentially no 1,2-PD was formed, and glycerol conversion was only 4.8%. This suggests that Cu is the primarily active component in the catalyst for glycerol dehydration. Yfanti et al. [30] have also reported that when ZnO/Al2O3 catalyst was used for glycerol hydrogenolysis, no glycerol conversion was obtained indicating Cu is necessary for dehydration. Thus, it can be deduced that metallic Ni is inactive for glycerol dehydration and the small amount of glycerol conversion is possibly due to the acidic sites provided by alumina. It can also be known that ZnO is also inactive for glycerol dehydration from the results in Table 5 and the reported data [30]. However, ZnO was reported to play an important role on the catalytic activity as it can favor the formation of small active Cu sites by the Cu-ZnO interactions to improve the activity of Cu catalyst [6]. It is interestingly noted that when Ni/ZnO/Al2O3-OA was used, the methanol conversion was 23.3% which was higher than that using 5%Ni/Cu/ZnO/Al2O3-OA catalyst. It was reported that methanol steam reforming reaction did not occur when ZnO/Al2O3 was used [30]. Therefore, Ni can improve the catalyst activity for methanol steam reforming to produce more hydrogen for acetol hydrogenation, which is likely one of the main reasons that the addition of Ni to Cu/ZnO/Al2O3-OA catalyst can improve the selectivity of 1,2-PD in this process.


ConversionGlycerol=100%−nGlycerol,in−nGlycerol,fnGlycerol,in×100%,










Yieldi=ninGlycerol, in×100%,










Selectivityi=YieldiConversionGlycerol×100%.











It has been discussed that the major undesired by-products are formed by the condensation reactions between acetol and alcohols; therefore, rapid hydrogenation of acetol to 1,2-PD plays a key role in order to obtain a high 1,2-PD selectivity. To study the promoting effect of Ni on acetol hydrogenation reaction, experiments using an aqueous acetol solution as the feedstock with a constant hydrogen pressure supplied into the reaction system over the reaction time was carried out using both Cu/ZnO/Al2O3-OA catalyst and Ni/Cu/ZnO/Al2O3-OA catalyst. Figure 11 and Table 6 illustrate the effect of Ni on the acetol hydrogenation reaction. A pseudo-first-order reaction kinetics was applied and the rate constant for acetol hydrogenation reaction was calculated using the following equation, where k’ is the pseudo-first-order rate at a constant hydrogen pressure:


−d[acetol]dt=k[acetol]PH2=>ln[acetol]=−k′t+ln[acetolt=0].











Using the catalyst with Ni added, the acetol hydrogenation reaction is significantly faster than that without Ni added (Figure 11a). In fact, the pseudo-first-order rate constant using the Ni catalyst is more than two times larger (Table 6). As the acetol hydrogenation reaction rate is increased, the acetol concentration in the reaction mixture is decreased resulting in slower side reactions caused by acetol to form other by-products. Therefore, the selectivity of 1,2-PD using the Ni/Cu/ZnO/Al2O3-OA catalyst is higher over the reaction time as illustrated in Figure 11b. To investigate the nature of the by-product formation, the chromatogram of the final product sample (8 h) was compared with the samples obtained for the hydrogenolysis process with methanol steam reforming and the hydrogenolysis process with insufficient external hydrogen added (i.e., 1.4 MPa) as depicted in Figure 12. It can be seen that the retention times of the by-products from the acetol hydrogenation are the same compared with the other two reactions. Hence the by-product formation is due to side reactions of acetol when insufficient hydrogen is provided. Therefore, the selectivity of 1,2-PD is believed to be strongly dependent on the rate of acetol hydrogenation. It is interesting to point out that no ethylene glycol is formed during acetol hydrogenation suggesting that ethylene glycol is formed due to C-C cleavage of glycerol rather than 1,2-PD or acetol. This result is in agreement with a recent mechanistic study of glycerol hydrogenolysis [31]. Since Ni improves the catalytic activity for acetol hydrogenation and also improves the methanol steam reforming to produce more hydrogen for in situ hydrogenation, the addition of Ni improves the selectivity to 1,2-PD in glycerol hydrogenolysis.






