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Abstract

:

Valorization of lignin into aromatics has driven researchers for decades. In this research, niobium was deposited on oyster shells (OSNC) and carbon rods (CRNC) and tested as a catalyst for depolymerization of lignin. Catalysts (2%, 5%, and 8% loading) were synthesized via wet impregnation. Batch experiments were performed at 95 °C, using 8 g of lignin, and 1 g of catalyst. Our research indicates that niobium supported catalysts are effective in partial oxidation of lignin. Maximum vanillin concentration for OSNC was found to be 86.25 mg L−1 (0.1 wt%) at 5% niobium whereas, as for CRNC, maximum vanillin concentration was found to be 139.40 mg L−1 (0.17 wt%) at 2% niobium loading. Addition of hydrogen peroxide into the batch reactor decreased the concentration of vanillin production.
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1. Introduction


Use of lignocellulosic feedstocks as precursors for the production of chemicals and value-added products have generated a significant interest lately [1,2,3,4,5]. Depolymerization of lignin into value-added aromatics is one of the most important routes in biomass deconstruction [6]. Lignin is an excellent precursor for the synthesis of aromatic chemicals [3]. However, due to its complex nature, it is challenging to effectively depolymerize lignin into low molecular weight compounds [7]. Hence, most of the industrial lignin produced in the world is combusted for heat production [8,9].



Lignin is biosynthesized via oxidative coupling of monomers, i.e., sinapyl alcohol, coniferyl alcohol, and p-coumaryl alcohol, into a branched polymer [10]. It may be noted that the structure of lignin and its monomers depend on the plant type. The complexity of lignin structure arises from cross-coupling of monomers with other phenolic units. Lignin inter-unit linkages, mainly β-O-4, β-β, β-5, 5-5, and 5-O-4 are the C–O and C–C bonds. Their abundance may vary depending on the plant type, with β-O-4 being the most common linkage. However, despite the recalcitrant nature of lignin, its structural and chemical properties can be exploited to convert lignin into useful chemicals.



Many researchers studied lignin model compounds to understand its cleavage mechanism and parameters affecting its degradation, subsequently extending the application to whole lignin [11]. Several degradation methods including thermal, chemical, and biochemical conversion of lignin have been proposed to produce an array of chemicals. However, oxidative pathways can yield some of the fine chemicals such as simple aldehydes (vanillin, syringaldehyde, p-hydroxybenzaldehyde) or acids, such as vanillic acid and syringic acid [10,12,13].



Several reports are available in the literature focused on lignin oxidation using hydrogen peroxide, oxygen, and other chemical oxidants in the presence or absence of a catalyst. Crestini et al. [14] employed CH3ReO3 as a catalyst and H2O2 as an oxidant at room temperature for oxidation of lignin model compounds, sugar cane lignin, and red spruce kraft lignin. Their study indicated that hydrolytic sugarcane lignin, red spruce kraft lignin, and hardwood organosolvent lignin produced aliphatic OH, syringol OH, guaiacyl OH, p-hydroxy phenyl OH, and COOH with yields ranging from 0.29% to 1.51%. Similarly, Herrmann et al. [15] also used CH3ReO3 catalyst in the presence of H2O2 for oxidation of trans-ferulic acid and isoeugenol at 60 °C for 10 h to produce vanillin. Sales and co-workers [16] investigated the effect of Pd/Al2O3 (2.85 wt%) as a catalyst for oxidation of lignin derived from sugarcane bagasse in presence of O2 in slurry and continuous fluidized bed reactors. Experimental results indicated that 0.56 g of vanillin and 0.50 g of syringaldehyde were produced from 60 g L−1 of lignin at 120 °C and 5.00 bar pressure (after 2 h of reaction) from the batch reactor and 6.5 g vanillin and 11.4 g of syringaldehyde were obtained (from 30 g L−1 of lignin) from fluidized bed reactors from under identical operating conditions. Additionally, catalytic oxidation of lignin into chemicals in various solvents and metal oxides including Ni, Co, V, Cu, and Fe as catalysts in the presence of various oxidizing agents have been successfully tested [2].



