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Editorial on the Research Topic 
Sustainable Catalytic Production of Bio-Based Heteroatom-Containing Compounds — Volume II

Fossil-based heteroatom-containing compounds are crucial core scaffolds or key intermediates in a wide range of pharmaceutical molecules, fiber dyes and printing ink (Li et al., 2019a; Wu et al., 2020; Wu et al., 2021), which can also be directly used as solvents, surfactants, and so on (Li et al., 2019b; Wu et al., 2019; Xu et al., 2019). However, mainly owing to the dependence and overuse of fossil source, the environmental pollution/deterioration and greenhouse effect are becoming increasingly prominent. In this regard, sustainability is deemed as a key parameter for the future of producing heteroatom-containing compounds and environmental enhancement, which not only requires the replacement of the fossil fuel feedstocks by other renewable resources (e.g., non-food biomass), but also needs the adoption of circular utilisation methods to prevent leakage of any ingredient into the environment (Iglesias et al., 2020).
This Research Topic is Volume II of a series, and here we present a collection of original research and review articles (20 papers in total) with topics on green and sustainable chemistry, including catalytic conversion of biomass feedstocks (Liu et al., Zhu et al., Liu et al., Zhang et al., Sun et al., Yao et al., Zhou et al., Zhao et al., Yang et al., and Zhou et al.), biodiesel production (Wu et al., Zhang et al., and Liu et al.), and green synthesis of heteroatom-containing bioactive compounds and functional materials (Wang et al., Pan et al., Chen et al., Pan et al., Zhang et al., and Bao et al.). Also, the Research Topic provides interesting insights into the green photocatalysis of organic pollutants (Zhang et al.).
Original research paper of Zhou et al. reports the controllable preparation of three kinds of Fe-based composite catalysts with different Fe loadings for efficient hydrogen production from biomass steam gasification. When the mass fraction of loading is 10%, Fe species are well dispersed on the carrier, affording a high gas yield of 60.4% (with 42.2% hydrogen proportion). Zhang et al. use glycerol waste to comparatively evaluate the ameliorative effect on lignocellulose under microwave or conventional heating method. During fast pyrolysis, levoglucosan produced from microwave-treated samples (32.9%) was far more selective than the conventional heating group (18.8%), and the content of aldehydes (high toxicity to the downstream fermentation) after glycerol waste and microwave pretreatment was decreased by 2.5 times compared with the untreated counterpart. In addition to directly using raw biomass resources, simple sugars like fructose can be efficiently converted to 5-hydroxymethylfurfural (up to 82% yield) by dehydration over a stable Ti-doped SBA-15 catalyst in DMSO at 140°C for 1 h (Zhu et al.), or to 5-ethoxymethylfurfural (80.4% yield) by cascade dehydration-etherification using a UIO-66-SO3H catalyst in ethanol under the same thermal conditions (Zhao et al.). Zhang et al. manufacture a biomass-based solid acid catalyst (SiO2@Cs-SO3H) with a large specific surface area (21.82 m2/g) and acidity (3.47 mmol/g) using renewable chitosan as raw material through sulfonation procedure under relatively mild conditions, which is active for esterification of oleic acid and methanol to produce biodiesel (98.2% yield).
The work of Chen et al. reports an unprecedented inactivation process of the indanol-derived NHC catalysts bearing N-C6F5 groups, giving an unexpected multi-cyclic complex product from the 3-component reaction with 1-methylcyclopropyl-carbaldehyde, 2,2,2-trifluoroacetophenone and the NHC catalyst. Pan et al. develop an acid-catalyzed 2-alkylation of indole molecules catalyzed by traceless HI, and 2,3-disubstituted indole molecules bearing congested tertiary carbon centers are obtained in moderate to good yields. Some functional catalytic materials such as hierarchical porous SAPO-34 (Wang et al.), bimetallic Zn-Zr metal-organic framework (Zhang et al.), and graphene oxide-silver nanoparticles composite (Bao et al.) are prepared in sustainable ways, and found to be efficient for the synthesis of value-added chemicals (e.g., 4,6-dimethyldibenzothiophene) or degradation of organic pollutants.
This Research Topic features several review articles with distinct scopes (Liu et al., Sun et al., Zhou et al., Yang et al., Yao et al., Liu et al., Wu et al., Liu et al., Pan et al., and Zhang et al.). Liu et al. review the application of recyclable heterogeneous non-noble Zr/Hf-containing catalysts (e.g., Zr/Hf-containing metal oxides, supported materials, zeolites, metal organic frameworks, metal organic hybrids) with acid-base bifunctionality for catalytic transfer hydrogenation using the safe liquid hydrogen donor, with emphasis on evaluating the reaction mechanisms and conversion pathways. In a more detailed manner, the research progress of catalytic synthesis of γ-valerolactone from furfural by Zr/Hf-based catalysts is reviewed by Sun et al., and the effects and regulation approaches of Lewis acid-base and Brønsted acid sites in the catalysts on each steps in the reaction process are discussed. Zhou et al. reveal the significance and potential of using titanate nanotubes-based materials as sustainable and environmentally benign solid catalysts/supports for synthesis of various bio-based chemicals, such as glycerol-derived solketal, jet fuel range alkanes precursors, biomass-derived esters, aldehydes, and aromatic compounds. Yang et al. propose the research development trend for improving the institutional mechanism of the utilization of crop straw resources, strengthening technology research and development, exploring the economic model of green cycle agriculture, accelerating the construction of the industrial system, and designing new paths of resource utilization in multiple ways. Yao et al. mainly review some latest studies about the conversion of cellulose to 5-hydroxymethylfurfural catalyzed by solid acids with Brønsted and/or Lewis acidic sites, such as sulfonated solid acids, carbon-based acids, and zeolites. Liu et al. summarize the mechanisms of several important processes of producing 5-ethoxymethylfurfural from lignocellulosic biomass-derived sugars and the research progress of the developed acid catalysts. In addition, advancements in tobacco (Nicotiana tabacum L.) seed oils (Wu et al.) and lipid extraction from microalgae using green solvents (Liu et al.) for biodiesel production are also collected. For some structurally somplex natural products such as sex pheromones (Pan et al.), and momilactones and related 9β-H pimarane skeleton (Zhang et al.), the recent advances in their synthetic strategies with the involved challenges are overviewed.
We wish this Research Topic attracts interested colleagues, enlightening more eco-friendly and sustainable synthetic procedures, shedding light on renewed catalytic strategies and routes developed for the production of bio-based heteroatom-containing compounds, and providing enthusiasm in research and studies. Enjoy its reading!
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The massive burning of a large amount of fossil energy has caused a lot of serious environmental issues (e.g., air pollution and climate change), urging people to efficiently explore and valorize sustainable alternatives. Biomass is being deemed as the only organic carbon-containing renewable resource for the production of net-zero carbon emission fuels and fine chemicals. Regarding this, the selective transformation of high-oxygen biomass feedstocks by catalytic transfer hydrogenation (CTH) is a very promising strategy to realize the carbon cycle. Among them, the important Meerwein-Ponndorf-Verley (MPV) reaction is believed to be capable of replacing the traditional hydrogenation strategy which generally requires high-pressure H2 and precious metals, aiming to upgrade biomass into downstream biochemical products and fuels. Employing bifunctional heterogeneous catalysts with both acidic and basic sites is needed to catalyze the MPV reaction, which is the key point for domino/cascade reaction in one pot that can eliminate the relevant complicated separation/purification step. Zirconium (Zr) and hafnium (Hf), belonging to transition metals, rich in reserves, can demonstrate similar catalytic efficiency for MPV reaction as that of precious metals. This review introduced the application of recyclable heterogeneous non-noble Zr/Hf-containing catalysts with acid-base bifunctionality for CTH reaction using the safe liquid hydrogen donor. The corresponding catalysts were classified into different types including Zr/Hf-containing metal oxides, supported materials, zeolites, metal-organic frameworks, metal-organic hybrids, and their respective pros and cons were compared and discussed comprehensively. Emphasis was placed on evaluating the bifunctionality of catalytic material and the key role of the active site corresponding to the structure of the catalyst in the MPV reaction. Finally, a concise summary and prospect were also provided centering on the development and suggestion of Zr/Hf-containing acid-base bifunctional catalysts for CTH.
Keywords: transfer hydrogenation, meerwein-ponndorf-verley reaction, Zr/Hf-containing catalyst, acid-base bifunctionality, biomass conversion
This review introduced the application of recyclable heterogeneous non-noble Zr/Hf-containing catalysts with acid-base bifunctionality for CTH reaction using the safe liquid hydrogen donor. The corresponding catalysts were classified into different types including Zr/Hf-containing metal oxides, supported materials, zeolites, metal organic frameworks, metal organic hybrids, and their respective pros and cons were compared and discussed comprehensively. Emphasis was placed on evaluating the bifunctionality of catalytic material and the key role of active site corresponding to the structure of the catalyst in the MPV reaction.