3. Materials and Methods


3.1. Materials and Methods for Catalyst Preparation


Ethanol was purchased from Fisher Scientific Canada (Toronto, ON, Canada) (high-performance liquid chromatography grade). The other chemicals were purchased from Sigma Aldrich Co. Canada (Oakville, ON, Canada) and all the gases were purchased from Praxair Canada Inc. (Mississauga, ON, Canada). The procedures to prepare Cu/ZnO/Al2O3 catalysts via two different precipitation methods, i.e., oxalate gel-co-precipitation and Na2CO3 co-precipitation have been described in our previous paper [9] referred to as Cu/ZnO/Al2O3-OA and Cu/ZnO/Al2O3-Na respectively. To prepare the Cu/ZnO/Al2O3-Na catalyst, an aqueous mixture of metal nitrates solution was prepared with the designated metal molar ratio under vigorous stirring, the total metal concentration was 0.5 M. An aqueous solution of 0.5 M sodium carbonate was added drop-wise into the metal nitrate solution until the pH of the solution was equal to 9.0. The slurry was then filtered and washed by de-ionized water until the pH of the filtrate water became 7.0. Then the filtered cake was dried at 110 °C overnight and calcined under a stationary air environment at 450 °C for 4 h. Ni/Cu/ZnO/Al2O3 catalysts were also prepared via oxalate gel-co-precipitation method referred to as Ni/Cu/ZnO/Al2O3-OA. To prepare Cu/ZnO/Al2O3-OA and Ni/Cu/ZnO/Al2O3-OA catalysts, 20% excess ethanol solution of 0.5 M oxalic acid (anhydrous, ≥97.0%) was quickly injected into an ethanol solution mixture of Ni(NO3)2.6H2O (≥98.5), Cu(NO3)2.2.5H2O (≥98.0%), Zn(NO3)2.6H2O (≥98.0%) and Al(NO3)3.9H2O (≥98.0%) with designated metal molar ratio under vigorous stirring, the total metal concentration was 0.5 M. The precipitation mixture was then aged at room temperature under stirring for 2 h and filtered. The filtered cake was then dried in air at 110 °C for 24 h. The dried particles were powdered and screened via a sieve with 250 μm opening and then calcined in stationary air at 150 °C for 1 h, 200 °C for 1 h, 250 °C for 1 h, 300 °C for 1 h and 360 °C for 4 h [46].




