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Abstract

:

Highly porous nitrogen-doped carbons derived from bamboo shoots (BSNCs) were prepared through an in-situ synthesis method. The results showed that BSNCs had a large specific surface area, a relatively high nitrogen content and hierarchically porous structures. The catalytic properties of BSNCs were evaluated based on Knoevenagel condensation and transesterification reactions. Deprotonated BSNC-700 exhibited high efficiency for the model reactions as a solid base catalyst, and the superior sample deprotonated in tBuOK solution with a concentration of 0.1 increased the conversion rate from 16.1% to 76.0% for Knoevenagel condensation. The two reactions proceeded smoothly in the presence of deprotonated BSNC-700. The results also showed that the catalyst could be recycled for several times for Knoevenagel condensation. The results from this research will provide a guideline to develop bamboo shoot as a precursor to fabricate a superb solid base catalyst.
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1. Introduction


Chemical transformations processed by catalysts are widely used in the synthesis of natural and therapeutic drugs, polymer and cosmetics [1]. In general, the process is often acid-catalyzed and base-catalysed to control the organic reactions and achieve the desired goal. Studies have reported numbers of acid-catalysts, such as TsOH-SiO2 [2], InCl3 [3], [Et3NH][HSO4] [4], rare-earth metal triflates [5], Meldrum’s acid [6] and others. Over the past few decades, there have been many reports about acid catalysts but less about base catalysts, especially the solid base catalyst. In order to make the materials stable, recyclable and highly efficient, researchers have found solid base catalysts for the green catalytic process, such as the solid base catalysts for Knoevenagel condensation and transesterification reactions to prolong carbon-carbon bond. For solid base catalysts, the precursors included metal oxides [7,8], chitosan [9], doped or bimetal oxides [10,11], carbon nanotubes [12], apatites [13], clay minerals [14] and resin solid base catalysts [15,16]. Recently, doping hetero atoms into carbons (especially the nitrogen atom) can improve catalytic performance. Porous nitrogen-doped carbons as solid base catalysts are well known due to their catalytic properties and are used as support in heterogeneous catalysis [17]. The existence of nitrogen atoms in the carbon nanostructure has improved the efficiency of Knoevenagel condensation and transesterification reactions [18]. Some studies confirmed that the content and types of nitrogen affected the basic catalytic performance of porous carbons [19,20,21,22,23]. For example, Kan-Nari et al. found that while nitrogen-doped carbon materials were prepared by the ammoxidation of commercial carbon sources (carbon black and activated carbon), acting as base catalysts for Knoevenagel condensation and transesterification reactions, the nitrogen-doped onto the carbon surfaces played an important role in the catalystic activities [24]. Van Dommele et al. confirmed that the amount of pyridinic nitrogen in nitrogen-containing carbon nanotubes as solid base catalyst influenced the activities for Knoevenagel condensation [25]. Cao et al. reported a 99% yield of the products for Knoevenagel condensation by amines functionalized C60 as solid base catalyst with ethanol [26].



In recent years, porous nitrogen-doped carbon materials derived from biomass has gained much attention because the sources are abundant, cheap and renewable [27,28]. In this study, bamboo shoot is chosen as a precursor because it is a kind of rapidly growing biomass material and is widely planted in China [29]. Bamboo shoots also have abundant carbohydrate, amino acids and nucleotides [30]. It can provide enough nitrogen source by itself for fabricating nitrogen-doped carbons during the calcination process. The authors found that the content of carbon and nitrogen in the dry weight of bamboo shoot is up to 41.67% and 4.27%. To the best of the authors’ knowledge, however, there is a lack of sufficient information utilizing bamboo shoot as a precursor to prepare nitrogen-doped carbons and few studies have used them as solid base catalysts for Knoevenagel condensation and transesterification reactions. Therefore, porous nitrogen-doped carbons derived from bamboo shoot (BSNCs) were prepared by simultaneously carbonizing and activating it without additional nitrogen sources. The obtained BSNCs were used as solid base catalysts to promote C–C coupling reactions in Knoevenagel condensation and transesterification reactions. The results from this research will provide a guideline to develop porous nitrogen-doped carbons derived from bamboo shoot as a superb solid base catalyst.




