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Abstract

:

Crude glycerol from biodiesel production is a biobased material capable of co-producing biofuels and chemicals. This study aimed to develop a line of Ni catalysts supported on cerium–magnesium (Ce–Mg) to improve the process efficiency of glycerol hydrogenolysis for ethanol and 1,2-propanediol (1,2-PDO). Results showed that catalytic activity was greatly improved by changing the preparation method from impregnation to deposition precipitation (DP), and by adjusting calcination temperatures. Prepared via DP, the catalysts of 25 wt % Ni supported on Ce–Mg (9:1 mol/mol) greatly improved the effectiveness in glycerol conversion while maintaining the selectivities to ethanol and 1,2-PDO. Calcination at 350 °C provided the catalysts better selectivities of 15.61% to ethanol and 67.93% to 1,2-PDO. Increases in reaction temperature and time improved the conversion of glycerol and the selectivity to ethanol, but reduced the selectivity to 1,2-PDO. A lower initial water content led to a higher conversion of glycerol, but lower selectivities to ethanol and 1,2-PDO. Higher hydrogen application affected the glycerol conversion rate positively, but the selectivities to ethanol and 1,2-PDO negatively. A comparison to the commercial Raney® Ni catalyst showed that the Ni/Ce–Mg catalyst developed in this study showed a better potential for the selective co-production of ethanol and 1,2-PDO from glycerol hydrogenolysis.
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1. Introduction


Concerns of long term economic and energy securities, emergence of global warming and climate change have drastically increased the interest globally in utilizing renewable resources to produce fuels and valuable chemicals [1,2,3]. Biodiesel, the renewable alternative of diesel fuel [4], is typically produced from plant oils or animal fats via transesterification with an alcohol, usually methanol, under the aid of a catalyst and appropriate process conditions [4,5,6]. The products are a mixture of fatty acid methyl esters (FAME) or biodiesel, and the byproduct glycerol. Based on the chemical reaction stoichiometry, approximately 10 kg of crude glycerol is produced for 100 kg of oil or fat feedstock.



Biodiesel production has been increased dramatically in the past decade worldwide. For example, biodiesel production in the United States reached 1.568 billion gallons or 5.83 million m3 in 2016 [7], which yielded also approximately 52 million kg of crude glycerol. US EIA has projected that worldwide biodiesel production is to rise to 33 million m3 by 2018 [8], which accounts for approximately 295 million kg of crude glycerol. This byproduct glycerol from biodiesel production led to a huge surplus in glycerol supply, and caused a significant drop in price for both crude and purified glycerol in the past years [7,8,9,10,11]. This development has been seen as an opportunity to utilize glycerol as an inexpensive renewable feedstock for the production of valuable chemicals [12]. Various options are available for the conversion of glycerol into valuable chemicals, which can be achieved through a chemical, biochemical, or thermochemical route [9,10,13].



Depending on the process conditions and catalysts employed in the thermochemical route, glycerol may be converted through pyrolysis, gasification, oxidation, dehydration, or hydrogenolysis [13]. Ethanol, a widely used alternative transportation fuel [14], solvent, raw material in chemical synthesis, and beverage [15], can be produced from glycerol hydrogenolysis or aqueous phase reforming (APR) along with other alcohols, such as 1,3-propanediol (1,3-propylene glycol), 1,2-propanediol (also named 1,2-propylene glycol or 1,2-PDO), propanol, isopropanol, ethylene glycol (EG), and methanol [16,17,18,19,20,21,22,23]. According to the proposed glycerol hydrogenolysis or APR pathway, ethanol may be produced from glycerol with 1,3-propanediol, ethylene glycol, or 1,2-PDO as the intermediates [18,21,22,23]. Only a few studies have reported satisfactory yields of ethanol from glycerol hydrogenolysis or APR using heterogeneous catalysts [17,18,19,20,21,22,23]. However, ethanol yield does not go beyond 40% [18,19,20,21,22,23] with the conditions for optimal ethanol selectivity/yield leading to further hydrogenolysis, generation of degradation/undesired products, decreased overall selectivity towards valuable chemicals, and decreased overall product value [18,19,20,21,22,23].



The co-production of ethanol at sub-optimal selectivity/yield with valuable chemicals, such as 1,2-PDO and EG, presents an interesting alternative as compared to production of ethanol at optimal selectivity/yield. This approach allows optimal utilization of glycerol for the production of valuable hydrogenolysis products, improving atom economy [24] and overall profitability [25] for production of ethanol from glycerol hydrogenolysis. In a previous study, we reported a novel catalyst for the selective co-production of ethanol and 1,2-PDO from glycerol hydrogenolysis using a nickel (Ni) catalyst supported on cerium–magnesium (Ce–Mg) at a 9:1 Ce–Mg molar ratio. Ethanol and 1,2-PDO were co-produced with selectivities of 15.28% and 62.14%, respectively, at a glycerol conversion of 28.63% [20].