INTRODUCTION
The large-scale exploitation of fossil-based resources exists alongside environmental deterioration like global warming, acid rain, and air pollution (Tripathi et al., 2016; Valderrama Rios et al., 2018; Ahmad et al., 2019; Brauer et al., 2021; Schwarzman et al., 2021). On the eve of the “26th United Nations Climate Change Conference” in 2021, more than 230 major journals around the world jointly published an editorial to warn global leaders to act immediately for climate change (Atwoli et al., 2021). These serious problems compel humans to seek renewable and clean resources for the sustainable supply of fuels and chemicals (Zhang et al., 2020; Khan et al., 2021; Osman et al., 2021; Rode et al., 2021; Wu et al., 2021; Yu et al., 2021; Zantye et al., 2021; Zhang et al., 2021a). Biomass acts as the only organic carbon-containing source on earth that mainly contains carbon, hydrogen, and oxygen species (Wang et al., 2014b; Han et al., 2019; Spinelli et al., 2019; Zhu et al., 2019; Pattnaik et al., 2021). Biomass energy is ubiquitous, rich, renewable, and sustainable and its main sources are firewood, wood waste, agricultural straw, livestock manure, sugar crop waste, municipal waste with sewage, and aquatic plants, respectively (Li et al., 2018a; Luo et al., 2019; Abomohra et al., 2020; Sudarsanam et al., 2020; Wu et al., 2020). Compared with other renewable energy sources, it has unique advantages in terms of the reuse of waste resources and the production of fuels and high-value chemicals. It is highly valued in many aspects such as scientific research, politics, and the economy (Wu et al., 2018a; Mathimani and Mallick, 2019; Welch et al., 2021; Tan et al., 2022). There is a significant long-term two-way causal relationship between biomass energy consumption and economic growth (Ajmi and Inglesi-Lotz, 2020; Sabyrzhan et al., 2021). Hence, biomass has broad application potential in the future production and life of mankind (Kumar et al., 2015; Gawade et al., 2016; Hu et al., 2017; Liu et al., 2021c). However, compared to the desired products especially for fuels or fuel additives, biomass-derived feedstocks generally possess higher oxygen content (Prasomsri et al., 2013; Liao et al., 2014; Li et al., 2020a; Li et al., 2020b; Wang et al., 2020a). It is still necessary to further process the biomass feedstock to upgrade its functional groups (Dabros et al., 2018; Li et al., 2019b; Iglesias et al., 2020 Tan et al., 2021). In the field of biomass upgrading, the most widely used approach is to convert biomass (e.g., cellulose and hemicellulose) into a series of furan compounds via cascade reactions (Scheme 1) (Zhou and Zhang, 2016; Liu et al., 2019; Chen et al., 2021b). Among furan compounds, γ-valerolactone (GVL) is recognized as a kind of versatile chemical building block (Liu et al., 2021a; Kerkel et al., 2021; Delgado et al., 2022). It’s a green organic solvent and can also be used as a precursor for the manufacture of liquid fuels (Huang et al., 2018; Crabtree, 2019). 5-Hydroxymethylfurfural (HMF) has various furan rings coupled with the hydroxyl and aldehyde groups present at the exocyclic carbon atoms (Chen et al., 2018; Zhang et al., 2021b; Sarkar et al., 2021). It can be converted to levulinic acid (LA) and further produced GVL. or it can be converted to 2,5-bis(hydroxymethyl)furan (BHMF) through another route. (Kou et al., 2016; Priecel et al., 2018; Li and Jiang, 2019). Therefore, the main conversion path of this article is the production of furan compounds such as GVL and BHMF.
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[image: Scheme 1]SCHEME 1 | A common pathway for upgrading cellulose and hemicellulose.
Many reactions are involved in these processes, such as dehydration, hydrogenation, ring-opening (Yang et al., 2017b; Iriondo et al., 2017; Solanki and Rode, 2019). But the key speed-determining step is transfer hydrogenation via the Meerwein-Ponndorf-Verley (MPV) reduction reaction, which is also called indirect catalytic transfer hydrogenation (CTH) (Singh et al., 2015; Li et al., 2018c; Shao et al., 2021). Different kinds of alcohols can be used as H-donors in relatively mild conditions, achieving efficient catalysis performance for CTH reaction of the carbonyl group of α, β-unsaturated aldehyde/ketone (Mondelli et al., 2020). Therefore, the C=O bond is hydrogenated while retaining the C=C bond (Wu et al., 2018b; Li et al., 2018d; Jin et al., 2019; Liu et al., 2021d). Heterogeneous catalysts were wildly used in MPV reduction reactions, which can be easily recycled and also can effectively reduce industrial production costs (Santana and Krische, 2021; Pan et al., 2022). It goes without saying that the choice of materials is of great importance for the relevant catalytic system. In contrast to the indirect hydrogenation via MPV reaction using alcohol as a hydrogen donor (H-donor), there is another direct hydrogenation reaction in CTH that uses precious metals and H2. Although precious metals (e.g., Ru, Pd, Ir, Pt) were widely studied for direct CTH, the prices were not suitable for industrialization (Tuteja et al., 2014; Brethauer and Studer, 2015; Cao et al., 2017; Wang T. et al., 2020). On the other hand, non-noble metals (e.g., Fe, Co, Cu, Ni) were restricted because of relatively low activity and/or product selectivity (Hu et al., 2019a; Zhang et al., 2019b; Shi et al., 2019; Jiang et al., 2020). These disadvantages have prompted scientists to explore alternative catalysts, which can balance economy and high selectivity (Yin and Shen, 2020). Thus, researchers discovered that transition metal carbides have similar properties with Pt metal (Pang et al., 2019). Since transition metals have both metallic and acidic properties, they can be used as effective catalysts for the upgrading of oxygen-containing compounds derived from biomass (Choi et al., 2011; Heard et al., 2016; Gonell et al., 2017; Wagner et al., 2021). It has good corrosion resistance and is not easily corroded by general acid-base aqueous solutions (Sullivan et al., 2016; Wei et al., 2021). Among the transition metals, Zr and Hf metals with similar properties have set off a wave of research craze in the field of CTH (Champness, 2011; Li et al., 2016a; B et al., 2018). Figure 1 shows that from 1995 to 2021, the number of articles published on Zr-based catalysts in 2020 is even 5 times than that of Hf-based catalysts. Although the metals of the fourth subgroup have similar properties, the research of Hf-based catalysts in this field is far from enough, which is also a trend and direction of future exploration.
[image: Figure 1]FIGURE 1 | Comparison of the number of publications on Zr-containing catalysts and Hf-containing catalysts. Source: web of science (a search carried out in November 2021).
There are some relevant reviews about biomass conversion and CTH reaction. For example, a comprehensive review of bifunctional catalysts to convert biomass into biofuels was proposed by Li et al. (2016a). What’s more, some reviews focused on the production of GVL from lignocellulosic biomass, (Tang et al., 2014b; Ye et al., 2020) and other studies paid attention to the mechanism and interface effects of heterogeneous CTH (Gilkey and Xu, 2016; Liu et al., 2021b). However, as far as we know, there is no review of the application of transition metal Zr/Hf catalysts used for the synthesis of biofuranics compounds. In this review, the target is to selectively discuss the latest developments of various types of Zr/Hf-containing catalysts through MPV reduction to upgrade biomass-derived feedstocks. It will focus on exploring the specific mechanism of the catalysts’ active site (Lewis/Brønsted acid and base) in each biomass upgrading reaction. Finally, some opportunities and challenges faced by CTH for efficiently converting biomass into fuels or high-value chemicals have also been prospected appropriately.
ZR/HF-CONTAINING METAL OXIDE CATALYSTS
Zr has excellent high-temperature resistance, and its melting point is as high as 2,700°C. Even if it is heated to 1900°C, it will still not react with molten Al, Fe, Ni, Pt, and other metals. Commercial zirconium oxide (ZrO2) has been used in the nuclear energy industry, national defense industry, electronic components, ceramic carbon powder, along with high-temperature resistant materials, etc. (Ishikawa et al., 2017). Among them, ZrO2 was also used in the field of catalysis due to its excellent chemical stability and high surface chemical activity (Liu et al., 2002; Zhu et al., 2004; Gonell et al., 2017). As a typical weak acid-base bifunctional material, ZrO2 and HfO2 have exceptional catalytic performance in CTH reaction (Paniagua et al., 2021). In Zr/Hf-containing metal oxide catalysts, as shown in Table 1, the main researches in recent years are classified and summarized according to the reaction substrate.
TABLE 1 | Zr/Hf-based metal oxide catalysts.
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LA as a Substrate
LA was listed as one of the 12 high-value chemicals from biomass by the U.S. DE (Bogale et al., 2019). It was considered as a significant platform compound for the synthesis of organic chemicals (Hu et al., 2021; Tian et al., 2021). In general, there are usually two reaction pathways of heterogeneous catalysis in the production of GVL using LA and its esters [e.g., methyl levulinate (ML), ethyl levulinate (EL), butyl levulinate (BL)] as substrates. These two reaction pathways mainly depend on the controlled reaction conditions and the catalyst used during the reaction (Scheme 2) (Dutta et al., 2019). In path 1, hydrogenation reaction is prone to occur at lower temperatures to promote the conversion of LA to 4-hydroxyvaleric acid under the water phase system, which is then dehydrated to GVL under the action of a catalyst. In path 2, LA is first dehydrated to form angelica lactone at higher temperatures, which is then hydrogenated to obtain GVL. In short, hydrogen and dehydration can occur either way. But under different control reaction conditions, the sequence of these two processes will change, accordingly.
[image: Scheme 2]SCHEME 2 | Two pathways for the conversion of LA and its esters to GVL.
Ag–Ni/ZrO2 catalyst has attracted researchers’ attention due to its magnetic properties that are easy to separate (Hengne et al., 2014). The two metals play a synergistic effect in the transformation of LA and furfuryl alcohol (FA) (1:1) mixture to GVL. It also proved that Ag–Ni/ZrO2 has a comprehensive scope of applications in the one-pot CTH of biomass-derived C3 to C6 molecules, with relatively high conversion and selectivity (>80%) (entry 1 of Table 1). In addition to using high-purity synthetic chemicals as substrates, researchers were further required to explore some methods that can be closer to biomass raw materials to produce GVL. Tang et al. developed an in-situ catalyst generation system to produce GVL (Tang et al., 2015). The system can decompose the HCl/ZrO(OH)2 catalyst in LA and 2-butanol (2-BuOH) solution autonomously and then a 2-BuOH in-situ H-donor was employed to catalyze the cyclization of LA esterification to GVL. The highlight of this system was that crude LA can be directly used to produce GVL. The crude LA was extracted from the acid hydrolysis of cellulose (47.8% yield), and flowed into 2-BuOH. Finally, 2-BuOH was used to extract LA and FA from the cellulose hydrolysate (90.2% v. s. 15.1%), as depicted in entry 2 of Table 1. Even in the presence of humin after use, a GVL yield of 82.0% can be successfully obtained. In addition, when investigating the influence of solvent, it was found that the GVL yield of 2-BuOH was much lower than that of 2-Propanol (2-PrOH) (27.5% vs. 62%) at 200°C because the steric effect of 2-BuOH was stronger than 2-PrOH. Continue to increase the temperature to 240°C, the steric effect of 2-BuOH can be overcome, and the yield can be increased to 84.5%. According to Derjaguin–Landau–Verwey–Overbeek (DLVO) theory, the principle of the catalysts agglomeration phenomenon was speculated. That was, the absorbed LA and H-donors enhanced the electrostatic repulsion between the ZrO(OH)2 particles formed in situ, thereby preventing further agglomeration in 2-BuOH. In other words, the dispersibility and morphology of ZrO(OH)2 particles that played a key catalytic role mainly depended on the solvent and the substrate. Most Cu-ZrO2 catalysts were prepared by co-precipitation with mixed precursors (entry 3 of Table 1) (Hengne and Rode, 2012). Its excellent catalytic performance should be attributed to its strong surface acidity. The effective active component in the catalytic hydrogenation process was the reduced Cu particles dispersed on the catalyst surface. The introduction of Cu into the tetragonal ZrO2 lattice can enhance the adhesion of these particles as well as make them dispersed. It can also enhance the number of acid sites, among which Lewis acid was also determined to enhance the transfer hydrogenation activity. Changing the starting material from LA to ML and the H-donor from water to methanol, Cu-ZrO2 still had a very objective activity (entry 4 of Table 1).