2. Results and Discussion


2.1. Catalyst Activity of the Carbon Materials for Knoevenagel Condensation


The influence of treatments, such adding KHCO3 or not as well as the different calcination temperatures, were discussed using the obtained carbon materials and Knoevenagel condensation of benzaldehyde with malononitrile as a model reaction. The results are shown in Table 1. The reaction without adding catalyst between benzaldehyde and malononitrile at temperature of 70 °C in CH3CN solvent had a yield of 54.5% (entry one), but the selectivity of the target product was only 13.3% and mostly generated benzoic acid, which was attributed to the auto-oxidization of benzaldehyde in air. The catalytic activity of commercially activated carbon and BS-700 were relatively low (entries two to three). The selectivity of the target product was almost zero for commercially activated carbon. When BSNCs were used as catalyst, the selectivity increased up to 100%, but the conversion was still low. The raw BSNCs were therefore less active for the present Knoevenagel condensation. The maximum ECC yield of 16.1% was found in BSNC-700. This phenomenon would be related to the porosities and functional groups on the surface of the nitrogen-doped carbons.



Table 2 shows the physicochemical properties of the obtained carbon materials. It was found that there were few pores on the surface of bamboo shoot (the specific surface area was only 0.4 m2 g−1). When bamboo shoot particles were directly carbonized at a temperature of 700 °C (BS-700), the specific surface area changed little (4.6 m2 g−1) and the type of the pore was mainly mesopore with the size of 7.13 nm. When bamboo shoots particles were simultaneously carbonized and activated using KHCO3 at the designated temperature and time, the specific surface area, pore volume and pore size of BSNCs changed when the temperature increased from 600 to 800 °C. The specific surface area of BSNC-600, BSNC-700 and BSNC-800 were 962, 1475 and 2271 m2 g−1, respectively. Similarly, the pore volume of BSNC-600, BSNC-700 and BSNC-800 were 0.48, 0.73, 1.25 cm3 g−1. Furthermore, the pore size distribution of BSNCs did not change so much from the temperature of 600 to 800 °C. Although BSNC-700 had a smaller specific surface area (1475 m2 g−1) than BSNC-800’s (2271 m2 g−1), the former was more active than the latter for Knoevenagel condensation. Conversely, BSNC-700 was more active than BSNC-600 with the increasing specific surface area. Figure 1 shows that the sorption types of BSNCs were I isotherm, indicating that there were abundant micropores and mesopores in BSNCs. It is well known that micropores are significantly influenced by the specific surface area and mesopores are influenced by pore volume [31]. At a relatively low pressure (<0.3) there was a sharp increase, indicating the presentence of micropores. Then there was a relatively stable trend (0.3–0.9), indicating the existence of mesopores. There was also a tailing phenomenon around the pressure of one, indicating the existence of macropores. The results indicated that BSNCs had hierarchical pore structures. The pore size distribution curves also confirmed that micropores and mesopores existed in BSNCs. The above features can be confirmed that surface area is not the significant difference in the catalytic activity among the various prepared catalysts, which depend on the activator and calcination conditions. The surface chemical properties of BSNCs would be responsible for the catalyst activities, as will be discussed in the following.



The porous carbon materials were further examined by an elemental analyzer and X-ray Photoelectron Spectroscopy (XPS), which could be estimated that the carbons were nitrogen-doped by itself. As shown in Table 2, the raw material has a relatively high N content of 4.27%, which is helpful to prepare biomass-based nitrogen-doped carbons. When the bamboo shoot simultaneously carbonized and activated with KHCO3, the N content of BSNCs decreased from 4.65% to 1.06% with an increasing temperature from 600 °C to 800 °C. This was because organic compounds probably formed NO, NO2 or other nitrogen containing gases during the calcination process. This coincided with the results of the references [33,34], which showed that the temperature caused thermal decomposition of the nitrogen groups.



XPS spectra in N1s region of the hierarchical nitrogen-doped carbons (Figure 2) and the relative amounts of nitrogen species obtained by deconvolution the total area of the N1s spectra are showed in Table 3. Compared with the strong peak of around 398.5 eV of BS-700, the percent of pyridine N of BSNC-600, BSNC-700, BSNC-800 decreased, indicating that chemical treatment played a role in the preparation process of the carbons. Among BSNC-600, BSNC-700 and BSNC-800, the percent of pyridine N slightly increased with the increasing calcination temperature. This was attributed to the rearrangement in C–N bond at elevated temperatures [19]. The fraction of pyrrolic N (400.3 eV) was the highest among the four nitrogen species. The different states of nitrogen-doped carbons had the different catalytic activity [35]. However, it is difficult to confirm the type of nitrogen-doped that played the role in the catalytic active sites. Previous reports [18] concluded that for nitrogen-containing carbon nanotubes fabricated by chemical vapor deposition of C- and N-containing precursors, the initial activity increased with the amount of pyridine-type nitrogen in Knoevenagel condensation. The binding energy of pyrrolic N was relatively lower than quaternary N and N-oxide, indicating that the electron density was lower and had a weaker Lewis basicity. Other types of nitrogen may also contribute to the basic active site for Knoevenagel condensation. There is an interesting relationship, given that the activity of BSNC-700 for Knoevenagel condensation has the highest N/O atomic ratio. This indicates that the catalytic performance is related to the existence of N and O on the surface of the carbons. The cooperation between N and O-containing sites could promote the model reaction. Based on the above analysis, BSNC-700 was chosen as the target sample in the following experiments.