Oxidation of lignin into desired chemicals requires a selective catalyst that would minimize secondary oxidation reactions. One such selective catalyst is niobium. Application of niobium as an effective and selective catalyst for several oxidation reactions has been well documented [17,18,19]. Rooke et al. [18] used hierarchically-porous Nb2O5 and Ta2O5 materials as supports to deposit Pd for the oxidation of toluene. Similarly, niobium oxide was tested as a catalyst for aldol condensation of acetone to produce mesytilene and acetic acid [19]. Further, niobium compounds are also known to exhibit the characteristics of support and promoter. When supported on other oxides, niobium compounds significantly increase the catalytic activity [20,21,22]. In addition, niobium oxide also acts as a strong Lewis acid and can stabilize oxidative cation species [23,24,25]. As a result, supported niobium catalysts have been employed in hydrogenation, methylisobutyl ketone synthesis, metathesis, and hydrotreating reactions [20]. However, there is no scientific data on the activity of supported niobium catalysts for lignin oxidative degradation. Considering the selectivity of niobium compounds, it is hypothesized that niobium-supported catalysts can depolymerize lignin. In this research, oyster shell and carbon rods, both inexpensive precursors, were selected as catalyst supports because of their ability to support impregnation of metals on their surfaces and easy availability. In the United States alone, about 35 million pounds of oysters are produced [26], of which approximately 30 million tons of oyster shell waste [27] are generated that could be valorized. In addition, oyster shells are rich in calcium and possess high structural integrity needed to serve as catalyst supports. As a result, oyster shells were previously investigated as support for impregnation of KI for use in transesterification [28]. Additionally, [29] employed oyster shell powder as catalyst support for dispersing Cu catalyst for production of synthesis of 1,2,3-triazoles. Similarly, supported-carbon catalysts have been used by several researchers for a variety of applications, including oxidation reactions [30,31]. Thus, niobium impregnated on an oyster shell and carbon rods were synthesized as catalysts for use in lignin oxidation.




2. Materials and Methods


2.1. Materials


Oyster (eastern oyster, Crassostrea virginica) shells were procured from a local restaurant in Raleigh, NC. Solid niobium oxalate (C10H5NbO20), alkaline lignin (Kraft), were purchased from Alfa Aesar, Inc. (Tewksbury, MA, USA) and Tokyo Chemical Industry Inc. (Tokyo, Japan). Methylene chloride (99.99%), carbon rods, and hydrogen peroxide (50% v/v) were procured from Fisher Scientific, Inc. (Hampton, NH, USA) Standards for calibration (4-hydroxy-3-methoxybenzaldehyde (99%) and 4-hydroxy-3-methoxyacetophenone (98%)) were obtained from Acros Organics USA (Morris, NJ, USA).




2.2. Catalyst Synthesis


Oyster shells were washed thoroughly with water and calcined at 400 °C for 2 h. After calcination, shells were broken to the size of 1–2 mm using a hand hammer. Broken shells were then treated with 2%, 5%, and 8% niobium oxalate in an aqueous solution of oxalic acid (11 wt%), Subsequently, the niobium-impregnated shells were recalcined at 1000 °C for 4 h and were named as oyster shell-supported niobium catalyst (OSNC) (Figure 1A). Similarly, carbon rod-supported niobium catalysts (CRNC) were prepared by impregnating 2%, 5%, and 8% niobium oxalate (as described above) and calcining the niobium–impregnated shells at 200 °C for 5 h (Figure 1B).




