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Abstract

:

2,5-diformylfuran (DFF) is an important downstream product obtained by selective oxidation of the biomass-based platform compound 5-hydroxymethylfurfural (HMF). In this study, a phosphorus-doped carbon (P-C) supported vanadium phosphate oxide (VPO) catalyst was successfully prepared and showed remarkably high catalytic activity in the selective oxidation of HMF to produce DFF with air as an oxidant. The effects of the reaction temperature, reaction time, solvent, catalyst amount, and VPO loading amount were investigated. The results showed that an HMF conversion rate of 100% and a DFF yield of 97.0% were obtained under suitable conditions, and DMSO was found to be the most suitable solvent under an air atmosphere.
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1. Introduction


Nowadays, with the decrease in non-renewable fossil resources and the increase in environmental problems, the use of alternative green and renewable resources is needed. Hence, biomass, the only renewable source of energy, has received great attention [1]. Along this line, value-added chemicals processed by biomass have been researched widely [2]. 5-hydroxymethylfurfural (HMF), a biomass-derived chemical, which is classified by the US Department of Energy as one of the “Top 10 + 4” platform molecules, can be obtained by losing three molecules of water from hexose obtained from cellulose [3,4,5,6]. As a multifunctional intermediate connecting a biomass resource to the chemical industry, HMF can be used to synthesize various chemical products through hydrogenation, oxidation, polymerization, and ring-opening reactions [7,8,9,10,11].



2,5-diformylfuran (DFF), a versatile compound obtained by HMF oxidation, is applied in plenty of areas; for example, in pharmaceuticals, antifungal agents, and fluorescent materials [12,13]. Plenty of research on HMF oxidation to DFF has been done. Nocito et al. [14] conducted an oxidation process under pressure. Ning et al. [15] used tert-butyl hydroperoxide as an oxidant and demonstrated that it is environmentally unfriendly. Nie et al. [16] obtained an excellent DFF yield of 95.8% with a noble metal catalyst, but using a noble metal catalyst increased the cost of the reaction. However, the need for the preparation of high-performance catalysts, severe operating conditions, and its environmental unfriendly nature make the effective conversion of HMF to DFF difficult. Hence, finding an appropriate approach to this conversion is needed. According to research by Lai et al. [3], the catalyst vanadium phosphate oxide (VPO) has a bright future in catalytic oxidation. As a transition metal with multiple valences of vanadium species, vanadium has been considered for use in HMF oxidation. Moreover, this carrier can enhance the performance of the active components of the catalyst, further improving its catalytic effect. Carbon materials, as carriers with a high specific surface area, can greatly increase the contact area between active components and reactants. This can improve the selectivity or conversion rate of the reaction [17,18,19]. Meanwhile, the introduction of heteroatoms can further improve catalytic performance through the adsorption of active components and reaction substrates by increasing the number of surface defects or the electron cloud density of carbon materials [20,21,22].



Spurred on by the above investigations, this work successfully prepared a phosphorus-doped carbon supported VPO catalyst, which was confirmed by various characterization methods. Due to its porous carbon material structure, the catalyst can efficiently adsorb reaction substrates and increase the concentration of HMF on the catalyst surface. By optimizing the reaction conditions, the catalyst achieves a perfect catalytic performance in atmospheric air. This work provides a method that not only overcomes the demand for precious metals but also reduces the equipment and technology requirements of the reaction, laying a foundation for the industrialization of DFF.




2. Experimental Methods


2.1. Materials


NH4VO3 was purchased from Tianjin Photovoltaic Technology Development Co. Ltd., Tianjin, China. Nano-silica, DMSO, acetonitrile, and acetic acid were purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. HMF and DFF were purchased from Shanghai D&B Chemical Technology Co. Ltd., Shanghai, China. 5-Formyl-2-furancarboxylic acid (FFCA) was purchased from Aladdin Reagent Co., Ltd. (Shanghai, China). The reagents were analytically pure. The experimental water was secondary distilled water.




2.2. Catalyst Preparation


2.2.1. Preparation of Phosphorus-Doped Carbon


Sucrose (3 g), H3PO4 (0.71 g), and nano-silica (1 g) were dissolved by ultrasound in deionized water and then, stirred at room temperature for 3 h. After that, they were dried in an oven at 100 °C for 12 h. They were calcined in a nitrogen atmosphere in a tubular furnace for 4 h at 700 °C at a rate of 10 °C/min. After soaking the ground product into HF, the powder was stirred at room temperature for 24 h and washed with deionized water and methanol (3 × 30mL). After drying at 100 °C, the product, labeled as P-C, was obtained.