ML as a Substrate
Ni/ZrO2 was also used to convert ML and LA to GVL, which were catalyzed and reacted to test the active materials (Sakakibara et al., 2019). It was concluded that the Ni contributed to the hydrogenation of ML and LA, and the Zr contributed to the lactonization of the hydrogenated product. Under relatively mild conditions of 90°C, the GVL yield reached 92% (entry 5 of Table 1). But the disadvantage was that the reaction time was as long as 20 h. It is well known that GVL can be directly hydrogen transfer catalyzed by ZrOCO3. Further studies by Ma et al. found that using ZrOCO3 as a carrier, the introduction of Cu/Cu+ can increase the CTH activity (entry 6 of Table 1) (Ma et al., 2020). And Cu/ZrOCO3 can also further convert GVL into 1,4-Pentanediol (1,4-PDO) through the MPV reaction. This may be caused by the coordination effect between the Cu and the acid-base sites of the carrier. Cu vacancy (Cu0) and Cu ion (Cu+) were formed after in-situ reduction. Cu+ can be used as Lewis acid to adsorb and activate the C=O group through the electron lone oxygen atom pair. Alcohol can be excited to become an activated metal hydride on the Cu0 surface, and then attack the activated C=O group to form an O-H group. ZrOCO3 was an amphoteric catalyst, which can also promote the MPV reaction through six-membered ring intermediates. In addition, amphoteric carriers (such as Al(OH)3 and ZrOCO3) contained more acid-base sites than basic carriers (such as Mg2(OH)2CO3 and ferric hydroxide), demonstrating a better catalytic activity accordingly.
EL as a Substrate
EL was used to prepare GVL through CTH. Tang et al. used ZrO(OH)2 xH2O catalyst to obtain 89.1% EL conversion and 75.3% GVL yield in ethanol (EtOH) under 240°C for 1 h (entry 7 of Table 1) (Tang et al., 2014a). First, EtOH was adsorbed on the surface of the catalyst and dissociated into the corresponding alkoxide. EL obtained two hydrogen atoms from EtOH to obtain the intermediate ethyl 4-hydroxypentanoate (4-HPE). Then 4-HPE underwent intramolecular transesterification to obtain the final product GVL. But there was another reaction path, 4-HPE and EtOH were etherified to produce by-product 4-ethoxypentanoate (4-EPE). Self-aldol condensation may occur between EL, GVL, and aldehyde dehydrogenated from EtOH, and the formation of trace by-products can be ignored in the system. Doping boric acid in Zr-containing catalysts can increase its acid content, but the traditional wet impregnation method was difficult to control the leaching of the boron component during the reaction. Therefore, He et al. used the sol-gel method to improve the synthesis of the mesoporous Zr/boron mixed oxides catalyst (He et al., 2016a). ZrOCl2 8H2O and boric acid were stirred at 40°C for 3 h and then transferred to an oven to evaporate the solvent for 4 h after sonication. After drying at 80°C for 1 day, it was calcined at 450°C for 6 h. In general, the preparation process was relatively simple. With this amorphous material catalyst, 95.1% EL conversion and 88.5% GVL yield were obtained at 200°C for 4 h (entry 8 of Table 1). As the boron content increased, the surface area, acid density, and alkali density of the mesoporous material improved correspondingly. Nonetheless, adding too much boron to ZrO2 will reduce the alkali density and inhibit the alkalinity of the catalyst. However, ZrO2 catalyst still existed the disadvantage of high temperature or long time during the reaction (entry 9 of Table 1) (Tang et al., 2013). To address this issue, Al-Zr mixed metal catalysts were prepared by the co-precipitation method (He et al., 2016b). ZrOCl2 8H2O and Al(NO3)3 9H2O were dissolved in deionized water, and then an aqueous ammonia solution (25–28%) was added dropwise. Next, the solution underwent a series of methods such as pH adjustment, aging, drying, and calcination to obtain the target solid catalyst. It was found that when Al was added to ZrO2, the surface area was enlarged and the number of effective acid and base sites of the catalyst was increased. With 2-PrOH as the H-donor and solvent, the EL conversion was 95.5% and the GVL yield was 83.2% at 220°C (entry 11 of Table 1). Both formic acid and LA can be obtained from sugars in an equimolar ratio were found by Li et al. Therefore, if FA is used as an H-donor and LA is used as a substrate to synthesize GVL, it is obviously a reasonable system. Nano-FeZrOX materials have also been reported to have magnetic recyclable properties. The acid-base bifunctional catalysts of superparamagnetism were synthesized through the reaction of solvent heat treatment and hydrolysis condensation. Upon using EtOH as H-donor, effective conversion of EL to GVL was successfully conducted. A series of FeZrOx catalysts with different Fe-Zr ratios were prepared (entry 11 of Table 1) (Li et al., 2015). It was found that ZrFeO (1:3)-300 with Fe3O4 covered by a ZrO2 layer had an appropriate distribution of acid-base sites as well as a medium surface area and pore size. The yield of GVL can be reached as high as 87.2% (3 h, 230°C). In addition, the catalyst containing Zr and Fe can also be combined with the solid acid HY2.6 to directly convert sugar into GVL, with a yield of 44.7%. To be specific, Ni(NO3)2 6H2O and ZrOCl2 8H2O were used to synthesize magnetic Ni-Zr nanocatalysts for the conversion of various biomass derivatives (Li et al., 2016b). This hydrogen-reduced magnetic Zr5Ni5 nanoparticles (<20 nm) catalyzed EL to produce GVL (95.2% yield) within 3 h at 200°C (entry 12 in Table 1). Surprisingly, the system can also catalyze the conversion of fructose, glucose, cellobiose, and carboxymethyl cellulose into GVL and EL in one pot, with a total yeild of 69.5, 60.1, 56.0, and 51.5%, respectively. And ICP-OES detected that only 0.3 wt% Ni and 0.5% Zr were immersed in 2-PrOH. The very small amount of immersion can clearly explain the heterogeneity of the catalyst and the nature of easy recycling. In addition, the nano-catalyst was combined with the solid acid HY6, the catalyst was easily attracted by the permanent magnet because of its magnetic properties. The used catalyst was washed 3 times with EtOH and dried, and it can be reused more than 5 times. In addition, the catalyst can be recovered by more than 89–93%, which is very suitable from an economic and convenient point of view.
Also using EL as a substrate, Yang et al. developed a microsphere Ti/Zr porous oxide catalyst through a sol-gel process combined with solvent heat treatment (Yang et al., 2017a). With hexadecyl amine (HDA) as the directing agent, the catalysts (TixZry) with different Ti/Zr molar ratios that have −Zr−O−O−Zr− network were developed. This not only allowed the mixed oxide to have adjustable porosity and large surface area but also enhanced its acidity and alkalinity. Compared to the amorphous structure of commercial titanium oxide (TiO2) and ZrO2, Ti/Zr oxides were spherical. Experiments and tests showed that Ti2Zr8 had the largest surface area (385 m2/g), appropriate acidity (1.12 mmol/g), and alkalinity (0.46 mmol/g), which was the best option. In general, if there was a base in the reaction system, the reaction activity will be improved. The increase in reactivity benefited from the ability to accept hydroxyl protons from the H-donor. There were also many sources of bases, which can be organic ligands, solvent molecules, or dissolved alkaline substances. The catalyst can be reused at least 6 times, and it can still obtain almost complete EL conversion and GVL yield of greater than 84.4% (entry 13 of Table 1). BL was also one of the common LA and its esters (entry 14 of Table 1) (Chia and Dumesic, 2011).
FF (Furfural) as a Substrate
For the conversion of FF to FA, the hollow core-shell magnetic catalyst named Zr(OH)4@CoFe2O4, was developed and employed for CTH (entry 15 of Table 1) (Hou et al., 2021). Firstly, 2-PrOH was adsorbed on the surface of Zr(OH)4 and interacted with Lewis acid sites (Zr4+) and base sites (O2-) to form metal alkoxide. Then, the O atom on the carbonyl group of FF was activated by Zr4+. A typical six-membered ring transition state was formed. Then hydride transfer from alkoxide to the carbonyl group of FF was accomplished. Finally, the newly formed FA was desorbed from the surface of the catalyst along with acetone, and the active site of Zr4+ was re-exposed for the next run.
One-pot conversion of FF to GVL can use commercial HfCl4 as a catalyst (Li et al., 2021b). With 2-PrOH as H-donor, the yield of GVL reached 65.5% in 8 h at 180°C (entry 16 of Table 1). During the reaction, HfCl4 is hydrolyzed in situ to produce HfO(OH)2 xH2O (medium Lewis basic) and HCl (strong Brønsted acid). Together with the Lewis acid site (Hf4+), they play a synergistic effect in the cascade reaction process, which is significantly improved the catalytic activity. HfCl4 provides Lewis acid site (Hf4+), while HfO(OH)2·xH2O and HCl were gradually in situ generated by the HfCl4 hydrolysis in 2-PrOH due to the presence of residual water to provide Lewis base site (O2-) and Brønsted acid site (HCl), respectively. 1) The carbonyl group of FF was adsorbed on the Lewis acid site (Hf4+), and 2-PrOH with the oxygen and hydrogen atom of the hydroxyl group were respectively adsorbed to the Lewis acidic Hf4+ and the Lewis basic oxo-ion site. Then, a six-membered ring transition state was formed to complete the transfer hydrogenation process. FF was converted to Furfuryl Alcohol (FA), at the same time the 2-PrOH was transformed to acetone. 2) FA reacting with 2-PrOH was catalyzed by Lewis acid sites to form isopropyl furfuryl ether (FE) by etherification reaction. 3) The conversion of IPL to isopropyl 4-hydroxyvalerate (4-HPE) via transfer hydrogenation was similar to that of FF to FA, which was also catalyzed by the Lewis acid-base site (Hf4+-O2-). 4) 4-HPE undergone cyclization reaction to produce equivalent GVL was conducted in the presence of acid sites. In addition, the recycled catalysts can effectively catalyze the conversion of FF to FA after being calcined (2-PrOH as H-donor and the yield is 60.5% at 170°C for 1.5 h).
HMF as a Substrate
CTH mechanism of HMF on ZrO(OH)2 was shown in Scheme 3 (Hao et al., 2016). The carbonyl oxygen of HMF coordinated with the alkoxide a to form a six-membered ring transition state b on Zr species. The hydride was transferred from the alkoxide to the carbonyl of HMF in b. Meanwhile, the new carbonyl (aldehyde) dissociated and released the intermediate c. Then another EtOH coordinated with it to form d. At the end, the newly reduced carbonyl (BHMF) dissociated to regenerate the alkoxide a. The BHMF yield of 88.9% can be achieved by reacting for 2.5 h at 150°C (entry 17 of Table 1).