2.3. Catalyst Testing and Analytical Methods


Catalytic oxidation experiments were carried out in batch reactors. Briefly, 100 mL of aqueous solutions (8 g 100 mL−1 of lignin, 1 g 100 mL−1 of catalyst) were added to 500-mL three-neck glass reactors. The contents of the reactor were mixed at 150 rpm and heated to a temperature of 95 °C on a thermocouple equipped process-controlled hot plate (IsoTemp, Fisher Scientific, Waltham, MA, USA), capable of maintaining the temperatures within ±5 °C. Control experiments were performed with oyster shells and carbon rods without catalyst deposition. To determine the effect of the oxidant, experiments were performed by adding 0.5 mL 100 mL−1 of H2O2 to the batch experiments. For OSNC, experiments were conducted for 60 min whereas, for CRNC, experiments were extended for 180 min. Samples (1.5 mL) from the reactor were collected periodically, at 10 min-intervals and 20 min-intervals for OSNC and CRNC, respectively. Subsequently, liquid-liquid extraction was performed using methylene chloride (2.5 mL) in order to extract phenolic compounds and the extracted samples were stored at 4 °C for further analysis. The liquid extracted samples were analyzed via an Agilent gas chromatograph (7890A)-MS (Agilent Technologies, 5975C, Santa Clara, CA, USA) coupled with a DB-5 MS UI column (30 m × 0.25 mm × 0.25 µm) with UHP helium as the carrier gas (1.2 mL min−1). For sample analysis and quantification, the oven temperature was manipulated as follows: 100 °C for 1 min, followed by a temperature increase of 20 °C min−1 until the temperature reached 200 °C, and 15 °C min−1 until the temperature reached 270 °C and held for 1 min. The injector and detector were set to 300 °C and the split ratio was set to 150:1. Calibration curves were prepared using pure vanillin and acetovanillone obtained from Acros Organics USA. All experiments were performed in duplicate.





3. Results and Discussion


3.1. Catalyst Testing and Oxidation Products


Product analysis and quantification were performed using a gas chromatogram attached to a mass spectroscope. Identified products were vanillin, acetovanillone and homovanillic acid (Figure 2). Concentrations and conversion of vanillin for OSNC at 2%, 5%, and 8% loading were 40.08 mg L−1 (0.05 wt%), 86.25 mg L−1 (0.1 wt%) and 39.01 mg L−1 (0.05 wt%), respectively. However, for the same catalyst loading, when hydrogen peroxide (0.5 mL) was introduced to the system, the concentrations were 37.63 mg L−1 (0.04 wt%), 34.53 mg L−1 (0.04 wt%), and 36.77 mg L−1 (0.04 wt%), respectively. Similarly, for CRNC, concentrations of vanillin at 2%, 5%, and 8% loading were 139.40 mg L−1 (0.17 wt%), 95.97 mg L−1 (0.1 wt%), and 75.16 mg L−1 (0.09 wt%), respectively, and 88.18 mg L−1 (0.1 wt%), 86.78 mg L−1 (0.1 wt%), and 84.75 mg L−1 (0.1 wt%), respectively, with the addition of hydrogen peroxide.




3.2. Oyster Shell-Supported Niobium Catalyst


Oyster shell was employed as a support to deposit niobium oxalate to synthesize OSNC. Figure 3A, B illustrates the effect of catalyst loading on the concentration of vanillin and acetovanillone respectively. Catalyst with 5% loading provided the highest concentration of 86.25 mg L−1 (0.1 wt%) at 10 min. However, further prolongation of the reaction decreased the concentration of products whereas after 10 min of reaction time at 2% and 8% of niobium loading showed little or no change in concentrations of vanillin and acetovanillone. The highest concentration of 9.50 mg L−1 (0.01 wt%) acetovanillone was achieved at 8% loading and for a reaction time of 10 min. At 2% loading, vanillin concentration was found to be lower than vanillin concentration obtained at 5% loading, probably because of an inadequate amount of niobium species required for the reaction. On the other hand, at 8% loading, the concentration of vanillin was lower than that of at 2% loading, perhaps because excess niobium particles may have blocked the pores on the catalyst surface, thereby lowering the product formation. It may also be possible that strong metal-oxygen bond strength may have decreased the activity of the catalyst. The oxidation trend with niobium oxide supported oyster shell catalysts are similar to those obtained by other researchers. For example, Villar et al. [32] investigated oxidation (with oxygen) of hardwood kraft lignin under alkaline conditions using CuSO4, CoCl2, and Co(II) salen catalysts and reported that the yields of aldehydes did not increase when copper (II) and cobalt (II) loading increased perhaps due to subsequent oxidation of the reaction products.