2.2. Catalyst Activity of the Deprotonation of BSNC-700


Even though the catalyst conversion of BSNC-700 was the highest among the obtained samples, it was not as effective as expected. In order to further improve the catalyst activity, the method of post-functioning was taken. BSNC-700 was treated with HCl, KOH and tBuOK solutions. Table 4 showed the results of the various treatments for Knoevenagel condensation. When BSNC-700 was immersed in HCl solution (1 M), that is, after BSNC-700 was protonated, the lowest conversion was found. This shows that the obtained nitrogen-doped carbons exhibited base. Therefore, the treatment with base solution would be an efficient method for deprotonation. When BSNC-700 was soaked in basic solution (KOH or tBuOK) with the concentration of 0.1 M and 1 M, catalyst conversion of BSNC-700 increased from 16.1% to 32.2% (BSNC-700-OH with a concentration of 0.1 M), 34.4% (BSNC-700-OH with a concentration of 1.0 M), 76.0% (BSNC-700-tBu with a concentration of 0.1 M) and 79.9% (BSNC-700-tBu with a concentration of 1.0 M). It was found that the change of conversion of treated BSNC-700 was not obvious using the same base solution with different concentrations, but the conversion of BSNC-700 treated with tBuOK was obviously higher than that treated with KOH solution. The results suggested that the alkoxide base solution is more effective at deprotonating for BSNC-700 than hydroxide base solution when the solution concentration was same. In addition, under the same solution, the concentration had little influence on its catalytic efficiency. Thus, BSNC-700 soaked by 0.1 M tBuOK solution was used as the solid base catalyst in the following experiments.



When BSNC-700-tBu (0.1 M) was used as the solid catalyst, the conversation of benzaldehyde was 79.9% and the selectivity of the target product was 100%. The surface basicity of BSNC-700 and BSNC-700-tBu (0.1 M) were determined according to a temperature programmed desorption of CO2 (CO2-TPD) (Figure 3). There were three stages for the basic sites including temperature below 230 °C, temperature between 230 and 400 °C and temperature above 400 °C. It was found that BSNC-700 and BSNC-700-tBu (0.1 M) had CO2 desorption peaks of around 160 °C and 200 °C, which was attributed to the weak basic sites on the surface of OH function groups. Both samples had the same basic sites at 320 °C due to the tuning of O2−, respectively. However, the intensity of BSNC-700-tBu (0.1 M) was higher than that of BSNC-700, which could be attributed to the treatment of tBuOK solution. When the temperature was above 400 °C, there was little difference of basic site between the two samples. BSNC-700-tBu (0.1 M) still had a relatively high basic site, which played an important role in the catalytic process. To eliminate the possible contribution of K ion derived from the base (tBuOK) on the surface of BSNC-700, XPS was used to investigate the existence of K. The results showed that it could not find K on the sample of BSNC-700-tBu (0.1 M), which suggested that K ion made no contribution for the catalytic performance.




2.3. Recyclability of BSNC-700-tBu (0.1 M)


Recyclability is one of the important properties of the catalyst. In order to determine the recycling property of the catalyst for the Knoevenagel condensation, BSNC-700-tBu (0.1 M) was used as the catalyst for the reaction of benzaldehyde and malononitrile at temperature of 70 °C for two hours. After the first reaction, the catalyst was separated then washed with ethanol and deionized water. Then the catalyst was dried at temperature of 70 °C for next recycling use. Figure 4 showed the catalyst activities during five successive reactions. The catalyst was found to decrease its activity in the second run. The main reason was the formation of organic acids, such as benzoic acid, which covered the exposed base sites and decreased its activity. When the catalyst was washed using 0.1 M tBuOK solution, it obviously recovered its catalyst activity. This indicated that the basic solution could remove the organic acids existed on the surface of catalyst. The results also confirmed that BSNC-700-tBu (0.1 M) was recyclable as the base catalyst.