[image: Scheme 3]SCHEME 3 | The mechanism for the CTH of HMF into BHMF over ZrO(OH)2 (Hao et al., 2016).
The mechanism by which Zr-containing metal oxides catalyze the completion of transfer hydrogenation of carbonyl compounds via MPV reduction reaction is shown in Scheme 4. First, the alcohol is absorbed by the Lewis acid sites in the catalyst to form the corresponding alkoxide (Gonell et al., 2017). Then, the carbonyl group combines with the alkoxide to produce a six-membered ring transition state (Injongkol et al., 2017). Finally, a coordinated hydrogen transfer occurs between the activated carbonyl compound and the alkoxide. process. At the same time, the obtained new carbonyl chemical substance ketone is released. Finally, another alcohol molecule participates in the reaction to generate the target product and the starting alkoxide.
[image: Scheme 4]SCHEME 4 | General reaction mechanism of hydrated ZrO2.
ZR/HF-CONTAINING SUPPORTED MATERIAL CATALYSTS
The carrier material usually uses mesoporous molecular sieves, which generally have relatively large specific surface areas, large pore sizes, along with regular pore structures (Taniya et al., 2010). Mesoporous molecular sieves are regarded as good shape-selective catalysts and have better catalytic activity and selectivity than zeolite molecular sieves when organic macromolecular substances participate (Shen et al., 2014). In addition, the pore size can be continuously adjusted in the range of 2–50 nm, and the pores and the large and silan-rich surface (up to 2000 m2/g) are easy to modify (Gao et al., 2021a). Mesoporous molecular sieves are often used as carriers to load or dope transition metal (e.g., Zr and Hf) elements and rare earth elements into their frameworks, surfaces, or pores. There is no doubt that mesoporous materials have also shown their talents in the field of biomass catalytic upgrading (Table 2).
TABLE 2 | Zr/Hf-containing supported material catalysts.
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Using LA as a reaction substrate, ZrO2 was supported on typical hexagonal mesoporous Si, such as Mobil Composition of Matter-41 (MCM-41) and Santa Barbara Amorphous-15 (SBA-15) (entry 1, 2, 4 in Table 2) prepared by Kuwahara et al. (2014). The silicon carrier itself is inactive, and the reaction kinetics demonstrated that the pore size of mesoporous Si had little effect on the catalytic activity. However, it was possible to increase the CTH reaction activity by expanding the surface area of the oxide support carrier, which can change the local structure of the Zr species. Specifically, the high surface area of Si support provided a surface environment that was suitable for the introduction of highly dispersed low-coordination Zr. The loss of used catalytic activity was due to the strong adsorption of organic residues on the catalyst surface. This prevented the next batch of organic substrates from entering the Zr active site. Similar catalysts have also been reported, and the conversion and yield have been further improved (entry 3 of Table 2) (Kuwahara et al., 2017). For the conversion of EL to GVL, using biopolymer chitosan as a support to prepare the efficient Zr-containing catalyst (chitosan–Zr) was developed by Wang et al. (2020c). Chitosan is derived from the diacylation of chitin (Synowiecki and Al-Khateeb, 2003). The world’s marine ecosystems produce about 1,600 million tons of chitin each year (Aydın and Aksoy, 2009). And it was the second kind of abundant biopolymer in nature after cellulose, but they were underutilized. Many–NH2 and–OH groups exist in the chitosan, which means it has a strong chelating ability for M+. The conversion rate of the relevant catalysts containing Zr or Hf can reach 100%, and the corresponding yield was 97% (entries 5 and 6 of Table 2). Undoubtedly, it was a wise strategy to use biomass-derived chemicals to prepare catalysts for the efficient valorization of biomass feedstocks.
FF as a Substrate
Using FF as the starting substrate, the same material had been studied with different Zr coatings of ZrO2 using wet chemical methods (entry 7 of Table 2) (Iglesias et al., 2018). The first type was related to the strong acid position on the interface with Si. Another type of highly dispersed t-ZrO2 crystals that were ubiquitous in the second and third layers was related to the position of the weak acid. This catalyst was used for the cascade reaction of FF to GVL. In addition, pyridine titration experiments during vacuum and 2-PrOH soaking were also carried out, proving that the Lewis acidity of all ZrO2 monolayer thicknesses dominated the key role. A single ZrO2 monolayer had a few Brønsted acid sites. And this may be related to residual surface silanol. The etherification and isomerization of FA to EL reduced the reaction rate. Fe3O4/ZrO2@MCM-41 was tailored by the impregnation of ZrO2 on mesoporous MCM-41 support coated by Fe3O4. It could efficiently catalyze the cascade reaction in terms of conversion of FF to GVL (entry 8 of Table 2) (Gao et al., 2021). The introduction of these two substances did not change the original ordered hexagonal framework of MCM-41. The incorporation of Fe3O4 was a simple way to adjust its acidity. The kinetic study demonstrated higher activation energy for the LA-to-GVL step (86.9 kJ/mol) than that of FF transfer hydrogenation (35.0 kJ/mol) and that of subsequent alcoholysis process (51.0 kJ/mol). The catalyst could be fully recovered and reused because of its excellent magnetic property. By Zr K-edge XAFS analysis, it can be seen that the Zr4+ oxide species anchored on the silica surface in a low-coordination state played the most important role in the reaction. Another application of this catalyst was the conversion of FF and 2-methylfuran (2-MF) to diesel precursors through the hydroxyalkylation/alkylation (HAA) reaction (Luo et al., 2018). The mesoporous catalyst was prepared by using ZrO2 and phosphotungstic acid (TPA) on the inside and outside of the pores of SBA-15 (Srinivasa Rao et al., 2018) (entry 9 of Table 2). It has also been reported that Zr-SBA-15 performs average in transforming FF to FA (Iglesias et al., 2015). However, it has excellent performance when reducing cyclic ketones with secondary alcohols. After the reaction, the corresponding alcohol yield was as high as 99% (entry 10 of Table 2).
ZR/HF-CONTAINING ZEOLITE CATALYSTS
Zeolite is a kind of nanoporous aluminosilicate crystal (Chai et al., 2021; Mardiana et al., 2022). Because of its regular pore structure and adjustable acidity, it is widely used in adsorption, separation, and catalysis (Sushkevich et al., 2014; Koreniuk et al., 2015; Wang et al., 2016c; Kim et al., 2020). The support material mainly uses mesoporous molecular sieves, which are used to provide templates to increase the stability and surface area of the catalyst, while zeolite will coordinate with the metal and form new bonds. As we all know, the catalytic activity of a molecular sieve is closely related to its unique acidity (Ramanathan et al., 2008; Melero et al., 2018; Cho et al., 2020). Usually, the acidity of zeolite is mostly affected by the isostructural substitution of Al3+ by Si4+ in the framework. This can create an imbalance of negative charges in the crystal lattice, and the concomitant exchangeable cations can make up for this imbalance (such as H+, Na+, K+). When protons are connected to oxygen atoms that are connected to silicon and Al atoms, the local charge transfer weakens and lengthens the O-H bond. In turn, this enhances the strength of its Brønsted acidity (Melero et al., 2017). The final result of these bonding interactions is that the local environment determines the type and intensity distribution of acidic sites. After a long-term research, scientists have found that if the concentration of substituted tetrahedral atoms does not exceed a certain threshold, Brønsted acid sites can show a constant acid strength which is suitable for adsorption and catalysis (Hernández et al., 2016). Therefore, the high intrinsic catalytic activity of zeolite is mainly derived from the excellent stability of the transition state in the nanopore confinement. Table 3 compares the catalytic effects of several different Zr/Hf-containing zeolite catalysts with the substrate as the classification standard.
TABLE 3 | Zr/Hf-containing zeolite catalysts.
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The reaction system of converting LA to GVL can use Zr-Beta and MFI topological structure nano-layer aluminosilicate (Al-MFI-ns) as the bicatalyst (entry 1 of Table 3) (Bui et al., 2013). Both of these steps resulted in the oxidation of the H-donor, which can be separated from the product. And it can be regenerated under mild gas-phase conditions and was directly put into use next time. It was noteworthy that this process can be achieved with cheap catalysts (e.g., Ni or Cu). Moreover, the combined catalysts can also convert hemicellulose to GVL. This also provides a new potential process for the transformation of pentoses to GVL.
The process of reducing ML to GVL by Lewis acid catalyst based on relevant kinetic parameters was described Luo et al. (2014). The reaction sequence and the rate of the mechanism were calculated. And the kinetic parameters of Ti, Sn, Zr, and Hf β-catalysts at different temperatures were analyzed (entry 2 of Table 3). Although the selectivity of GVL was over 94%, the turnover rate of these three zeolite catalysts was different during the MPV reaction process, and the Hf β catalyst had the highest activity. It is confirmed that the stronger the Lewis acid of the catalyst is, the more stable the six-membered ring transition state of the rate-limiting CTH step can be achieved (Assary et al., 2013). Kinetic studies were carried out by changing the H-donor (primary alcohol and secondary alcohol), proving that reducing the chain length of the alcohol did not affect the Ea.
EL was catalytically reduced to GVL by Zr-Beta zeolite. A small amount of Zr (Si/Zr ∼75–200) was incorporated into the zeolite (Wang et al. (2014a). The Zr-Beta zeolite catalyst with isolated Zr atoms with Lewis acidity was prepared (entry 3 of Table 3). Density functional theory (DFT) calculation studies showed that Zr4+ was located in unique crystallographic positions of zeolite. To test its industrialization potential, the catalyst effect was further tested in the batch reactors and continuous flow reactors. Through the investigation of the mechanism, it was found that Brønsted acid sites can cause other side reactions. For example, the production of hemiacetals, pentenes, and their isomers reduced the selectivity to GVL.