The yields obtained in our research were lower than those reported by other researchers. For example, De Gregorio et al. [33] employed vanadium-based polyoxometalate as a catalyst in the presence of ionic liquid (IL) 1-butylimidazolium hydrogensulfate. The reported product yields for vanillin, syringaldehyde, and guaiacol were 0.055% with respect to lignin. Similarly, Rodrigues and co-workers [34] investigated the oxidative conversion of four softwood and three hardwood lignins in an alkaline medium in presence of molecular oxygen. Vanillin yield from the softwoods were 3.1% to 4.4% with respect to lignin, while hardwood lignin yielded 1.2% of vanillin and 2.5% of syringaldehyde. The yields obtained in our research were lower than those obtained by other researchers perhaps due to the absence of alkaline medium and a suitable solvent, as employed in the aforementioned studies. It may be noted that we did not use any NaOH or ionic liquids to dissolve lignin in our research. Addition of either of these reagents may enhance product yields when used with niobium catalysts. Moreover, from Figure 3A, it is evident that around 60 min, vanillin concentration was essentially approaching zero, which may be due to oxidation of vanillin to other products which were not detected by GC-MS. Based on the findings from our study, product yields can be improved, via either immediate harvesting of vanillin to prevent from further degradation or quenching the reaction early to minimize the oxidation reaction. Additionally, it may be possible to fine-tune the catalyst synthesis to disperse an optimum concentration of niobium on the support surface to minimize secondary oxidation reactions.



To investigate the effect of H2O2 on the activity of niobium catalyst, 0.5 mL of H2O2 was added to the system. Figure 4A,B illustrates the effect of H2O2 on vanillin and acetovanillone production. The results indicate that the reaction was nearly instantaneous. Although an increase in the concentration of products was observed during the initial phase of the reaction, the products seem to become over-oxidized, perhaps by excess oxidant in the system. Similar results were reported in our previous study where H2O in presence of niobium oxalate catalyst caused over-oxidation of products [35] as was also reported by Xiang and Lee [36], who noted a decrease in overall product concentration. It was postulated that aldehydes were subjected to rapid degradation by hydrogen peroxide and it is suggested that use of a less reactive oxidant, such as molecular oxygen might improve the product yield. Additionally, the decrease in product concentration in our study may have been due to the reaction of hydroxyl ion produced from the decomposition of CaO in the aqueous phase with H2O2 to form perhydroxyl anion. These reactive anions could have facilitated the deconstruction of α and β-aryl ether bonds in lignin into aldehydes, but at the same time produced aldehydes that are vulnerable to further oxidation [37].




3.3. Carbon Rod Supported Niobium Catalyst


When the carbon rod-supported niobium catalyst (CSNC) was tested for depolymerization of lignin, the concentration of vanillin increased significantly. A maximum vanillin concentration of 139.40 mg L−1 (0.17 wt%) was obtained at 2% loading (120 min reaction time). Concentration and conversion of vanillin decreased from 95.97 mg L−1 (0.1 wt%), to 75.16 mg L−1 (0.09 wt%) as loading was increased from 5% to 8%. Figure 5A,B depicts vanillin and acetovanillone obtained from catalysts with different loadings of niobium oxalate. A maximum acetovanillone concentration of 39.88 mg L−1 (0.05 wt%) was observed at 2% loading after 100 min. Interestingly, concentration for both vanillin and acetovanillone increased again after 140 min, perhaps due to repolymerization of the products. In a recent study, Shao et al. [38], explored the selective production of arenes from organosolv lignin via direct hydrodeoxygenation over a porous Ru/Nb2O5 catalyst. The conversion of lignin to C7-C9 hydrocarbons resulted in a total mass yield of 35.5 wt% with the arene selectivity of 71 wt%. The yield of vanillin from lignin with and without the presence of a catalyst varies widely in the literature. For instance, Villar and coworkers [32] reported 4% yield while Sales and co-workers [39] observed 1.7%. Similarly, the maximum yield for pine lignin reported by Mathias and co-workers was about 10% [40]. Taken together, carbon rod-supported catalyst successfully degraded lignin to produce 4-hydroxy-3-methoxybenzaldehyde, 1-(4-hydroxy-3-methoxyphenyl)-ethanone, and 4-hydroxy-3-methoxy benzenacetic acid.