Aside from the effect of catalyst composition, the choice of catalyst preparation method, i.e., impregnation (IM), to the deposition precipitation (DP) method, also affects the catalyst activity [26]. Meanwhile, the operating conditions in catalyst applications also potentially affect catalyst activity, as observed previously [20]. The objective of this study was to develop and characterize a line of specialty Ni catalysts supported on Ce–Mg, targeting at the enhanced co-production of ethanol and 1,2-PDO from glycerol through hydrogenolysis. The effects of preparation method (impregnation vs. deposition precipitation) and calcination temperature were studied. The effects of operating parameters in catalyst applications, including reaction temperature, initial water content, hydrogen application rate, and reaction time, on catalyst activity, in terms of the conversion of glycerol and the selectivities to ethanol and 1,2-PDO, are also reported.




2. Results and Discussion


2.1. Catalyst Characterization


2.1.1. Textural Properties


To determine the effects of preparation method and calcination temperature on the textural properties of Ni/Ce–Mg catalysts, Brunauer-Emmett-Teller (BET)-surface area and pore volume were determined by a N2 adsorption–desorption experiment (Table 1). Higher specific surface area (BET Surface) and pore volume, but lower pore diameters, were achieved when the catalysts were prepared by DP as compared to IM. Raising the calcination temperature from 350 °C to 550 °C resulted in a decline of both specific surface area and pore volume, and an increase in pore diameter. These properties remained approximately the same with a calcination temperature increase to 650 °C. These observations are in agreement with others using supported Ni catalysts [27,28] and a DP-prepared zirconia-supported Cu catalyst [26].




2.1.2. XRD Patterns of Ni/Ce–Mg Catalysts


To evaluate the effects of preparation method and calcination temperature on catalyst structure, X-ray diffraction (XRD) patterns were obtained from the activated/reduced Ni catalysts on Ce–Mg (9:1 mol/mol) prepared by IM and calcined at 550 °C, and by DP with calcination at 350 °C, 550 °C, and 650 °C. Figure 1 shows the characteristic XRD patterns of CeO2 (a), NiO (b), MgO (c), 25 wt % Ni/Ce–Mg 9:1 prepared by IM and calcined at 550 °C (d), 25 wt % Ni/Ce–Mg 9:1 prepared by DP and calcined at 650 °C (e), 25 wt % Ni/Ce–Mg 9:1 prepared by DP and calcined at 550 °C (f), and 25 wt % Ni/Ce–Mg 9:1 prepared by DP and calcined at 350 °C (g). The peaks at 28.54–29.06°, 33.06–33.16°, 47.46–47.58°, 56.36–56.42°, 59.08–59.26°, 69.14–69.66°, 76.66–76.88°, and 79.12–79.28° observed for the XRD pattern in Figure 1a,d–g on the 2ϴ scale are attributed to (111), (200), (220), (311), (222), (400), (331), and (420) planes of the cubic CeO2 phase with a fluorite structure (JCPDS card No. 34-0394) [29,30], 37.08–37.80°, 43.26–43.34°, 62.90–63.20°, and 75.40–75.62° observed for the XRD pattern of Figure 1b,d–g on the 2ϴ scale correspond to (111), (200), (220), and (311) planes of the face-centered cubic phase of NiO (JCPDS card No. 47-1049) [31], and 36.80°, 42.66°, 62.22°, 74.66°, and 78.46° observed for the XRD pattern of Figure 1c on the 2ϴ scale correspond to (111), (200), (220), (311), and (222) planes of the face-centered cubic phase of MgO (JCPDS card No. 89-7746) [32,33].



The XRD patterns observed from the catalysts reveal the preservation of the CeO2-support crystal structure [29,30,34,35]. The intensity of the peaks relating to NiO decreased or was not observed in the XRD patterns (Figure 1d–g) with the change of preparation method from IM to DP. This result suggests that NiO, possibly in an amorphous form, is highly dispersed in the catalysts by DP as compared to that by IM [36,37]. A slight shift in peak positions relative to the peaks associated with pure CeO2 was also observed for each catalyst. The shift increased with the change from IM to DP, and decreased with the increase of calcination temperature. This behaviour is likely caused by the formation of a solid solution of NiO–CeO2, MgO–CeO2, or NiO–MgO–CeO2 [36,37].