FF as a Substrate
TUD-1 mixed with Zr/Al and zeolite β-type silicate catalyst was prepared and used for a series of conversion of FF (entry 4 and 5 of Table 3) (Antunes et al., 2016). Using 2-BuOH as an H-donor, a stepwise kinetic modeling study was successfully carried out. The effection of catalysts materials on intermediates selectivity was revealed. It was found that the Zr site played a decisive role in the reduction of FF to FA and levulinate (LE) to GVL. It was proved that the coexistence of Al sites can promote the acid catalysis step, involving the process of FA to alkyl furfuryl ethers (FEs), LEs, angelica lactones (AnLs), and LA, respectively. A similar combination also used the catalysts of Zr-HY (Lewis acid) and Al-HY (Brønsted acid) (Zhang et al. (2019a). The Zr-containing zeolite is prepared by a post-synthesis method (entry 6 of Table 3). Zr was added after the dealumination of the parent Al-containing zeolite. However, the model shown in Figure 2 exhibits that there is a certain dimensional limitation in the coordination of FF and 2-PrOH at the Zr Lewis acidic site in the pore channel. Besides, active sites of Zr-Al-Beta zeolites can be changed by mild alkaline treatment (e.g., LiOH, NaOH, KOH) (Gao et al., 2020). It is worth mentioning that alkaline treatment can improve recalcitrance to deactivation and coking, which is beneficial for the recycling of the catalyst.
[image: Figure 2]FIGURE 2 | The model of the spatial limitation of the coordination of the catalyst and the substrate in the pore channel [copyright from Zhang et al. (2019a)].
For the CTH conversion of FF to FA. 2-PrOH as the H-donor over cation-exchanged Lewis acidic BEA zeolite was calculated by DFT (Prasertsab et al., 2018). The catalytic activity of tetravalent metal centers (Sn, Zr, and Hf) substituted into BEA. It found that in the order Zr ≥ Hf > Sn, based on Ea.
In short, the binding capacity of the Hf-zeolite molecular sieve was better than that of the Zr-zeolite molecular sieve. This is because the activation energy of the Zr-zeolite reaction was lower when the Hf-zeolite molecular sieve catalyzed the reaction (Injongkol et al., 2017). The Zr-zeolite catalyst played an important role in the combination of stone and Zr/Hf to form the Lewis acid center, which was believed to constitute the active site of the catalyst. Moreover, it was further determined that this would play an important role in the adsorption and activation of the reactants. The Lewis acid site combined with the carbonyl group to activate the unsaturated C=O double bond, and finally formed the alcohol compound product.
ZR/HF-CONTAINING METAL-ORGANIC FRAMEWORK CATALYSTS
The term MOF was introduced in 1995 and was now widely accepted (Furukawa et al., 2013). It was a kind of coordination polymer material with good crystal form (Wang et al., 2016a; Goetjen et al., 2020). MOF catalysts have been developed successfully in the application of renewable energy and environmental fields, which have good design capabilities (Zhang et al., 2017; Lin et al., 2021; Mautschke and Llabres, 2021). Highly adjustable porosity and specific surface area, high density of accessible metal sites were the fascinating part of this material (Rui et al., 2021). The microporous zeolite material has diffusion limitations. But the MOF has a mesopore with a diameter of about 9.8 nm, facilitating the full diffusion and mixing of the various substances in the reaction. In terms of BET surface area, zeolite is about 200–500 m2 g−1, while MOF is about 1,000–10000 m2 g−1 (Dhakshinamoorthy et al., 2011). Generally, the surface area and porosity of MOF were much higher than those of zeolite, but the chemical and thermal stability of MOFs are not as good as that of zeolite. Zr/Hf-containing MOFs catalysts can be seen everywhere in the field of the transfer hydrogenation of biomass-based carbonyl compounds. Table 4 summarizes the reaction conditions and yields of some excellent Zr/Hf-containing MOF catalysts for the conversion of biomass-based chemicals.
TABLE 4 | Zr/Hf-containing MOF catalysts.
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For the reaction of LA to GVL, Yun et al. avoided most of the toxic solvent dimethylformamide (DMF) which were typically used in the preparation of Zr polysulfide catalysts (Yun et al., 2019). Instead, they prepared the catalyst ZrF with fumaric acid and ZrCl4 in water. In particular, they also used monocarboxylic acids as regulators, which affected the formation and morphology of aquatic zirconia, but did not affect its crystal structure and acidity. ZrF was adjusted with formic acid, acetic acid, and propionic acid, obtaining F-ZrF, A-ZrF, and P-ZrF, respectively. As a comparison, W-ZrF synthesized directly in water without a regulator and D-ZrF prepared in DMF in a traditional mode were also established. The order of particle size is F-ZrF (270 nm) >A-ZrF (130 nm) >P-ZrF (55 nm) >D-ZrF (25 nm). The size of ZrF was related to the molecular weight of the monocarboxylic acid. A regulator with a relatively low molecular weight can obtain ZrF with larger particle size and less excessive aggregation, which is beneficial for catalysis. W-ZrF without modifier did not have a good granular shape but existed in the form of a large block. Among them, at 200°C in 2 h, ZrF prepared by formic acid showed a 98% conversion of LA and 96% yield of GVL (entry 1 of Table 4).
HPW@MOF-808 was fabricated via a facile impregnation method with H3PW12O40 and Zr-based MOF (Li et al., 2021a). Although MOF-808 had good activity in CTH reaction, its Brønsted acidity did not meet the requirements. Therefore, adding HPW (strong Brønsted acid) can effectively promote the esterification of LA with 2-PrOH and the subsequent lactonization reaction. Besides, MOF-808 had high acid resistance, which can exist stably in HCl and its cavity was large enough to encapsulate HPW. The yield of GVL can be obtained by reacting at 160°C for 6 h (entry 2 of Table 4)., and the yield can be increased by 5% when the temperature was increased by 20°C. The dipping method for HPW@MOF-808 was relatively simple, but the preparation of MOF-808 was nearly a week, the process was complicated and time-consuming.
Expanding the starting material from LA to its ester, MOF material catalyst (e.g., sulfonic acid-functionalized UiO-66) also performed well (entry 3 of Table 4) (Kuwahara et al., 2016). UiO-66(Zr) is comprised of 12-coordinated Zr6O4(OH)4 clusters connected with 1,4-benzene dicarboxylate (BDC) linkers (Hu et al., 2016). Due to the very strong force between Zr-O, UiO-66(Zr) material has good water and thermal stability, and the structure can be maintained stably for a long time in a solution of pH = 1–11 (Shearer et al., 2014). Observing Scheme 5, it can be seen that each Zr-O cluster is 12-fold connected to adjacent clusters through a benzene dicarboxylate linker, and stacked together (Kuwahara et al., 2016). Correspondingly, it was confirmed that by FT-IR analysis, the Zr-O cluster only coordinated with the carboxylic acid oxygen atom, but not the sulfonated oxygen atom. With the increased degree of substitution of the sulfonic acid ligand, the XRD intensity and N2 adsorption capacity of the microporous solid decreased significantly. In other words, the crystallinity and surface area of MOF materials decreased with the increase of sulfonic acid ligands, defects or irregular connections, and catalyst activity increased. Lewis basic sites (Zr6O4(OH)4 cluster) catalyzed the CTH reaction of LA and its esters (entry 3 of Table 4). Brønsted-acid site (-SO3H) promoted continuous intramolecular dealcoholization. The acid-base sites were arranged adjacent to each other in the confined nanospace, and had a synergistic effect on the entire reaction.
[image: Scheme 5]SCHEME 5 | Possible reaction mechanism for CTH process of levulinate esters to produce GVL over UiO-66-Sx catalyst and its structure diagram [Copyright from Kuwahara et al. (2016)].
A variety of Zr-containing MOFs with different ligands were prepared for the conversion of EL to GVL (Valekar et al., 2016). UiO-66(Zr) showed good catalytic activity (92.7% GVL yield) at a high temperature (200°C), as shown in entry 4 of Table 4. In contrast, MOF-808 has been shown to produce GVL (85% yield) quickly at a moderate reaction temperature (130°C). It is worth mentioning that the latter also performed well in open systems using solvent reflux. In addition, through acid-base modification of the BDC ligand, the changes in its structure and catalytic effect were studied. It was found that the -COOH functional group can provide additional acidity, but the surface area and pore volume of the material have a considerable loss, and the presence of the -NH2 group in the ligand provided additional alkalinity to the material, and the surface area loss was small. This was due to the smaller size of the -NH2 group compared to the -COOH group. The order of pore size and EL conversion and GVL yield showed consistency, that was UiO-66(Zr)-COOH (25% EL conversion, 13.9% GVL yield) < UiO-66(Zr)-NH2 (99% EL conversion, 64.6% IPL yield) < UiO-66(Zr) (100% EL conversion, 92.7% GVL yield). The low catalytic efficiency of UiO-66 (Zr)-COOH was because EL only reacted on its surface or diffused slowly into its narrow pores. On the contrary, when UiO-66(Zr)-NH2 was used, almost all EL was converted, but the main by-product IPL was produced. This proved that UiO-66(Zr) functionalized with -NH2 will preferentially undergo transesterification with excess 2-PrOH. Similar conversion and yield have been obtained in other work using the same substrate (entry 4 of Table 4) (Rojas-Buzo et al., 2018).
Using EL as the starting substrate, it can be directly converted to GVL through transfer hydrogenation. Sergio et al. prepared a series of materials such as UiO-66 and MOF-808, using formic acid as a modulator (Rojas-Buzo et al., 2018). The latter can be converted into GVL to obtain 100% FF conversion and 97% yield (2 h, 100°C), as shown in entry 5 of Table 4. Compared to UiO-66 (pore size 6Å), MOF-808 has a wider pore structure (pore size 14 Å), which allows the conversion of larger substrates (Mautschke and Llabres, 2021). In the cascade reaction, the combination of Hf-MOF-808 with Al-Beta catalyst was used, and a 51% yield was obtained after 6 h of reaction (entry 5 of Table 4). Hf-MOF-808 showed excellent activity and specific selectivity in hydrogenating carbonyl compounds through the CTH strategy because of its poor crystallinity, defects, large specific surface, and abundant Lewis acid-base sites. By using DFT calculations on the mechanism of MPV reaction, Lin et al. found that carbonyl compounds (e.g., ketones and alcohols) filled the defects of Hf-MOF (Lin et al., 2021). Lewis acid with Hf as the center can coordinate with the oxygen of the substrate molecule, and form a six-membered ring transition state. But other reactive groups with insufficient hardness or large steric hindrance (e.g., -NO2, C=C, -CN) were difficult to coordinate with Hf, which was difficult to play a catalytic role. This also explained why Hf-MOF materials have specific selectivity for reducing carbonyl groups.