Experiments were also conducted to test H2O2 as an oxidizing agent. In a separate batch experiment, 0.5 mL H2O2 was added to the system to investigate the lignin depolymerization. Figure 6A,B illustrates the effect of H2O2 on production of vanillin and acetovanillone using CSNC. Again, there was an increase in the product concentration when the reaction started. However, as the reaction progressed, H2O2 seems to have no significant influence on product concentration. It is theorized that the lattice oxygen present in the catalyst was able to facilitate oxidation of lignin, but the addition of H2O2 seems to provide additional reactive oxygen species that may have further initiated subsequent oxidation reactions. In a similar study, Dier et al. [41], investigated the electrochemical degradation of alkali and organosolv lignin ionic liquids 1-ethyl-3-methylimidazolium trifluoromethanesulfonate and triethylammonium methanesulfonate. They reported a significant reduction (13–51%) in total compounds when H2O2 was introduced in the system, most likely attributed to over-oxidation [41]. Overall, observations from this study suggest additional studies to increase the yield of products via increased alkalinity and optimized niobium loading on the supports.



The product yields obtained from both catalysts with different niobium loadings are summarized in Table 1. Overall, it appeared that yields of vanillin and acetovanillone obtained from CRNC were higher than the yields from OSNC suggesting that carbon rod supports received higher amounts of niobium when compared to oyster shell. In addition to a higher mass loading of niobium on the carbon support, the synergistic interaction between carbon and niobium may have resulted in increased active sites that could also have contributed to increased product yields when compared to OSNC. Synergistic effects of catalyst support on selective oxidation have been previously documented. In one of their reports on selective oxidation of benzyl alcohol to benzaldehyde, Wu et al. [42] observed that graphene support was able to enhance adsorption of oxygen and benzyl alcohol on the catalyst surface. Similarly, Wang et al. [43] demonstrated the collaborative effects of copper support and gold catalyst in the selective oxidation of benzyl alcohol. In our research, carbon rod support may have promoted the oxidation reaction via enhanced adsorption of lignin and perhaps enhanced the lattice oxygen transfer between the support and catalyst, as suggested by Xu et al. [44].





4. Future Directions


As evident in our data, the yields of products are low. The lower yields obtained in this study may be attributed to repolymerization of lignin and/or over-oxidation of lignin degradation products which were not detected through GC-MS. However, it may be possible to enhance the product yields by manipulating experimental conditions. It may be noted that in our research, the pH of the system was around 8 as we did not adjust the pH of the reactants. Several researchers, including [45,46,47], have noted the role of pH in lignin oxidation into chemicals. From an oxidation perspective, an increase in pH will promote oxidation of lignin [48]. Under alkaline conditions, especially the presence of sodium hydroxide will facilitate solubilization of lignin for subsequent depolymerization reactions [49]. In one of their reports, Kindisigo et al. [50] observed that increasing pH from 5 to 12 enhanced lignin depolymerization by about 40%. Further, Pandey and Kim [2,51], described a free-radical oxidation mechanism that was originally proposed by Tarabanko, in which alkaline medium promotes the formation of phenoxyl radical that eventually converts depolymerized lignin into vanillin. Mathias and Rodrigues [40] reported that lignin was dissolved by hydroxyl ions to form polyphenolate ions that further reacted with the oxidant via a free radical reaction to yield vanillin/syringaldehyde. Based on the available literature, it appears that higher pH > 10 is suitable for formation of aldehydes because lower pH accelerated subsequent oxidation of vanillin [52,53,54]. daSilva et al. [55] observed a significant decrease in vanillin yields from lignin derived from Pinus sp and Indulin AT when pH of the reaction system was lowered from 14 to 10. Furthermore, as pointed out by Behling et al. [56], pH control will also promote the formation of reactive oxygen species capable of enhancing the selectivity of end products and minimizing repolymerization. Hence, further studies should be carried out to improve the product yield by optimizing the pH of the reaction. In addition, advanced catalyst preparation techniques combined with simultaneous recovery of products will contribute to increased product yields. For example, in oxidation reactions, the desired intermediate (product) molecules are highly susceptible to subsequent degradation. This is especially true if the product molecules have immediate access to catalytic sites. As product molecules adsorb on the catalyst, they tend to react with oxidant/lattice oxygen to form CO2 and H2O. To minimize these reactions, newer catalysts may be synthesized by increasing the distance between the catalyst sites. One way to accomplish this to use site isolation technique as proposed by Grasselli [57], who suggested that selective separation of lattice oxygen atoms on the surface significantly enhances selectivity and increases product yields. Similarly, product recovery via a continuous system will limit the chances of secondary oxidation of aldehydes and acids [39,52]. Therefore, future studies on preparation of selective catalysts coupled with a continuous reaction system are suggested. Furthermore, optimizing catalyst preparation methods will also play an important role in enhancing product yields. For example, investigating the effects of niobium concentration and calcination temperature on product yields will provide valuable information on correct precursor concentration and calcination temperature to maximize the product yields. Taken together, based on previous literature and insights gained from our results, some of the approaches to improve product yield could be (i) adjusting the pH of the reaction system to increase hydroxide ion concentration; (ii) selection and synthesis of advanced catalysts; and (iii) the recovery of products via a continuous system or biphasic system.