3.2. Materials and Methods for Catalyst Characterization


NH3 temperature program desorption (TPD), N2O reactive frontal chromatography (RFC) and temperature program reduction (TPR) experiments were carried out using an Altamira AMI-200 instrument (Pittsburgh, PA, USA). For the NH3 TPD experiments, approximately 120 mg of the catalyst was loaded into a U shaped quartz reactor for each test. The catalyst was firstly reduced under a flow of 5% H2 balanced with argon at a volumetric flow rate of 30 mL/min at 300 °C for 2 h. After reduction, the catalyst was cooled down to 25 °C. Then, 20 pulses of 5% NH3 balanced with argon were injected into the U tube to saturate all the acidic sites of the catalyst, then the catalyst was heated to 1000 °C at a heating rate of 10 °C/min. The NH3 desorption profile was determined by analyzing the effluent gas through a thermo conductivity detector (TCD). To carry out the TPR experiments, the catalyst amount was calculated to meet the characteristic p value below 30 K (see Supplementary Material A2 for calculation of characteristic p value), then the catalyst was firstly heated to 200 °C and kept at 200 °C for 60 min under a flow rate of 30 mL/min argon stream to remove all the moisture and other species physically absorbed on the catalyst surface. Then, the catalyst was heated under a 30 mL/min flow stream of 5% H2 balanced with argon at a heating rate of 5 °C/min until 800 °C. For the N2O RFC experiments, a TPR step was firstly carried out to 300 °C at a heating rate of 5 °C/min to reduce all Cu2+ to Cu0; then the catalyst was cooled down to 60 °C. The surface Cu0 was then oxidized to Cu1+ under a flow of 1% N2O balanced with argon gas mixture at a flow rate of 30 mL/min. Then, another TPR program was carried out to 300 °C at a heating rate of 5 °C/min to reduce the entire surface Cu1+ to Cu0. The H2 uptake was then calculated to estimate the copper surface area. Transmission electron microscopy (TEM) was carried out on a FEI Titan 80–300 TEM (Hillsboro, OR, USA) equipped with an aberration corrector for the imaging lens (CEOS). The XRD experiments were carried out on a Bruker D8 Focus model (Madison, WI, USA), with Cu kα radiation and a wavelength of 1.54 Å; the 2θ angle was 15°–55° with a ramp of 0.02° per minute. The TGA profiles were obtained on a TA Instrument, SDT Q600 (New Castle, DE, USA). Approximately 10–15 mg catalyst sample was used for each test, the experiments were conducted under a continuous air flow (40 mL/min), with a temperature range of 30–600 °C at a heating rate of 5 °C/min. The metal content of the catalysts was determined using a Teledyne Leeman Labs high dispersion ICP (Hudson, NH, USA). The DRIFT spectra were collected on a Varian 660 infrared spectrometer (Mulgrave, VIC, Australia) equipped with a DRIFT reaction cell and a liquid nitrogen cooled HgCdTe (MCT) detector. The catalyst was pre-reduced in situ at 300 °C for 1 h in 10% H2/He, followed by a purge with He at the same temperature to remove the surface-adsorbed H2. After cooling down to the ambient temperature, CO was admitted at a desired pressure using a vacuum/adsorption system. The spectra were collected after steady state was reached, and the spectral resolution is 4 cm−1 and the number of scans is 64.




3.3. Materials and Methods for Catalysts Activity Test


The catalytic reactions were carried out in a 300 mL Parr Instrument 4560 Series mini bench top reactor constructed of hastelloy (Moline, IL, USA). For the glycerol hydrogenolysis reaction with in situ hydrogen produced from methanol steam reforming, 100 g of feedstock mixture containing 20 wt% of glycerol, 32.2 wt% of water and 47.8 wt% of methanol (water/methanol molar ratio = 1.2) were placed into the reactor. Unless specified, 3 g of catalyst (3 wt% with respect to the weight of total reactant mixture) was pre-reduced by a hydrogen stream (ultra-high purity) at 300 °C for 3 h in a quartz tubular reactor enclosed by a furnace. Then the reduced catalysts were transferred into the reaction mixture rapidly. The reactor was firstly flushed with nitrogen three times and pressurized to a desired pressure at ambient temperature before being heated to the desired temperature. Liquid samples were taken during the reaction time via a sampling valve. For the acetol hydrogenation reaction, 100 g of aqueous acetol solution containing 20 wt% of acetol was placed into the reactor, 1 g of catalyst was reduced and added into the reaction mixture, gaseous hydrogen was used to pressurize the reaction and the hydrogen pressure was kept constant over the reaction time. An Agilent 6890N gas chromatograph integrated with a DB-WAX megabore capillary column (Wilminton, DE, USA, 30 m × 0.53 mm I.D. × 10 μm film thickness) and a flame ionization detector (FID) was used to analyze all the liquid samples. Approximately 120 mg of product sample was added into 1 mL of 1,4-butanediol n-butanol solution mixture with 1,4-butanediol concentration of 5 g/L.