FF as a Substrate
For the reaction of FF to GVL, DUT-67 (Hf) performed well. All Hf4+ contained in the Hf6O8 cluster of 12-linked UiO-66(Hf) was saturated, so it is difficult to introduce SO42- through a post-synthetic modification method (Li et al., 2019c). In contrast, each Hf cluster of DUT-67 (Hf) is 8 times connected to the 2,5-thiophenedicarboxylic acid (H2TDC) linker (Bon et al., 2013). An inorganic acid (H2SO4) can be added to introduce Brønsted acid sites. The optimal ratio of sulfated DUT-67(Hf) can convert 100% of FF and undergo a cascade reaction (180°C for 20 h) to finally obtain 84.9% GVL (entry 6 of Table 4). However, the preparation process of the catalyst was very complicated and time-consuming, which was a challenge for the promotion of large-scale use.
In the classic reaction of FF to FA under mild conditions, three Zr-molybdenum compounds (UiO-66, UiO-67, and DUT-52) with the same ligand-metal node coordination but different porous properties were compared. It was proved that the metal node connectivity was more important than high porosity when the Zr-porous membrane material underwent a CTH reaction (Valekar et al., 2020). In addition, the synthesis of an M-MOF-808 material has also been optimized, which can also obtain a 94.2% FF conversion and 90% FA yield after reacting at 40°C for 24 h (entry 7 of Table 4). Low-temperature conditions provided novel ideas for new applications of low-grade waste heat. P/Zr-MOF catalysts were prepared by (NH4)2HPO4 pyrolysis approach starting from Zr-MOFs (Wang Y. et al., 2020). P/Zr-MOFs compared with Zr-MOFs, a part of O–Zr–O in the MOFs was phosphated to form O–Zr–P and P–Zr–P, in which Zr–P possessed stronger Lewis acidity and basicity than those of Zr–O. The increase of reaction temperature and time was conducive to the CTH of FF. However, too high a reaction temperature will result in a decrease in the conversion of FF. Meanwhile, too long reaction time will lead to side reactions of excessive hydrogenation and hydrogenolysis, resulting in a decrease in the selectivity of FA (entry 8 of Table 4).
In a word, Zr/Hf-containing MOFs exhibited good chemical, thermal, and mechanical stability due to the strong bond between Zr/Hf and oxygen and their high coordination number. Scheme 6 clearly shows the proposed structure of MOFs built from 12-connected and 6-connected Zr6/Hf6 clusters coordinated with ditopic and tritopic carboxylate linkers, respectively (Nguyen et al., 2019).
[image: Scheme 6]SCHEME 6 | (A). Zr6/Hf6 cluster. UiO-type MOF structures of (B) Zr/Hf-UiO-66 and (C) Zr-, Hf-UiO-67. Interpenetrated structure (D) of VNU-1(Zr) and VNU-2(Hf). (E) Structures of MOF-808 (Zr) and VNU-11(Hf). Color code: C, black; O, red; Zr or Hf, blue; cages, yellow and purple [Copyright from Nguyen et al. (2019)].
ZR/HF-CONTAINING METAL-ORGANIC HYDRIDE CATALYSTS
Metal-organic hydride materials have also been known as unconventional MOF (UMOF) (Gagnon et al., 2012; Goetjen et al., 2020). Compared with the MOF material with good crystal form, Metal-organic hydrides are polymer with an amorphous structure but have good stability and more accessible sites. The organometallic coordination polymerization catalyst has high catalytic activity and good molecular tailoring (Wang et al., 2016b; Liu et al., 2021e). By adjusting the microstructure of catalysts, such as the substituents of the ligand, the coordination atom, and the electronic and three-dimensional environment of the coordination center, the molecular design and assembly of the polymer can be realized at the molecular level (Erickson et al., 2015; Hu et al., 2018; Liu et al., 2019; Peng et al., 2021). In this way, the physical properties of polymers can be controlled, and various polymers with novel functions and stereoisomers can be obtained (Asghari and Yoshida, 2006; Dutta et al., 2012; Jain et al., 2015; Zhou et al., 2019a). Table 5 summarizes the reaction conditions and yields of some excellent Zr/Hf-containing metal-organic hydride catalysts for the conversion of biomass-based chemicals.
TABLE 5 | Zr/Hf-containing metal-organic hydride catalysts.
[image: Table 5]LA and its Esters as Substrates
Using LA as a substrate, a new type of organic zirconium borate (Zr-BDB) was developed by Song et al. to convert it to GVL (Song et al., 2021). 1,4-Benzodiboric acid (BDB) and ZrOCl2.8H2O were synthesized by a solvothermal method in DMF (entry 1 of Table 5). As a Lewis acid, BDB can coordinate with and activate the hydroxyl group in alcohol. At the same time, Zr was combined to activate the carbon group, achieving the purpose of synergistically catalyzing the MPV reaction. The yields of different substrates (ML > EL > BL) to GVL were due to the increased steric hindrance from methyl to butyl.
In the system of EL to GVL, there were many different catalysts, such as Zr-BDB, PPOA-Hf, HA-Zr, Zr-SRf, Zr-PhyA, Hf-ATMP, Zr–CA, 2,5-furandicarboxylic acid (FDCA)-Hf, Zr-TMPA, Zr-HBA, Hf-OFR, Hf-GO, Hf-DTMP (entry 4–17 of Table 5). All of them were coordinated by different organic ligands. Hf-OFR was prepared by the oxytetracycline fermentation broth residue (OFR), which is an abundant solid waste in the fermentation industry (Chen et al., 2021a). It is beneficial for both pharmaceutical wastes and bio-based resources. Hazardous and tricky to treat. EL was completely converted to obtain GVL with a yield of 85% (160°C, 6 h) by PPOA-Hf catalyst (Wu et al., 2018b). Ea was estimated at approximately 53 kJ/mol, which was relatively lower than other catalysts. The layered metal phosphonate-phosphate hybrid can be used for ion exchange. Using humic acid (HAs) as a raw material to synthesize Zr-containing catalyst (Zr-HA) was proposed (Xiao et al., 2017). HAs are an important part of lignite (typical low-rank coal) with abundant reserves. This low-rank coal is usually only used as a low-quality fuel. If it can be applied to fine chemical catalysts, it will be a new method to realize the classification and clean utilization of coal. Similarly, HA and the solid residues (SR) after HA extraction from lignite were used to prepare Zr-SRf catalyst (Zhang et al., 2018). Compared to the previous study, this work had greatly shortened the reaction time (7 h V.S. 24 h) and improved the selectivity (83% V.S. 99.5%). Besides, graphene oxide (GO) is rich in acidic carboxyl groups and phenolic hydroxyl groups (Palermo et al., 2016; Karthik et al., 2021). Through the coordination of Hf4+/Zr4+ with the carboxyl group in graphene oxide, Hf-GO, and Zr-GO catalysts were constructed (Li et al., 2020c).
There are not many studies on BL as the substrate, and zirconium phosphates were used in this reaction (Li et al., 2017). The BL conversion at 2 h was 98.1%, and the GVL yield was 95.7% (entry 19 of Table 5). Compared with ZrO2, the binding energies of Zr3d and O1s of all ZrPO-X materials were significantly increased. This was due to the introduction of phosphorus, leading to the decrease of Zr electron density and the increase of surface hydroxyl groups.
FF as a Substrate
For the conversion of FF to FA, a template-free method to synthesize various heterogeneous acid−base bifunctional nitrogen-containing alkyltriphosphonate-metal hybrids (MPN) catalysts were synthesized by Li et al. (Li et al., 2016c). The organotriphosphate-zirconium hybrid (ZrPN) mainly focused on the CTH reactions of biomass-derived carbonyl compounds to alcohols and aldoses to ketoses (entry 20 of Table 5). Through calculation, the rate constant of ZrPN at 100°C was 3.6 × 10−3s−1, which was 12 times than that of ZrO2. The Ea of ZrPN and ZrO2 were 70.5 and 79.1 kJ/mol, respectively. Both two proved the superior performance of the Zr N-Alkyltriphosphate nanohybrid from the perspective of reaction kinetics. It’s worth paying high attention that the intramolecular CTH of C3−C6 aldoses to the corresponding ketoses in water was also studied. Generally, Al-zeolites can not catalyze glucose isomerization due to the weakening of Lewis acid sites existing in water. In contrast, Lewis acid sites in ZrPN can not be hampered by water, which showed excellent potential in CTH reaction. In another word, ZrPN can be extrapolated to other similar lignocellulose-derived substrates for upgrading biomass.
The conversion of FF can also be achieved by simply assembling lignosulfonate and ZrCl4 to form a Zr-containing polyphenol biopolymer catalyst under hydrothermal conditions (entry 22 of Table 5) (Zhou et al., 2019b). Lignosulfonate has a sulfonic acid group and can be used as an alkali-free acidic site. Therefore, dangerous sulfonation can be avoided. Catalytic experiments were also carried out with 18 typical aldehydes and ketones in the traditional chemical industry as substrates. It proved that Lignosulfonate-based catalysts had good universality and application potential. Different proportions of phenylphosphonic acid (PhP) and Hf were used to prepare the acid-base bifunctional nano-hybrid catalyst PhP-Hf, which can convert FF to FA (entry 23 of Table 5) (Li et al., 2019a). The catalyst had a moderate acid-base site and acidity. PhP-Hf was weaker than that of HfO2, but it also promoted the reaction. Acid (Hf4+) and base (O2-) sites had a synergistic effect on the CTH reaction of FF to FA. The base sites facilitated the adsorption and dissociation of 2-PrOH on the catalyst, and the aldehyde group was activated by Hf4+. Then the six-membered ring transition state was formed in situ and completed the hydrogen transfer. And the Ea was calculated at about 60.8 kJ/mol.
The Hf-TA catalyst was synthesized in DMF with naturally occurring tannic acid (TA) as a ligand to coordinate with HfCl4. (Wang et al., 2020d). The advantage of this method was that renewable and natural resources were used to construct an efficient and environmentally friendly Hf-containing catalyst, and the preparation process was simple. Although the general catalyst can only be recycled about 5 times, the catalytic effectiveness of the 10th used catalyst was better than the first time. It was further confirmed by FT-IR spectra, showing that the residual DMF in the pore structure of the catalyst was gradually replaced by 2-PrOH during the reuse process. This would facilitate contact with more active sites, increasing the MPV activity. Under the relatively mild reaction conditions (70°C, 3 h), a high yield of 99.0% of FA can be obtained (entry 25 of Table 5). Zirconium phosphonate The materials synthesized by the coordination of organic acids and zirconium were widely used in the biomass-based conversion. Zr-containing catalysts such as Zr-HAs, Zr-DTMP, HPW/Zr-β (entries 24, 26, 27 of Table 5) also can be used in similar systems from FF to FA or GVL. By regulating the ratio of organic phosphonate and inorganic phosphate with the center of Zr metal (Silbernagel et al., 2016), further optimization of the MPV reduction reaction system could be successfully carried out. The specific active sites required for each step of FF to GVL were shown in Scheme 7. Lewis acid/base sites were responsible for the MPV reduction (FF to FA, and EL to GVL), while Brønsted acid sites exhibited key effects on the etherification reaction (FA to FE) and ring-opening reaction (FE to EL).