2.2.2. Preparation of VPO/P-C Catalysts


The prepared P-C material was treated by ultrasound in water (10 mL). The mixtures with added NH4VO3 (0.0126 g) or VPO4·2H2O (0.14 g) were stirred for 2 h and dried in an oven at 100 °C for 12 h. They were calcined in a tubular furnace for 4 h at 500 °C at a rate of 10 °C/min under a nitrogen atmosphere. The catalyst was prepared after washing with deionized water and methanol (3 × 10 mL) and drying at 100 °C. The obtained catalysts were marked as VPO/P-C and VPO4·2H2O/P-C.





2.3. Catalyst Characterization


The FTIR spectrum was obtained with a Thermo Nicdet infrared spectrophotometer(Walsham, MA, USA) using the KBr pellet technique. Thermogravimetric and differential thermogravimetric (TG–DTG) curves were recorded on a TGA4000-FTIR Frontier Analyzer (Perkin Elmer, Walsham, MA, USA) with a heating rate of 10 °C/min under an N2 atmosphere.




2.4. Synthesis of DFF from HMF


HMF (25.2 mg), a certain amount of catalyst, and DMSO (2 mL) were added to a round-bottomed flask equipped with a condenser and reacted in the oil bath pot. The cooled reaction liquid was diluted 20 times and filtered with an organic membrane before being analyzed by HPLC with an external standard method.



The product analysis was performed using the Agilent 1260 HPLC system equipped with a Venusil XBP C18 chromatographic column (4.6 × 250 mm, 5μm, Phenomenex, Los Angeles, CA, USA) and a UV–Vis (280 nm) detector, Los Angeles, CA, USA. The mobile phase was composed of acetic acid solution (0.2%):acetonitrile (v:v = 95:5), and the samples were eluted at a rate of 0.5 mL/min at 30 °C. The amount of each compound was quantified by the external standard calibration curve method. According to the test results, the oxidation of HMF mainly leads to the production of DFF and FFCA. The peak locations and retention times of these products are shown in Figure S1 in Supplementary Materials. HMF conversion and product selectivity were calculated using the following equations:


HMF conversion = (moles of converted HMF/moles of starting HMF) × 100%



(1)






Product selectivity = (moles of product/moles of converted HMF) × 100%



(2)









3. Results and Discussion


3.1. Catalyst Characterization


The catalyst was analyzed by FTIR and TG–DTG. The spectra of VPO/P-C and VPO4·2H2O/P-C presented in Figure 1 show a strong absorption band at 3371 cm−1 associated with the hydroxyl group stretching vibration. The sharp absorption band at 1646 cm−1 is assigned to the coordinated water molecule bending vibration. The characteristic peaks at 1199, 1105, and 1045 cm−1 belong to the asymmetric stretching vibration of the phosphate radical. The peak at 977 cm−1 is ascribed to the stretching vibration of the V=O bond. In addition, the 641 cm−1 peak pertains to the P-OH bending vibration. The FTIR spectrum shows that the VPO/P-C catalyst was prepared successfully.



The TG–DTG curves of the VPO/P-C catalyst are presented in Figure 2, showing three weight loss stages. The first stage appeared at 120 °C, owing to water absorption by porous carbon material. Then, the loss of crystal water led to mass loss at 150 °C. Finally, constant mass loss began at 250 °C with the formation of VO (PO3)2 by VPO4 pyrolysis. The structure of the catalyst above 400 °C began to stabilize without significant mass loss.




3.2. Effects of VPO Loading Amount on the Selective Oxidation of HMF


As shown in Figure 3, the conversion of HMF rose with an increase in the VPO loading amount. At the VPO loading amount of 0.25 wt.%, the HMF converted completely. In terms of the selectivity of DFF, the VPO loading amount of 0.325 wt.% had the best effect, reaching a percentage of 98.0%. After that, a stabilization phase appeared in the conversion of HMF, and the selectivity of DFF remained almost unaltered.




3.3. Effects of the Reaction Time on the Selective Oxidation of HMF


The results of the reaction time effects are shown in Figure 4. The conversion rate of HMF increased quickly, within 0–3 h, and then, slowed down with time. This phenomenon shows that HMF was converted at high speed due to the rich concentration of HMF at the beginning of the reaction. After 6 h, HMF was fully converted, and the DFF yield was the highest—up to 83.2%. The selectivity of DFF gradually stabilized after 10 h, while HMF conversion remained steady after 6 h, demonstrating a hysteresis effect. 5-hydroxymethyl-2-furancarboxylic acid (HFCA) and 2,5-furandicarboxylic acid (FDCA) were not detected during the reaction.