2.4. The Catalyst Activities of BSNC-700-tBu (0.1 M) for Transesterification Reactions


The performance of BSNC-700-tBu (0.1 M) as an active solid base catalyst was further tested for transesterification reactions of ethyl acetoacetate with different alcohols under the temperature of 110 °C for 16 h. As shown in Table 5, ethyl acetoacetate could be transesterfied into the corresponding esters except when 1-methylcyclohexanol was the substrate. When an unsaturated alcohol, such as cinnamyl alcohol, was used, BSNC-700-tBu (0.1 M) had a relatively high conversion and selectivity. 1-Hexanol, as the present of long-chain, BSNC-700-tBu (0.1 M) also had a high conversion of 74.4%. Compared with cyclic alcohol which had a hindered alcohol group, the long-chain alcohols were easier to form the corresponding esters. However, when BSNC-700-tBu (0.1 M) was applied to catalyze the transesterification reactions, it needed a long time to get a high conversion and the former model reaction went more smoothly than when BSNC-700-tBu (0.1 M) was used as the base catalyst.





3. Materials and Methods


3.1. Preparation of BSNCs


Bamboo shoots were taken from Zhejiang Province, China. After removing the scale-like outer layers, bamboo shoots were cut into slices and dried at temperature of 70 °C for 12.0 h in the oven. Then the bamboo shoots were ground into powder using a Wiley Mill and screened to 250–425 μm particles.



Two grams of bamboo shoot particles and 8.0 g KHCO3 were dissolved in 25 mL deionized water. Then the bamboo shoot particles were ultrasound-treated and freeze-dried until they mass stabilized. They were calcined in a tube furnace at the target temperature of 600 °C, 700 °C and 800 °C for 1.0 h under N2 atmosphere respectively. The heating rate was 10 °C min−1 with a nitrogen flow rate of 100 mL min−1. The process was showed in Figure 5. The obtained carbons were filtered, washed with deionized water and dried at temperature of 70 °C in the oven. Samples were placed into separate Ziploc bags and sealed tightly. The obtained samples were labeled as BSNC-600, BSNC-700, BSNC-800 and the sample without adding KHCO3 and carbonized at temperature of 700 °C under N2 atmosphere was labeled as BS-700.




3.2. Catalytic Test


The catalytic activities of the as-prepared nitrogen-doped carbon materials were tested for Knoevenagel condensation and transesterification reactions using a thick wall pressure flask in an oil bath. For Knoevenagel condensation, 50 mg of catalyst, 1 mmol of benzaldehyde, 2 mmol of malononitrile and 10mL acetonitrile solvent were mixed into the flask. For transesterification reactions, 2 mmol of ethyl acetate, 1 mmol of ethanol, 50 mg of catalyst and 10 mL of toluene solvent were mixed and the reaction temperature was set to 110 °C. After the reaction, the mixture was filtered and toluene was added as an internal standard. The product identification was determined by Gas Chromatography (Shimadzu GC-2010, Kyoto, Japan) with a DB-5 capillary column coupled with a hydrogen flame detector (FID detector).




3.3. Characterization


The C, H and N content of the obtained carbons were determined by an elemental analyzer (Vario EL IIICHNS, Elementar, Langenselbold, Germany).



X-ray Photoelectron Spectroscopy (XPS) (Thermo Scientific Escalab 250Xi, Thermo Fisher Scientific, Waltham, MA, USA) was carried out using a Vacuum Generators XPS system operating with Al (Kα) radiation.



N2 adsorption-desorption analyses were determined on a sorption analyzer (Quantachrome Autosorb 2020, Quantachrome, Boynton Beach, FL, USA). Samples were degassed at a temperature of 180 °C for 6.0 h and analyzed at temperature of 77 K. The Brunauer-Emmett-Teller (BET) method, t-plot method and non-local density functional theory (NLDFT) were used to calculate the specific surface area, pore volume and pore distribution.



The basic properties of the samples were tested on a temperature programmed desorption of CO2 (CO2-TPD) (Micromeritics AutoChem II 2920, Micromeritics, Norcross, GA, USA).