2.1.3. Temperature Programmed Reduction (H2-TPR)


The reducibility, or change in oxidation state, of the NiO species and metal–support interaction was studied through H2-TPR experiments (Figure 2) [38]. The catalysts were the ones of 25 wt % Ni/Ce–Mg (9:1 mol/mol) prepared by IM and DP and calcined at 350 °C, 550 °C, and 650 °C. The major peaks observed were at 400 °C for the catalyst prepared by IM and calcined at 550 °C, and at 400 °C, 357 °C, and 465 °C, for the DP-prepared catalysts calcined at 550 °C, 350 °C, and 650 °C, respectively. These peaks are likely from the reduction of bulk NiO, while the different peak temperatures are attributed to the interaction strength between NiO and CeO2 support [38,39,40]. The change in preparation method did not alter the peak temperature positions noticeably, suggesting that there was no change in the interaction between the active metal and the support. Raising the calcination temperature on the DP-prepared catalysts shifted the major peaks to higher temperatures, suggesting that the alterations of support properties and strengthening of the Ni–support interaction occurred [38,39,40], as observed in Ni catalysts by others [27,28]. A distinct minor peak in the vicinity of 213 °C was observed with the catalyst prepared by DP and calcined at 350 °C, which could be from the reduction of NiO, which had no or minimal interaction with the support [27].





2.2. Effect of Preparation Method


The catalyst of 25 wt % Ni/Ce–Mg (9:1 mol/mol) by DP provided a higher glycerol conversion at 45.71%, as compared to 28.63%, for the IM-prepared catalyst (Table 2). The improvement in glycerol conversion was likely caused by better dispersion of Ni and Mg onto CeO2, as suggested by the XRD results. The observed increase in surface area and pore volume (Table 1) may also have contributed to improved glycerol conversion. The increases in surface area and pore volume would allow better accessibility for reacting species, given the same amount of catalyst used, which could result in a higher glycerol conversion rate [41]. The selectivities toward 1,2-PDO, ethanol, ethylene glycol (EG), and n-propanol were not altered by the preparation method. Similarly, the peak temperature positions in the H2-TPR results (Figure 2) were not altered by the choice of preparation method. The H2-TPR results suggest that there is no change in the interaction between the active metal and the support, and between the preparation methods of IM and DP. This explains why there was no difference in product selectivity by the catalysts prepared via IM or DP.




2.3. Effect of Calcination Temperature on Ni/Ce–Mg Catalysts Prepared by DP


Comparable glycerol conversions of 43.29% and 45.71% were observed with the catalysts calcined at 350 °C and 550 °C, respectively (Figure 3). Further increasing calcination temperature to 650 °C resulted in a noticeable increase in glycerol conversion to 59.83%. The selectivity to 1,2-PDO was 67.93% for the catalyst calcined at 350 °C, with a decreasing trend for selectivities at higher temperatures. Selectivity to ethanol was virtually unchanged, at 15.61% and 15.26%, respectively, as the calcination temperature increased from 350 °C to 550 °C, but declined to 11.22% with the temperature increase to 650 °C. No n-propanol was detected with the catalysts calcined at 350 °C and 550 °C, but was observed at a selectivity of 0.83% with the catalyst calcined at 650 °C. In terms of selectivity, the catalyst calcined at 350 °C gave the highest overall preference towards ethanol, 1,2-PDO, and ethylene glycol (EG), and thereafter, was used to further study the effects of process conditions.



The differences in activity and selectivity of the catalysts prepared by DP is likely caused by differences in their physical and structural characteristics [27]. Although the catalyst calcined at 350 °C has a higher surface area and a high pore volume, the interaction of Ni with the support is much weaker than that of the catalysts calcined at 550 °C and 650 °C. This combination may have contributed to the improved overall selectivity towards the desired products, with its activity being similar to the catalyst calcined at 550 °C. Catalysts calcined at 550 °C and 650 °C have similar physical properties, but the interaction of Ni and the support is greater for the latter. A stronger metal–support interaction has been shown to improve the metal dispersion and to increase the surface area of Ni catalysts by avoiding agglomeration [27]. In turn, the improved dispersion and increased surface area of Ni catalysts may have contributed to the observed increase in glycerol conversion. Catalyst calcination at different temperatures may have altered support properties as indicated by the shifts of reduction peaks (Figure 2) and the slight shifts in XRD peaks (Figure 1), which may lead to slight differences in product selectivities.



Legend: solid lines for glycerol conversion and product yields, dashed lines for product selectivity, (○) glycerol conversion, (◇) ethanol, (□) n-propanol, (Δ) 1,2-PDO. Error bars are based on the average values of duplicate experimental data.