5. Conclusions


Alkaline lignin was oxidized to low molecular products using niobium supported on the oyster shell and carbon rod catalysts. As hypothesized, both OSNC and CRNC depolymerized lignin into smaller molecular weight aldehydes and acids. Production of vanillin from OSNC catalyst for 2%, 5%, and 8% niobium loading were 0.05, 0.1, and 0.05 wt%, respectively, relative to the lignin dry weight. In presence of CRNC catalyst, vanillin conversion was 0.17 wt% (2% loading), 0.1 wt% (5% loading), and 0.09 wt% (8% loading). In presence of hydrogen peroxide, the product concentrations decreased due to subsequent oxidation, suggesting that lignin oxidation reaction needs to be further optimized. Product yield could be improved by fine-tuning dispersion of niobium, increasing the alkalinity of the system, and by implementing continuous recovery of products to minimize over oxidation.
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Figure 1. Synthesis of (A) oyster shell-supported niobium catalyst (OSNC) and (B) carbon rod-supported niobium catalyst (CRNC). 
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Figure 2. Representative chromatogram (Abundance vs Time) collected from lignin oxidation experiments. (A) 4-hydroxy-3-methoxybenzaldehyde, (B) 1-(4-hydroxy-3-methoxyphenyl)-ethanone, and (C) 4-hydroxy-3-methoxy benzenacetic acid. 






Figure 2. Representative chromatogram (Abundance vs Time) collected from lignin oxidation experiments. (A) 4-hydroxy-3-methoxybenzaldehyde, (B) 1-(4-hydroxy-3-methoxyphenyl)-ethanone, and (C) 4-hydroxy-3-methoxy benzenacetic acid.



[image: Chemengineering 01 00017 g002]







[image: Chemengineering 01 00017 g003 550] 





Figure 3. The yield of vanillin (A) and acetovanillone (B) using OSNC when 8 g 100 mL−1 of lignin was depolymerized with 1 g 100 mL−1 catalyst at 95 °C. 
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Figure 4. The yield of vanillin (A) and acetovanillone (B) using OSNC when 8 g 100 mL−1 of lignin was depolymerized with 1 g 100 mL−1 catalyst and 0.5 mL of H2O2 at 95 °C. 
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Figure 5. The yield of vanillin (A) and acetovanillone (B) using CRNC when 8 g 100 mL−1 of lignin was depolymerized with 1 g 100 mL−1 catalyst at 95 °C. 
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Figure 6. The yield of vanillin (A) and acetovanillone (B) using CRNC when 8 g 100 mL−1 of lignin was depolymerized with 1 g 100 mL−1 catalyst and 0.5 mL of H2O2 at 95 °C. 
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Table 1. Maximum yield with respect to lignin (%) obtained from OSNC and CRNC at different niobium loadings.
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Sample

	
Niobium Loading




	
2% Niobium Loading

	
5% Niobium Loading

	
8% Niobium Loading




	
Vanillin Yield (%)

	
Acetovanillone Yield (%)

	
Vanillin Yield (%)

	
Acetovanillone Yield (%)

	
Vanillin Yield (%)

	
Acetovanillone Yield (%)






	
OSNC

	
0.05

	
0.01

	
0.1

	
0.01

	
0.05

	
0.01




	
CRNC

	
0.17

	
0.03

	
0.1

	
0.02

	
0.09

	
0.03
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