3.4. Effects of the Reaction Temperature on the Selective Oxidation of HMF


The effect of the reaction temperature on HMF oxidation was studied (Figure 5). When the reaction temperature was in the range of 80–120 °C, HMF conversion and the DFF yield increased. At 80 °C, the HMF conversion rate was 25.4%, and this further increased to 98.3% at 110 °C. When the reaction was performed at 120 or 140 °C, quantitative HMF conversion was reached. At 120 °C, the highest DFF yield was 83.6%. However, when the temperature increased by 10 °C, the yield was marginally lower than 71.7%. The above results indicate that a high reaction temperature promotes the selective oxidation of HMF to DFF. In terms of the DFF yield, it is greatly affected by the reaction temperature and increases gradually with an increase in the reaction temperature.




3.5. Effects of the Catalyst Amount on the Selective Oxidation of HMF


In general, the amount of catalyst will directly change the number of active sites on the catalyst, which will affect the conversion and selectivity of the reaction. Therefore, the effect of different catalyst amounts on HMF oxidation reaction was investigated, and the results are shown in Figure 6. As the amount of catalyst rose from 0 to 2.5 mg, the conversion rate of HMF changed from 48.0% to 91.0%, and the corresponding DFF selectivity also increased.



The above results indicate that increasing the amount of catalyst can promote the selective oxidation of HMF to DFF. When the amount of catalyst was further increased to 7.5 mg, the growth rate of HMF conversion decreased. In contrast, the selectivity of DFF rose from 69.0% to 86.0%, which may have been caused by the combination of intermediates and catalysts, causing a slow-release effect. As the amount of catalyst increased, there was no sign of a decline in DFF selectivity or an increase in by-products, probably due to the characteristic of porous carbon materials with a good adsorption effect on DFF.




3.6. Effects of Solvents on the Selective Oxidation of HMF


Solvents affect the oxidation of HMF. Among solvents, DMSO, which has strong polarity and a high boiling point, performed the best. HMF was completely converted and the DFF selectivity reached 97.0% with the DMSO solvent (Table 1, Entry 1). Compared with DMSO, there was moderate HMF conversion of 30.4% and 65.1%, respectively, in toluene and acetonitrile, and no further oxidation of DFF to FDCA was processed (Table 1, Entry 2 and Entry 3). In addition, HMF was slightly converted in water (Table 1, Entry 4). It is obvious that DMSO is a perfect solvent for the selective oxidation of HMF to DFF. Furthermore, the experiment was carried out in order to figure out the influences of VPO and P-C on the oxidation of HMF to DFF, as shown in Table S1 in Supplementary Materials.





4. Conclusions


A high-performance VPO/P-C catalyst was successfully prepared and characterized by TF-IR and TG–DTG. The effects of various single factors on the oxidation of HMF to DFF were investigated. The catalyst showed good performance as a catalyst during the oxidation of HMF to DFF with a yield of 97.0%. This work presents a viable method for producing the high value-added product DFF in air.
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Figure 1. FTIR spectra of VPO4·2H2O/P-C and VPO/P-C. 
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Figure 2. Thermogravimetric and differential thermogravimetric (TG–DTG) curves of the VPO/P-C catalyst. 






Figure 2. Thermogravimetric and differential thermogravimetric (TG–DTG) curves of the VPO/P-C catalyst.



[image: Processes 08 01273 g002]







[image: Processes 08 01273 g003 550] 





Figure 3. Effects of the VPO loading amount on the oxidation of HMF to DFF. HMF (25.2 mg, 0.2 mmol), VPO/P-C (10 mg), and DMSO (2 mL) for 10 h in air. HMF—5-hydroxymethylfurfural; DFF—2,5-diformylfuran. 
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Figure 4. Effects of the reaction time on the oxidation of HMF to DFF. HMF (25.2 mg, 0.2 mmol), VPO/P-C (10 mg), and DMSO (2 mL) at 120 °C in air. 
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Figure 5. Effects of the temperature on the oxidation of HMF to DFF. HMF (25.2 mg, 0.2 mmol), VPO/P-C (10 mg), and DMSO (2 mL) for 10 h in air. 
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Figure 6. Effects of the catalyst amount on the oxidation of HMF to DFF. HMF (25.2 mg, 0.2 mmol), and DMSO (2 mL) for 10 h at 120 °C in air. 
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Table 1. Effects of solvents on the oxidation of HMF to DFF.
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Entry

	
Solvent a

	
HMF Conversion b

(%)

	
Selectivity c (%)




	
FDCA

	
DFF

	
FFCA






	
1

	
DMSO

	
100

	
0

	
97.0

	
3.0




	
2

	
Toluene

	
30.4

	
2.2

	
30.4

	
3.2




	
3

	
Acetonitrile

	
65.1

	
0

	
65.1

	
2.2




	
4

	
H2O

	
10.1

	
0

	
97.1

	
3.1








a HMF (25.2 mg, 0.2 mmol), VPO/P-C (10 mg), solvent (2 mL) for 10 h at a reflow temperature in air b Conversion was determined by HPLC. c Selectivity was determined by HPLC.
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