2.4. Effect of Reaction Temperature


Glycerol conversion increased from 27.57%, 43.29%, and to 68.87%, when temperature was raised from 200 °C, 215 °C, and to 230 °C, respectively (Figure 4). The selectivity to 1,2-PDO was maintained in the range of 60–68% with the increase of operating temperature from 200 °C to 215 °C, but declined to 47.57% at 230 °C. The selectivity to ethanol increased from 9.99%, 15.61%, and to 19.02%, at 200 °C, 215 °C, and 230 °C, respectively. The quantity of n-propanol was only detectable at 230 °C with a low selectivity of 2.36%.



Legend: solid lines for glycerol conversion and product yields, dashed lines for product selectivity, (○) glycerol conversion, (◇) ethanol, (□) n-propanol, (Δ) 1,2-PDO. Error bars are based on the average values of duplicate experimental data.



The increase in glycerol conversion with temperature may have resulted from the enhanced energy intensity at higher temperatures for the reactions to occur, especially the dehydration reaction in glycerol hydrogenolysis. Better selectivity to 1,2-PDO at 200–215 °C was potentially caused by the balance between dehydration and hydrogenation reactions, since dehydration is favored at higher temperatures and hydrogenation at lower temperatures [42]. The decline in 1,2-PDO selectivity at 230 °C may have been caused by its further hydrogenolysis, which is evidenced by the higher ethanol and n-propanol contents in the system [18,19,20,21,22,23]. Similar trends were observed when using the Ni catalysts on SiO2 or Al2O3 for glycerol hydrogenolysis [18]. Although a higher selectivity to ethanol was observed at 230 °C, glycerol hydrogenolysis at 215 °C has better potential for ethanol production, due to the fact that it has much higher selectivity towards 1,2-PDO, and a much lower selectivity towards n-propanol, and thus, a better overall efficiency in the conversion of glycerol to desirable hydrogenolysis products.




2.5. Effect of Water Content


Water is typically present as an impurity in crude glycerol, with its quantity depending on the biodiesel production process employed [43]. In addition, glycerol is known to be hygroscopic in nature, and likely contains water in some amount [12]. As reported in our previous study, water plays a beneficial role in thermochemical conversion of glycerol to value-added products [44]. Therefore, water was included in the reaction system in this study. The effect of water content on the catalytic activity of 25 wt % Ni/Ce–Mg (9:1 mol/mol) catalysts prepared by DP, was investigated by varying the water content from 0 to 40 wt % (Figure 5).



Glycerol conversion declined from 80.14%, 64.18%, and to 43.29% upon an increase in water content from 0, 20, and to 40 wt %, respectively. The selectivity of 1,2-PDO was maintained at the level of 56–58%, with a water content in the range of 0–20 wt %, then improved to 67.93% when the water content was increased to 40 wt %. The selectivity to ethanol improved from 11.76%, 13.61%, and to 15.61%, with an increase in water content from 0 wt %, 20 wt %, and to 40 wt % in the initial reaction mixture, respectively. Meanwhile, the selectivity to n-propanol production was low. It was 1.37%, 1.10%, and 0%, with initial water contents of 0 wt %, 20 wt %, and 40 wt %, respectively, in the reaction mixture.



The decline in glycerol conversion with the increase in water content may be due to the dilution effect of water as a solvent and its inhibition to hydrogenolysis. Since water is a by-product in the hydrogenolysis of glycerol, its presence favors the reverse reaction of dehydration, thereby inhibiting hydrogenolysis [45,46]. At a lower water content, 1,2-PDO and ethanol selectivities declined, which may have resulted from the degradation or polymerization of these products [47,48,49]. The decrease in ethanol selectivity may also be caused by an increase in n-propanol production at lower water contents, which competes with the subsequent ethanol production. The production of n-propanol from glycerol requires the dehydration of two water molecules. The presence of excess water did not favor such a reaction, as observed by the decrease in selectivity to n-propanol as water content increased.



Legend: solid lines for glycerol conversion and product yields, dashed lines for product selectivity, (○) glycerol conversion, (◇) ethanol, (□) n-propanol, (Δ) 1,2-PDO. Error bars are based on the average values of duplicate experimental data.




2.6. Effect of Initial Hydrogen Pressure


Increasing the initial H2 pressure in the system improved, slightly, the conversion of glycerol and the selectivity of n-propanol, but caused reductions in selectivities of 1,2-PDO and ethanol (Table 3). Because hydrogen is a reactant in hydrogenolysis, increasing the initial hydrogen pressure in the enclosed batch process increased the initial amount of hydrogen available. The presence of excess hydrogen may favour hydrogenolysis with a preference for glycerol utilization and n-propanol production. The increase in glycerol utilization and n-propanol production, however, may inhibit or reduce ethanol production. The decline in 1,2-PDO selectivity may have resulted from the increase in n-propanol and ethylene glycol (EG) production [18].