4. Conclusions


In this study, the promoting effect of Ni on a Cu/ZnO/Al2O3-OA catalyst was investigated in a glycerol hydrogenolysis process to produce 1,2-PD using in situ hydrogen produced via methanol steam reforming. The utilization of methanol in the crude glycerol from a biodiesel production process as the hydrogen source will avoid the additional cost for transportation and storage of molecular hydrogen, and the safety risks related to the usage of high pressure hydrogen. The catalyst prepared via oxalate gel-coprecipitation method has a smaller particle size and higher acidity resulting in a higher glycerol conversion and 1,2-PD selectivity. The addition of Ni onto a Cu/ZnO/Al2O3-OA catalyst resulted in a lower glycerol conversion due to the loss of Cu surface area and strong acidic sites. However, the 1,2-PD selectivity was improved as Ni was added due to several reasons: first of all the addition of Ni can improve the catalytic activity on the methanol steam reforming reaction to produce more hydrogen for acetol hydrogenation reducing the undesired by-products formation by some acetol condensation reactions; secondly, the loss of Cu surface area and strong acidic sites caused by Ni addition can suppress the glycerol dehydration reaction resulting in a slower rate of acetol yield; the other reason is that Ni improves the catalytic activity for acetol hydrogenation to 1,2-PD.
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Figure 1. Reaction pathway of glycerol hydrogenolysis process using in situ hydrogen produced from methanol steam reforming. 
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Figure 2. NH3 temperature programmed desorption (TPD) profiles for Ni/Cu/ZnO/Al2O3-OA with different amounts of Ni loading (molar). (a) Ni/Cu/Zn/Al (molar) = 5/32.5/32.5/30, (b) Ni/Cu/Zn/Al (molar) = 1/34.5/34.5/30, (c) Cu/Zn/Al (molar) = 35/35/30. Conditions: 5%NH3 balanced by Ar, 120 mg catalyst, temperature ramp 5 °C/min, flow rate 30 mL/min. All traces have been displaced for clarity. 
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Figure 3. H2 TPR profiles for Ni/Cu/ZnO/Al2O3-OA with different amounts of Ni loading (molar). (a) NiO, (b) Ni/Cu/Zn/Al (molar) = 5/32.5/32.5/30, (c) Cu/Zn/Al (molar) = 35/35/30. Conditions: 5%H2 balanced by Ar, catalyst amount: (a) 20 mg, (b,c) 50 mg, temperature ramp 5 °C/min, flow rate 30 mL/min. p value 18–20 K. All traces have been displaced for clarity. 
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Figure 4. Transmission electron microscopy (TEM) images of: (a,b) CuO/ZnO/Al2O3 catalyst prepared via oxalate gel-co-precipitation; (c,d) CuO/ZnO/Al2O3 catalysts prepared via Na2CO3 co-precipitation. Cu/Zn/Al (molar) = 35/35/30. 






Figure 4. Transmission electron microscopy (TEM) images of: (a,b) CuO/ZnO/Al2O3 catalyst prepared via oxalate gel-co-precipitation; (c,d) CuO/ZnO/Al2O3 catalysts prepared via Na2CO3 co-precipitation. Cu/Zn/Al (molar) = 35/35/30.



[image: Catalysts 09 00412 g004]







[image: Catalysts 09 00412 g005 550]