[image: Scheme 7]SCHEME 7 | Mechanism of FF to GVL over PhP-Hf.
HMF as a Substrate
Converting HMF to BHMF is also a significant path for biomass-derived conversion. A new Hf-based metal-organic coordination polymer (Hf-DTMP) was assembled by HfCl4 and diethylene triaminepenta (methylene phosphonic acid) (DTMP) (Hu et al., 2019b). The mechanism was that 2-BuOH, and HMF were first adsorbed on catalyst. Subsequently, 2-BuOH was dissociated into the active H and alkoxide by O2-. Meanwhile, the carbonyl group of HMF was activated by Hf4+. Then, a six-membered intermediate was generated by the dissociated alcohol and carbonyl group with Hf4+-O2-. Finally, BHMF was eventually formed via CTH (entry 28 of Table 5). In contrast, the magnetic catalysts (MZCCP) synthesized by ZrCl4, cyanuric acid (CA), and Fe3O4 did not have an advantage in terms of yield (90% V.S. 64.2%) (entry 29 of Table 5) (Hu et al., 2018).
CONCLUSION AND PERSPECTIVES
Mountains of researches proved that CTH is a significant strategy to transform biomass-based substrates into chemical platform products and fuel precursors of high value. Zr/Hf can be supported on other materials or coordinated/coupled with them to form Zr/Hf-containing materials, of which they can play a significant role in CTH that is similar to noble metal catalysis. In this review, the catalytic effects and mechanisms of different types of Zr/Hf-containing catalysts are discussed. Various kinds of materials demonstrate different properties and preparation methods. Zr/Hf-containing oxides are relatively inexpensive and easily available. However, their basic sites are not strong and are easily affected by solvents, and the corresponding reaction activity is not ideal. Supported catalysts containing Zr/Hf can use existing templates to enhance stability and increase surface area. The zeolite catalysts are prone to be affected by the hydroxyl groups on Si, and the acidic enhancement of Lewis can effectively fix the metal and coordinate. The MOF catalysts generally have a good crystal form and spatial structure. However, the preparation process of these three catalysts is complicated and the relevant precursors are expensive, which is not suitable to apply from an economic point of view. Relatively speaking, the preparation steps of metal-organic hybrid materials are simpler and the time is shorter, which have abundant sources and room for expansion.
To establish a mature industrialization system, economic benefits and environmental impacts should be taken into account. In other words, the preparation and reaction process of the catalyst should be as simple and time-saving as possible. Also, the consumption of raw materials and energy should be low. Correspondingly, the purity and quality of the obtained product should be high. The problem at this stage is that there are seasonal differences in the availability of biomass raw materials, and the competitiveness of economic benefits is not very strong. As the saying goes, there is no useless waste, only misplaced resources. How to convert this huge amount of useless waste into resources that can replace the heavily polluting traditional energy and generate economic benefits is a problem that needs to be tackled on the road to green development. And this depends on the joint efforts of scientific researchers, enterprises, and the government, respectively. We still need to propose a new solid acid catalyst design strategy. 1) Using non-precious metal materials and green solvents to achieve a win-win situation for the economy and environmental protection. 2) Increasing the density of acid and base sites accessible to the catalyst. 3) Controlling the ratio of Lewis/Brønsted acid sites. 4) Developing more functional group synergistic catalysis. 5) Modulating the wettability of the catalyst surface together with increasing its water resistance. 6) Simplifying the catalyst preparation process, reducing the preparation cost, and controlling the energy consumption of each link accurately.
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High-effective synthesis of 5-hydroxymethylfurfural (HMF) from carbohydrates is an interesting reaction among biomass valorization. The as-synthesized Ti-SBA-15 catalysts with mesoporous structures showed high catalytic efficiency for the conversion of fructose to HMF. Ti-SBA-15 catalysts with different Si/Ti ratios were characterized by characterization techniques such as elemental analysis, XRD, TEM, N2 adsorption–desorption, NH3-TPD, and pyridine-FTIR. The acidity of Ti-SBA-15 catalysts could be tuned by altering addition amount of titanium. The effects of reaction conditions, including reaction time, temperature, and amount of catalyst, on the conversions of fructose and the yields of HMF were also investigated. It is found that Ti-SBA-15 catalysts whose Si/Ti ratio is 120 gave the best yields of HMF, which demonstrated 100% conversion of fructose with a maximum HMF yield of 82% at 140°C after 1 h. In addition, its catalytic performance was retained after 5 recycles in fructose conversion reaction, proving its good catalytic stability.
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INTRODUCTION
Petroleum-based energy shortage and environmental pollution have become global issues due to over-reliance on finite fossil fuels, which caused considerable search for alternatives to the limited fossil resources to efficiently supply of energy and chemicals (Yue et al., 2016). Biomass, a renewable organic carbon sources, has great potential to substitute fossil re-sources for the production of fuels and chemicals because it is abundant and easily available. The conversion of biomass into energy and chemicals generally begins with the conversion of biomass into platform molecules. Consequently, various bio-based molecules (e.g., HMF, lactic acid, 2,5-furandicarboxylic acid, and levulinic acid) are yielded from biomass, which serve as important starting feedstocks for synthesis of fuels and chemicals (Bozell and Petersen, 2010; Sudarsanam et al., 2018; Jing et al., 2019; Ma et al., 2020). HMF has attracted researchers’ interest as a prospective biorefinery intermediate and precursor for medicines, polymer monomers, and fuels. Because of its furan ring structure with one aldehyde and one alcohol group, HMF is regarded as a major platform compound among biomass-derived compounds. The special chemical structure character of HMF makes it very active (Figure 1) to be converted into a series of compounds including polymer precursors [2,5-furan dicarboxylic acid and bis-2,5-(hydroxymethyl)furan], liquid fuel precursor, and fuel additives (5-acetoxymethyl-2-furaldehyde, N,N-dimethylformamide, and n-hexane) as well as other platform chemicals (levulinic acid and γ-valerolactone).
[image: Figure 1]FIGURE 1 | Reaction pathway of dehydration of fructose into HMF and illustrations for HMF application.
Currently, in the studies of HMF production, fructose, glucose, and cellulose are often used as the feedstocks (Tzeng et al., 2019). Complex carbohydrates, such as cellulose, can be transformed to HMF in three steps: cellulose hydrolysis to glucose, glucose isomerization to fructose, and fructose dehydration to HMF. The final step of these carbohydrates conversion into HMF is the dehydration of fructose to HMF. Thus, high-effective synthesis of HMF from fructose will lay the foundation for biomass-to-HMF transformation (Jiménez-Morales et al., 2014). Actually, fructose is considered as the most efficient and common raw material for HMF synthesis, which allows higher yields of HMF to be obtained (Zhang et al., 2017) because its fructofuranoic structure is more reactive to dehydration (Wang et al., 2019). Generally, dehydration of fructose into HMF is an acid-catalyzed reaction and many homogeneous acid catalysts, such as the easily available mineral acids [H2SO4 (Zuo et al., 2017), HCl (Zuo et al., 2017), H3PO4 (Ray et al., 2011), CH3COOH (Thananatthanachon and Rauchfuss, 2010), etc.] and salts [AlCl3 (Zuo et al., 2017), CrCl3 (Yong et al., 2008), ZnCl2 (Zuo et al., 2017), etc.], have been studied in dehydration of fructose to produce HMF. The above mentioned homogeneous catalytic systems, however, usually suffer from corrosivity and difficulty in catalysts separation and reuse (Zhang et al., 2020).
Recently, various heterogeneous catalysts such as metal oxides (DaVià et al., 2017), zeolites (Nie et al., 2020), resins (Qi et al., 2009; Atanda et al., 2015), metal phosphates (Dibenedetto et al., 2016), and heteropoly acids (Gomes et al., 2017) have been successfully developed for dehydration of fructose into HMF, in order to avert the issues associated with using homogeneous catalysts. Although excellent results are obtained, those catalysts encounter some issues including small specific surface area [e.g., resin, SBET < 50 m2/g), non-adjustable pore structure, and heteropoly acids (such as H3PW12O40 (Gomes et al., 2017)] dissolved to some extent in DMSO and low active (e.g., metal oxide catalysts). As a result, it is critical to develop an effective, low-cost, and hydrothermally stable catalyst for conversion of carbohydrate to HMF.
SBA-15 mesoporous silica materials, featured with high surface area, relatively large and tunable pore size, as well as facile surface functionalization properties, have been widely applied in catalysis fields (Wang et al., 2019). Another feature of this material is that the mesoporous channels are linked by microporous channels (Wróblewska et al., 2018). It has superior hydrothermal properties and acid resistance when compared to other materials in this group, such as MCM-41. The unique molecular structure and mesoporous structure render SBA-15 mesoporous molecular sieves to serve as an attractive catalysts/catalyst carriers through improved mass transport diffusion during reactions (Agarwal et al., 2018). Up to now, various SBA-15-based catalysts, such as Fe-grafted SBA-15 (Nozaki et al., 2002), Co-substituted SBA-15 (Cui et al., 2010), single-site SBA-15 supported zirconium (Xu et al., 2015), molybdenum on SBA-15 (Azofra et al., 2018), and Ti-substituted mesoporous SBA-15 (Yu Y. et al., 2020), have been successfully developed. Meanwhile, the metal modified SBA-15 catalysts have been widely applied in various reactions, such as epoxidation, hydrogen generation, selective hydrogenation, dye degradation, ethanol oxidation, water splitting, soot combustion, and esterification. Especially, titanium-based catalysts such as TiO2/Nb2O5·nH2O and phosphated TiO2 (P-TiO2) have attracted much attention in the conversion of carbohydrates to HMF owing to their outstanding catalytic performance (DaVià et al., 2017; Rao et al., 2019; Huang et al., 2020). Zhang et al. (2019) used Al2O3-TiO2 Modified Sulfonated Carbon as a catalyst to catalyze the conversion of glucose dehydration to HMF and obtained 57.4% yield at 130°C. In those established catalytic systems, Ti4+ served as the Lewis acid sites for carbohydrates dehydration. Based on mesoporous SBA-15 with improved mass-transport diffusion and Ti4+ with strong Lewis acidity, we envision that mesoporous SBA-15 modified with Ti4+ will exhibit excellent catalytic performance for synthesis of HMF from fructose dehydration.