2.7. Effect of Reaction Time


It was proposed that the formation of ethanol in the hydrogenolysis is from the conversion of intermediates such as 1,2-PDO [44]. To verify this, experiments were conducted to investigate whether ethanol yield could be improved by extending the reaction time. Results showed that glycerol conversion and ethanol selectivity are both improved as the reaction time was extended from 24 h to 48 h. Meanwhile, 1,2-PDO selectivity declined, which was assumed to be the result of further hydrogenolysis, as evidenced by the increase in ethanol and n-propanol selectivities. These results are in agreement with previous studies, in which 1,2-PDO is considered a precursor for ethanol and propanol production [17,18,19,20,21,22,23,44].




2.8. Comparison with Raney® Ni Catalyst


The catalytic activity of the 25 wt % Ni/Ce–Mg (9:1 mol/mol) catalyst prepared by DP and calcined at 350 °C was compared to a commercial Raney® Ni (Ni ≥ 89%; 6–9% Al) catalyst (Table 4), which is known to catalyze selectively for glycerol hydrogenolysis to 1,2-PDO and ethanol [17,44]. The conditions were chosen to get similar glycerol conversions and allow direct comparison on the catalyst performance. Similar glycerol conversions were achieved when 5 g of catalyst was reacted for 6 h, as compared to 10 g of the 25 wt % Ni/Ce–Mg (9:1 mol/mol) catalyst reacted for 24 h, which showed Raney® Ni’s superior activity in terms of rate of conversion [44]. However, it was observed that the catalyst developed in this study led to higher 1,2-PDO, ethanol, and overall selectivity towards desired hydrogenolysis products at all temperatures tested. The results suggest that the catalyst developed in this study has good potential for the selective co-production of ethanol and 1,2-PDO from glycerol hydrogenolysis.





3. Experimental Section


3.1. Materials


The precursor chemicals used for catalyst preparation included Ni(NO3)2·6H2O (98%) from Alfa Aesar (Ward Hill, MA, USA), Mg(NO3)2·6H2O from Ward’s Science (Rochester, NY, USA), and CeO2 from Acros Organics (NJ, USA). The precipitating agent in catalyst preparation was Na2CO3. De-ionized (DI) water was used in the preparation of catalysts and the aqueous reactant mixture with glycerol in catalyst evaluation. Glycerol (>99.5%) for catalyst evaluation was obtained from Macron Fine Chemicals (Avantor, Center Valley, PA, USA). Standard chemicals that were used as internal references for GC analysis included ethanol (USP grade) from Pharmco (Mount Vernon, WA, USA); methanol (99.8%), acetone (HPLC grade), and isopropyl alcohol (99.99%) from EMD Chemicals (Gibbstown, NJ, USA); n-propanol (99.7%), n-butanol (99.8%), and hydroxyacetone (90%) from Sigma-Aldrich (St. Louis, MO, USA); ethylene glycol (100%) from J.T. Baker (Center Valley, PA, USA); and 1,2-PDO (99.5%) from Alfa Aesar (Ward Hill, MA, USA). The commercial catalyst of Raney® Ni, used for comparison of catalyst activities, was obtained from Aldrich Chemistry (St. Louis, MO, USA).




3.2. Catalyst Preparation


Catalysts were prepared by either the impregnation method (IM) or the deposition precipitation method (DP) as commonly reported in the literature [26]. Impregnation was carried out in a 400 mL glass beaker by adding Ni(NO3)2·6H2O (50.54 g), Mg(NO3)2·6H2O (4.84 g), and CeO2 (29.24 g) to DI water (250 mL), under stirring, for at least 24 h. The resulting slurry was then heated to evaporate water, until the precipitate was visibly dry [20]. The precipitate was further dried in an oven at 60 °C for at least 48 h prior to calcination. Calcination of the precipitate was achieved by loading the dried precipitate into a muffle furnace at 550 °C for 4 h. The calcined precipitate was then crushed into a powder of approximately 100–200 mesh in a mortar before being loaded in the reactor for pre-reduction/activation. Complete reduction of the catalysts was carried out at 200 °C for 4 h under 5.2 MPa of H2 gas in an enclosed pressure reactor (300 mL; Parr Instrument, Moline, IL, USA).



Deposition precipitation was carried out in a 2 L glass beaker by adding Ni(NO3)2·6H2O (50.54 g), Mg(NO3)2·6H2O (4.84 g), and CeO2 (29.24 g) to DI water (400 mL) under stirring for approximately 1 h. Precipitation was then achieved by adding, dropwise, the 1.5 M Na2CO3 solution (1 L) to the above prepared mixture. After being aged for at least 24 h prior to filtration, the solid precipitate was filtered out using Whatman® filter paper (#202) with a pore size of 15–19 μm. After filtration, the precipitate was washed thoroughly with at least 4 L of DI water. The washed precipitate was then dried in a 60 °C oven for at least 48 h prior to calcination. Calcination was achieved by loading the dried precipitate into a muffle furnace heated at the desired temperatures for 4 h. The calcined precipitate was then crushed into a powder in a mortar before pre-reduction/activation. Complete reduction of the catalyst was carried out in the same way as mentioned above.