Figure 5. Histograms of the particle size distribution determined by TEM. (a) CuO/ZnO/Al2O3 catalyst prepared via oxalate gel-co-precipitation; (b) CuO/ZnO/Al2O3 catalysts prepared via Na2CO3 co-precipitation. Cu/Zn/Al (molar) = 35/35/30. 
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Figure 6. Thermogravimetric analysis (TGA) profiles for: (a) Cu/ZnO/Al2O3-OA oxalate, Cu/Zn/Al (molar) = 35/35/30; (b) Ni/Cu/ZnO/Al2O3-OA oxalate, Ni/Cu/Zn/Al (molar) = 5/32.5/32.5/30. 
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Figure 7. Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra of CO adsorbed on the reduced catalysts at ambient temperature. Solid: equilibrium pressure of 50 Pa CO; dash: after evacuation. Catalysts: Ni/Cu/ZnO/Al2O3-OA, (a) Ni/Cu/Zn/Al (molar) = 5/32.5/32.5/30, (b) Ni/Cu/Zn/Al (molar) = 1/34.5/34.5/30, (c) Cu/Zn/Al (molar) = 35/35/30. All traces have been displaced for clarity. 
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Figure 8. X-ray diffraction (XRD) patterns for Ni/Cu/ZnO/Al2O3-OA with different amounts of Ni loading (molar). (a) Ni/Cu/Zn/Al (molar) = 5/32.5/32.5/30, (b) Ni/Cu/Zn/Al (molar) = 1/34.5/34.5/30, (c) Cu/Zn/Al (molar) = 35/35/30. ● CuO, ■ ZnO. All traces have been displaced for clarity. 
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Figure 9. Effect of Ni molar contents on: (a) glycerol conversion; (b) 1,2-propanediol (1,2-PD) selectivity; (c) others yield; (d) acetol yield. Conditions: 220 °C, 1.5 MPa N2, 100 g feedstock mixture, 20 wt% glycerol, 32.2 wt% of water and 47.8 wt% methanol (water/methanol molar ratio = 1.2), 3 g catalyst, 500 RPM. Catalysts: Ni/Cu/ZnO/Al2O3-OA with different Ni molar contents. 0% Ni: Cu/Zn/Al (molar) = 35/35/30; 1% Ni: Ni/Cu/Zn/Al (molar) = 1/34.5/34.5/30; 3% Ni: Ni/Cu/Zn/Al (molar) = 3/33.5/33.5/30; 5% Ni:Ni/Cu/Zn/Al (molar) = 5/32.5/32.5/30. 
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Figure 10. Effect of: (a) Number of strong acidic sites; (b) Cu surface area on glycerol conversion and 1,2-propanediol selectivity. Conditions: 220 °C, 1.5 MPa N2, 100 g feedstock mixture, 20 wt% glycerol, 32.2 wt% of water and 47.8 wt% methanol (water/methanol molar ratio = 1.2), 3 g catalyst, 500 RPM, 8 h. 
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Figure 11. Promoting effect of Ni on Cu/ZnO/Al2O3-OA for acetol hydrogenation: (a) acetol conversion; (b) 1,2-PD selectivity. Conditions: 200 °C, 500 RPM, 100 g feedstock mixture, 20 wt% aqueous acetol, 1 g catalyst, H2 pressure 2.8 PMa. With Ni: Ni/Cu/Zn/Al (molar) = 5/32.5/32.5/30, without Ni: Cu/Zn/Al = 35/35/30. 
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Figure 12. Chromatograms of the final sample of: (a) glycerol hydrogenolysis with methanol steam reforming, (b) glycerol hydrogenolysis with insufficient molecular hydrogen added, (c) acetol hydrogenation. All traces have been displaced for clarity. 






Figure 12. Chromatograms of the final sample of: (a) glycerol hydrogenolysis with methanol steam reforming, (b) glycerol hydrogenolysis with insufficient molecular hydrogen added, (c) acetol hydrogenation. All traces have been displaced for clarity.



[image: Catalysts 09 00412 g012]







[image: Table]





Table 1. Effect of Ni on the acidity of Cu/ZnO/Al2O3-OA catalysts.
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Catalysts

	
Number of Acidic Sites

	
Total Acidic Sites




	

	
mmolNH3/g-cat

	
mmolNH3/g-cat






	
Cu/ZnO/Al2O3-Na 1

	
0.04 (107.0–392.0 °C)

	
0.040




	
Cu/ZnO/Al2O3-OA 1

	
0.216 (50.0–290.0 °C)

	
0.347




	

	
0.056 (290.0–470.0 °C)

	




	

	
0.075 (590.0–800.0 °C)

	




	
1% (molar) Ni/Cu/ZnO/Al2O3-OA 2

	
0.198 (50.0–290.0 °C)

	
0.342




	

	
0.072 (290.0–470.0 °C)

	




	

	
0.072 (590.0–800.0 °C)

	




	
5% (molar) Ni/Cu/ZnO/Al2O3-OA 3

	
0.197 (50.0–590.0 °C)

	
0.298




	

	
0.071 (290.0–470.0 °C)

	




	

	
0.030 (590.0–800.0 °C)

	








1 Cu/Zn/Al (molar) = 35/35/30; 2 Ni/Cu/Zn/Al (molar) = 1/34.5/34.5/30; 3 Ni/Cu/Zn/Al (molar) = 5.0/32.5/32.5/30.0.
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