4. Conclusions


A simple and available method through in-situ synthesis route was found to prepare highly porous nitrogen-doped carbons derived from bamboo shoot. The obtained carbons had a large specific surface area, a relative high nitrogen content, hierarchically porous structures and could be used as base catalysts for Knoevenagel condensation and transesterification reactions. When BSNC-700 was deprotonated by tBuOK with the concentration of 1.0 M, the catalytic performance could be improved from 16.1% to 79.9%. BSNC-700-tBu (0.1 M) was active and reached high yield of the target products. The catalyst was stable and could be recycled several times without the loss of catalytic activity for Knoevenagel condensation. It also proved that BSNC-700 can be used as a multifunctional catalyst for transesterification reactions. We expect that porous nitrogen-doped carbons derived from bamboo shoots can be used as a solid base catalyst in other organic reactions.
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Figure 1. Nitrogen adsorption-desorption isotherm and pore size distribution. 
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Figure 2. N1s spectra of the obtained carbons materials. 
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Figure 3. CO2-TPD curves of BSNC-700 and BSNC-700-tBu (0.1 M). 
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Figure 4. Variation of Knoevenagel condensation between benzaldehyde and malononitrile during five consecutive catalytic uses with BSNC-700-tBu (0.1 M). 
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Figure 5. The preparation process of the nitrogen-doped carbon materials. 
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Table 1. Knoevenagel condensation between benzaldehyde and malononitrile in the presence of various catalysts.
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	Entry
	Catalyst
	Benzaldehyde Conversion (%)
	Target Product Selectivity (%)





	1
	/
	54.5
	13.3



	2
	BS-700
	2.2
	100



	3
	Commercial activated carbon
	7.5
	0



	4
	BSNC-600
	8.3
	100



	5
	BSNC-700
	16.1
	100



	6
	BSNC-800
	8.2
	100
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Table 2. The physicochemical properties of the obtained carbon materials.
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	Samples
	Specific Surface Area (m2 g−1)
	Pore Volume (cm3 g−1)
	Pore Size (nm)
	C a (wt.%)
	N a (wt.%)
	Surface O b (at.%)
	Surface N b (at.%)
	N b/O b





	Bamboo shoot
	0.4 [32]
	0.002 [32]
	/
	41.67
	4.27
	/
	/
	/



	BS-700
	4.6
	0.01
	7.13
	63.36
	4.40
	18.3
	6.10
	0.333



	BSNC-600
	962
	0.48
	1.97
	69.18
	4.65
	13.31
	4.56
	0.343



	BSNC-700
	1475
	0.73
	1.97
	80.37
	2.79
	7.41
	4.92
	0.664



	BSNC-800
	2271
	1.25
	2.19
	43.43
	1.06
	10.53
	3.73
	0.354







a and b calculated from the results of elemental analysis and XPS spectra, respectively.
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Table 3. Relative amounts of nitrogen species of the N1s spectra.
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	Samples
	Pyridinic N (%)

398.7 eV
	Pyrrolic N (%)

400.3 eV
	Quaternary N (%)

401.2 eV
	N-Oxide (%)

404.7 eV





	BS-700
	18.1
	43.6
	19.9
	18.4



	BSNC-600
	14.0
	58.8
	19.1
	8.1



	BSNC-700
	14.4
	37.6
	25.4
	22.6



	BSNC-800
	15.9
	43.5
	27.0
	13.6
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Table 4. Knoevenagel condensation of benzaldehyde with malononitrile by the deprotonation of BSNC-700.






Table 4. Knoevenagel condensation of benzaldehyde with malononitrile by the deprotonation of BSNC-700.





	Entry
	Catalysts
	Benzaldehyde Conversion (%)
	Target Product Selectivity (%)





	1
	BSNC-700
	16.1
	100



	2
	BSNC-700-H (1.0 M)
	1.0
	100



	3
	BSNC-700-OH (1.0 M)
	34.4
	100



	4
	BSNC-700-OH (0.1 M)
	32.2
	100



	5
	BSNC-700-tBu (1.0 M)
	79.9
	100



	6
	BSNC-700-tBu (0.1 M)
	76.0
	100
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Table 5. Transesterification reactions catalyzed by BSNC-700-tBu (0.1 M).
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	Entry
	Alcohols
	β-Ketoester
	Time (h)
	Alcohol Conversion (%)
	Target Product’s Selectivity (%)





	1
	 [image: Catalysts 08 00232 i002]
	 [image: Catalysts 08 00232 i003]
	16
	70.6
	100



	2
	 [image: Catalysts 08 00232 i004]
	 [image: Catalysts 08 00232 i005]
	16
	63.7
	100



	3
	 [image: Catalysts 08 00232 i006]
	 [image: Catalysts 08 00232 i007]
	16
	75.1
	100



	4
	 [image: Catalysts 08 00232 i008]
	 [image: Catalysts 08 00232 i009]
	16
	74.4
	100



	5
	 [image: Catalysts 08 00232 i010]
	 [image: Catalysts 08 00232 i011]
	16
	/
	/
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