3.3. Catalyst Characterization


X-ray diffraction (XRD) scans of catalyst samples were conducted on a Siemens D5000 theta-theta diffractometer (Siemens/Bruker Corp., Billerica, MA, USA) using Cu κ-α radiation (1.54 Å) from 2 to 80° 2Ɵ at 0.02°/step and 1 s/step scan rate. Nitrogen adsorption–desorption experiments were recorded by a Micromeritics TriStar II 3020 Automatic Physisorption Analyzer (Norcross, GA, USA). Before the adsorption analysis, catalyst samples were degassed under vacuum at 300 °C for 1 h. The Brunauer–Emmett–Teller (BET) surface area was obtained using the BET model. H2 temperature-programmed reduction (H2-TPR) was conducted on a Micromeritics AutoChem II 2920 Chemisorption Analyzer (Norcross, GA, USA) equipped with a thermal conductivity detector (TCD). Approximately 50 mg of catalyst sample was loaded in a U-shaped quartz reactor, pretreated by flowing He (50 sccm) at 200 °C for 1 h, then cooled to 50 °C before the sample chamber was purged until a stable baseline was reached. The H2-TPR was then started by ramping the temperature up to 600 °C at a rate of 10 °C/min under a flowing H2–Ar (10% H2) mixture at 50 sccm.




3.4. Catalytic Activity Testing


To test the activities of the catalysts developed in this study, glycerol hydrogenolysis was carried out in an enclosed pressure reactor (300 mL; Parr Instrument, Moline, IL, USA). Preset amounts of glycerol, DI water, and catalyst were charged into the reactor in preparation for testing. The reactor was flushed with H2 at least three times to remove residual air from the headspace, then pressurized with H2 to the desired initial pressure before being heated to the preset temperature. Agitation was supplied when the temperature was 30–40 °C lower than the preset temperature and noted as the starting time for reaction. After the designated reaction time, the reactor was quenched in a water bath to approximately 15 °C, prior to gas venting and liquid sampling. The liquid products were analyzed using a gas chromatograph (Agilent 6890N; Agilent Technologies, Santa Clara, CA, USA) equipped with a flame ionization detector (FID) and DB wax column (30 m long, 0.32 mm inside diameter, and 0.5 μm film thickness) [20].



The results of catalyst effectiveness testing were reported by glycerol conversion (mol %), selectivity towards a specific product (mol %), and yield of a specific product (mol %).



Glycerol conversion (C, mol %) was computed as


   C    (  mol   %  )    =      G c     G i      ×   100   =       Gi − G  f     G i      ×   100   








where: Gc is the moles of glycerol converted, Gi moles of glycerol before reaction, and Gf moles of unreacted glycerol after reaction.



Selectivity towards a specific product (Si, mol %) was computed as


    S i  ( mol   % )   =      P i     G c      ×   100   








where Pi is the moles of a specific product after reaction.



Yield of a specific product (Yi, mol %) was computed as:


    Y i  ( mol   % )   =      S i    ×   C   100     













4. Conclusions


The change in preparation method for 25 wt % Ni/Ce–Mg (9:1 mol/mol) catalysts from impregnation to DP resulted in higher catalytic activity, while retaining similar levels of ethanol and 1,2-PDO selectivities. The increase in calcination temperature for the catalysts prepared by DP from 350 °C to 650 °C improved glycerol conversion, but reduced selectivities for 1,2-PDO and ethanol. An increase in the reaction temperature from 200 °C to 230 °C improved glycerol conversion and selectivities for ethanol and propanol production. Among the temperatures tested, the highest 1,2-PDO selectivity reached 67.93% at 215 °C. The combined selectivity for 1,2-PDO and ethanol was favored at 215 °C, reaching 83.54%. An increase in initial water content reduced glycerol conversion, but improved selectivities for 1,2-PDO and ethanol production. Increasing hydrogen initial pressure from 6.9 MPa to 8.6 MPa improved glycerol conversion, however, the selectivities to ethanol and 1,2-PDO production were reduced. Extension of reaction time from 24 h to 48 h increased glycerol conversion and selectivities to ethanol and n-propanol, while decreasing the selectivity to1,2-PDO. A comparison on the catalytic activity to the commercial Raney® Ni catalyst revealed that the Ni/Ce–Mg catalyst developed in this study has a better potential for co-production of ethanol and 1,2-PDO from glycerol hydrogenolysis in the temperature range of 200–230 °C.
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Figure 1. XRD patterns of (a) CeO2, (b) NiO, (c) MgO, (d) Ni/Ce–Mg prepared by IM and calcined at 550 °C, (e) Ni/Ce–Mg by DP at 650 °C, (f) Ni/Ce–Mg by DP at 550 °C, and (g) Ni/Ce–Mg by DP at 350 °C. The Ce–Mg molar ratios are 9:1 for all Ni/Ce–Mg catalysts. 
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Figure 2. H2-TPR profiles of the catalysts of 25 wt % Ni/Ce–Mg (9:1 mol/mol), (a) by impregnation and calcined at 550 °C, (b) by DP and calcined at 550 °C, (c) by DP and calcined at 350 °C, and (d) by DP and calcined at 650 °C. 
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Figure 3. Effect of calcination temperature on the activity of 25 wt % Ni/Ce–Mg (9:1) catalysts prepared by DP. Reaction conditions: reactant 100 g (60 wt % glycerol in H2O), 10 g catalyst, hydrogen initial pressure pH2 = 6.9 MPa, reaction temperature T = 215 °C, and reaction time t = 24 h. 
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Figure 4. Effect of reaction temperature on the activity of 25 wt % Ni/Ce–Mg (9:1 mol/mol) catalysts prepared by DP and calcined at 350 °C. Reaction conditions: reactant 100 g (60 wt % glycerol in H2O), 10 g catalyst, hydrogen initial pressure pH2 = 6.9 MPa, and reaction time t = 24 h. 
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Figure 5. Effect of initial water content on the activity of 25 wt % Ni/Ce–Mg (9:1 mol/mol) catalysts prepared by DP and calcined at 350 °C. Reaction conditions: reactant 60 g glycerol, 10 g catalyst, hydrogen initial pressure pH2 = 6.9 MPa (initial), and reaction time t = 24 h. 
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Table 1. Textural properties of catalysts prepared by different methods.
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Preparation Method a

	
Calcination Temp. (°C)

	
BET Surface (m2/g)

	
Pore Volume b (cm3/g)

	
Pore Diameter c (nm)






	
Impregnation (IM)

	
550

	
8.08

	
0.0521

	
27.1




	
Deposition Precipitation (DP)

	
550

	
27.33

	
0.0879

	
10.2




	
650

	
27.78

	
0.0832

	
10.4




	
350

	
70.78

	
0.0973

	
4.6








a All catalysts are 25 wt % Ni on Ce–Mg with a Ce–Mg molar ratio of 9:1. b Barrett–Joyner–Halenda (BJH) Adsorption cumulative pore volume. c BJH Adsorption average pore width.
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Table 2. Effect of preparation method on the activity of Ni/Ce–Mg catalysts a,b.
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Preparation Method

	
Conversion (mol %)

	
Ethanol

	
EG

	
n-Propanol

	
1,2-PDO

	
Others




	
S

	
Y

	
S

	
Y

	
S

	
Y

	
S

	
Y

	
S




	
AE b

	
AE

	
AE

	
AE

	
AE




	
RE

	
RE

	
RE

	
RE

	
RE






	
Impregnation (IM)

	
28.63

	
15.28

	
4.38

	
5.34

	
1.53

	
ND

	
ND

	
62.14

	
17.79

	
17.25




	
0.48

	
0.41

	
0.17

	
-

	
1.55




	
1.68

	
0.68

	
3.18

	
-

	
2.49




	
Deposition Precipitation (DP)

	
45.71

	
15.26

	
6.98

	
5.76

	
2.63

	
ND

	
ND

	
63.64

	
29.09

	
15.34




	
2.26

	
0.57

	
0.36

	
-

	
4.28




	
4.94

	
3.74

	
6.25

	
-

	
6.72








a All catalysts are 25 wt % Ni on Ce–Mg with a Ce:Mg molar ratio of 9:1 calcined at 550 °C. Catalyst testing conditions: reactant 100 g (60 wt % glycerol in H2O), 10 g catalyst, initial hydrogen pressure pH2 = 6.9 MPa, reaction temperature T = 215 °C, and reaction time t = 24 h. b Abbreviations: S—selectivity of product (mol %), Y—yield of product (mol %), ND—none detected, AE—Absolute Error = (measured value − average value), RE—Relative Error (%) = (AE/average value) × 100.













[image: Table] 





Table 3. Effect of initial hydrogen pressure and time a.
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Conditions b pH2 (MPa); Time (h)

	
Conversion

(mol %)

	
Ethanol

	
EG

	
n-Propanol

	
1,2-PDO

	
Others




	
S

	
Y

	
S

	
Y

	
S

	
Y

	
S

	
Y

	
S




	
AE

	
AE

	
AE

	
AE

	
AE




	
RE

	
RE

	
RE

	
RE

	
RE






	
6.9; 24

	
43.29

	
15.61

	
6.75

	
6.80

	
2.94

	
ND

	
ND

	
67.93

	
29.41

	
9.66




	
1.53

	
1.02

	
0.54

	
-

	
5.6




	
3.53

	
6.53

	
7.94

	
-

	
8.24




	
8.6; 24

	
51.40

	
12.40

	
6.38

	
7.38

	
3.80

	
0.73

	
0.38

	
64.12

	
33

	
15.37




	
1.66

	
0.04

	
0.3

	
0.01

	
1.50




	
3.23

	
0.32

	
4.07

	
1.37

	
2.34




	
8.6; 48

	
75.64

	
15.43

	
11.68

	
7.30

	
5.53

	
1.34

	
1.02

	
60.81

	
46.0

	
15.12




	
1.93

	
0.65

	
0.08

	
0.07

	
0.36




	
2.55

	
4.21

	
1.10

	
5.22

	
0.59








a Reaction conditions: reactant 100 g (60 wt % glycerol in H2O), 25 wt % Ni/Ce–Mg (9:1 mol/mol) catalyst prepared by DP and calcined at 350 °C, reaction temperature 215 °C. b pH2—initial hydrogen pressure at room temperature, WC—water content, ND—not detected, AE—Absolute Error (%) = (measured value − average value), RE—Relative Error (%) = (AE/average value) × 100.
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Table 4. Catalyst activity comparison of Ni/Ce–Mg catalyst with Raney® Ni a,b,c.
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Catalyst

	
T

(°C)

	
Conversion (mol %)

	
Ethanol

	
EG

	
n-Propanol

	
1,2-PDO

	
Others




	
S

	
Y

	
S

	
Y

	
S

	
Y

	
S

	
Y

	
S




	
SD

	
SD

	
SD

	
SD

	
SD




	
CV

	
CV

	
CV

	
CV

	
CV






	
Ni/Ce–Mg

	
200

	
27.57

	
9.99

	
2.75

	
5.77

	
1.59

	
ND

	
ND

	
60.87

	
16.78

	
23.37




	
0.46

	
1.06

	
0.17

	
-

	
3.49




	
1.66

	
9.95

	
2.84

	
-

	
5.54




	
215

	
43.29

	
15.61

	
6.75

	
6.80

	
2.94

	
ND

	
ND

	
67.93

	
29.41

	
9.66




	
2.58

	
1.76

	
0.85

	
-

	
5.41




	
5.80

	
10.70

	
11.72

	
-

	
7.93




	
230

	
68.87

	
19.02

	
13.10

	
6.80

	
2.94

	
2.36

	
1.63

	
47.57

	
32.76

	
22.62




	
0.62

	
1.31

	
0.15

	
0.16

	
1.76




	
0.91

	
7.18

	
2.55

	
6.34

	
3.63




	
Raney® Ni

	
200

	
31.00

	
4.59

	
1.42

	
52.80

	
16.39

	
ND

	
ND

	
22.34

	
6.93

	
20.27




	
1.09

	
0.41

	
1.89

	
-

	
0.36




	
3.50

	
8.93

	
3.57

	
-

	
1.59




	
215

	
49.40

	
9.07

	
4.48

	
34.73

	
17.16

	
0.76

	
0.38

	
26.15

	
12.92

	
29.9




	
1.34

	
0.26

	
1.33

	
0.01

	
0.60




	
2.72

	
2.82

	
5.73

	
1.29

	
2.29




	
230

	
67.46

	
11.43

	
7.71

	
18.63

	
12.57

	
1.19

	
0.80

	
26.70

	
18.01

	
42.05




	
2.62

	
0.33

	
1.73

	
0.04

	
0.34




	
3.88

	
2.85

	
9.28

	
3.66

	
1.29








a The Ni/Ce–Mg was prepared with 25 wt % Ni on the Ce–Mg support with a Ce–Mg molar ratio of 9:1 by DP and calcined at 350 °C. b Reaction conditions: feed 100 g (60 wt % glycerol in H2O), initial hydrogen pressure pH2 = 6.9 MPa. Raney® Ni catalyst of 5 g was used with t = 6 h, while for Ni/Ce–Mg catalyst of 10 g was used with t = 24 h. c S—selectivity of product (mol %), Y—yield of product (mol %), SD (%) = absolute value of the standard deviation (%), CV = Coefficient of Variation (%) = (SD/Average value) × 100.
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