Herein, we demonstrated that Ti-SBA-15 solid acid prepared by a facile thermal synthesis method could facilitate the dehydration of fructose to produce HMF. Characteristic analysis of Ti-SBA-15 from XRD and TEM revealed that Ti groups were successfully doped into SBA-15 without the destruction of mesoporous structure. Meanwhile, the acidic properties (type, strength, and amount) of various Ti-SBA-15 samples were also investigated by pyridine-FTIR and NH3-TPD analysis. Various reaction parameters including reaction time, reaction temperature, and catalyst amount were investigated to explore the optimized reaction conditions. In particular, 100% fructose conversion with 82% HMF yield was obtained over Ti-SBA-15 (120) catalyst in DMSO under mild reaction conditions (140°C, 1 h). Furthermore, the catalytic performance of Ti-SBA-15 (120) in the fructose-to-HMF conversion was retained after fifth recycles, clearly suggesting its high stability.
MATERIALS AND METHODS
Chemicals
Fructose (98%–102%) was purchased from the Sinopharm Chemical Reagent Co., Ltd. 5-Hydroxymethylfurfural (HMF, 97%), P123 (EO20PO70EO20), tetraethyl orthosilicate (SiO2 ≥ 28.4%), HCl (36%–38%), titanium (IV) chloride (98%), and dimethyl sulfoxide (DMSO, 99.5%) were purchased from Shanghai Titan Scientific Co., Ltd. All chemicals were used as supplied without any further purification. Besides, deionized water (DI water, 18.2 MΩ cm) used in this work was prepared using a water purification system (Heal Force, Shanghai Shengke Equipment Co., Ltd.).
Preparation of Ti-SBA-15
The preparation procedure of Ti-SBA-15 was similar to the previously reported literature (Lin et al., 2018). In a typical process, 2 g of Pluronic P123 was dissolved in 60 ml of 2 mol/L hydrochloric acid and 15 ml H2O at 40°C under stirring for 12 h. Then, 11.2, 5.6, or 2.8 ml of titanium chloride (0.5 mol/L) was added followed by 4.2 ml of tetraethylorthosilicate to yield a Si/Ti of 30, 60, and 120. The mixture was stirred at 40°C for 5 h and subsequently hydrothermally treated at 100°C for another 24 h. The solid product was collected by filtration, washing several times with deionized water, and dried at 100°C overnight before calcined at 550°C in air for 6 h to remove the organic template. The resultant materials prepared with different amounts of titanium (IV) are denoted as Ti-SBA-15(x), where x represents the Si/Ti atomic ratio used in the reaction.
Catalyst Characterization
The small-angle XRD diffraction patterns (0.5–5°) of as-prepared materials were collected with a Bruker D8 power diffractometer using Cu-Kα radiation (40 kV, 40 mA), at a scan rate of 0.5° min−1. TEM (Thermo Fisher Talos F200X) at 200 kV was used to examine the catalyst morphology. Nitrogen adsorption–desorption isotherms of as-prepared materials were measured on a Micro for TriStar II Plus 2.02 at −196°C. The samples were heated in a vacuum at 120°C for 6 h before the measurements to remove moisture and volatile impurities. On the basis of the desorption data, the surface area was calculated using the BET method while the Barrett–Joyner–Holanda (BJH) method was used to calculate the pore size distribution. To determine the total acidity of catalysts, the NH3-TPD (temperature programmed desorption) was performed in an AutoChemII analyzer. The sample tube was filled with 0.1 g of catalysts and heated at 350°C for 1 h in a helium environment. After cooling to 50°C，the samples were subjected to NH3/He (10%) mixed gas flow for 1 h. Then, the physisorbed NH3 was removed by changing the gas flow to helium for 1 h at 50°C. The TPD was then measured at a heating rate of 10°C min−1 (maximum desorption temperature was 550°C). Pyridine-IR data were collected using a PerkinElmer Frontier FT-IR spectrometer, with 64 scans at an effective resolution of 1 cm−1. A sample of 10 mg was pressed into a self-supporting wafer. The samples were pretreated at 350°C under vacuum prior to adsorption and then cooled to room temperature when pyridine vapor was introduced into the cell. At 150°C, the samples were heated in a vacuum, and the spectra were recorded at room temperature. The Ti content in the catalysts and filtrate after removal of Ti-SBA-15(120) was measured by ICP-OES.
Catalytic Test
All fructose dehydration experiments were carried out in a 15-ml pressure tube with magnetic stirring. In a typical reaction, fructose (0.1 g) was mixed with Ti-SBA-15 at different mass ratios (1:1–20:1), followed by 10 ml of DMSO. The reactor was sealed and immersed in a heated at different temperatures (110–170°C) oil bath with stirring at a speed of 500 rpm for 0.5–5 h (Yu X et al., 2020). Time zero was established when the reactor was immersed in the oil bath. After the reaction, the liquid phases were passed through a 0.45-µm filter, and products in both aqueous and organic phases were analyzed by a high-performance liquid chromatography (HPLC).
HPLC analysis was performed using a Shimadzu liquid chromatography system fitted with a UV detector (SPD-16) and a Refractive Index (RI) detector (RID-20A), respectively. Fructose conversion was quantified with a Cosmosil packed column of D-sugars (4.6 mm, I.D. × 250 mm) and RI detector (RID-20A), using acetonitrile and water (3:1, v/v) as mobile phase at 30°C with a flow rate of 1 ml/min. HMF was monitored with a Cosmosil C18-AR-II packed column (4.6 mm, I.D × 150 mm), using a mobile phase consisting of methanol and water with phosphoric acid (20:80) at a flow rate of 1 ml/min, with a UV detector (SPD-16) and the column temperature was 30°C.
RESULTS AND DISCUSSION
Catalyst Characterization of Ti-SBA-15 Catalysts
The low-angle XRD patterns of Ti-SBA-15(30), Ti-SBA-15(60), and Ti-SBA-15(120) catalysts are shown in Figure 2. The materials of Ti-SBA-15(60) and Ti-SBA-15(120) exhibit a very strong peak at about 2θ = 1.0°, which is attributed to the (100) plane of the SBA-15 material. Another two weak peaks between 1.5° and 2.0° are ascribed to the (110) and (200) planes, respectively. The results indicated that the Ti-SBA-15 catalysts possessed a two-dimensional hexagonal mesoporous structure with well ordered. The presence of those peaks confirms that the hexagonal mesoporous structure is also maintained after Ti group incorporation. In contrast, in the case of XRD patterns of Ti-SBA-15(30), a weak peak of the (100) plane is clearly observed while the peaks assigned to the (110) and (200) plane are not observed, indicating the partly collapsing of the mesoporous structure of SBA-15. The low-angle XRD patterns of Ti-SBA-15 catalysts showed that the intensity of all diffraction peaks gradually decreased with increasing Ti content, suggesting a decrease of long-distance order.
[image: Figure 2]FIGURE 2 | Powder x-ray diffraction of Ti-SBA-15 catalysts.
The TEM images of Ti-SBA-15(120) are presented in Figure 3. It shows the highly ordered hexagonal arrangement of the channels and clearly demonstrates the retention of the periodic structure. The prepared Ti-SBA-15(120) sample preserved with one-dimensional channels, indicating a 2D hexagonal (p6mm) mesostructure, which is consistent with XRD results, also similar to those reported in the literature (Yu Y.et al., 2020).
[image: Figure 3]FIGURE 3 | TEM images of Ti-SBA-15 (120).
The textural properties of the Ti-SBA-15(30), Ti-SBA-15(60), and Ti-SBA-15(120) catalysts were studied by nitrogen physisorption at 77 K (Figure 4), and the detailed data about textural properties of all catalysts are summarized in Table 1. For all samples, the adsorption branch of the isotherms presented two adsorption phenomena, wherein the adsorption of nitrogen at low relative pressure (P/P0 < 0.1) mainly occurred by monolayer adsorption on micropores, while the samples showed a capillary condensation step at relative pressure at 0.6 < P/P0 < 0.8. The obtained results clearly indicate the presence of the mesopores within Ti-SBA-15 catalysts. The N2 adsorption–desorption curves of all Ti-SBA-15 catalysts displayed type IV isotherms, which is characteristic of typical mesoporous molecular sieves (Figure 4). This finding is also in well accordance with XRD spectrum analysis. As shown in Table 1, the BET surface area and total pore volume of the as-prepared materials significantly increased from 696 to 967 m2/g and 0.95–1.29 cm3/g, respectively, with the decrease of Ti content.
[image: Figure 4]FIGURE 4 | N2 adsorption–desorption isotherms of Ti-SBA-15 catalysts.
TABLE 1 | Physio-chemical properties of catalysts.
[image: Table 1]The acid concentration of the Ti-SBA-15 samples was determined by temperature-programmed desorption of ammonia (Figure 5 and Table 2, entries 1–5). It is clear that all of the Ti-SBA-15 catalysts mainly possessed weak (<300°C) and moderate acid sites (300–500°C), and the acid density of all catalysts increases with the decrease of Ti content. It is also worth noting that Ti-SBA-15(120) has the highest concentration of acid sites (1.32 mmol/g) than the others. The Ti-SBA-15(120) catalyst has higher weak acidity than other catalysts. The weak acid amount of Ti-SBA-15 samples decreased with decreasing the Si/Ti ratio (or increasing titanium contents) from 120 to 30. As more Ti is introduced, the proportion of medium acidic sites gradually increases, while the proportion of weak acidic sites gradually decreases, which indicates that Ti is introduced as a moderate acidic site. The Ti content of Ti-SBA-15(30), Ti-SBA-15(60), and Ti-SBA-15(120) was 16.56%, 3.11%, and 0.16%, respectively (Table 1). The results show that the measured values inevitably deviate from the calculated values, indicating that not all Ti species enter the molecular sieves.
[image: Figure 5]FIGURE 5 | NH3-TPD curves of different Ti-SBA-15 catalysts.
TABLE 2 | Acid strength, type, and density of Ti-SBA-15.
[image: Table 2]To learn more about the acidic nature of Ti-SBA-15 catalysts, the pyridine-FTIR spectra were collected as shown in Figure 6. The band at 1,590 cm−1 in Figure 6 corresponds to the physical adsorption of weak Lewis acid sites (Ravi et al., 2020). The characteristic bands at 1,450 and 1,623 cm−1 belonging to pyridine bounded to the strong Lewis acid sites are observed in all Ti-SBA-15 samples, demonstrating that the as-prepared Ti-SBA-15 catalysts possessed Lewis acid sites (Yu Y.et al., 2020). The bands at 1,545 cm−1 with low intensity corresponding to Brönsted acid sites were also clearly observed for Ti-SBA-15(60) and Ti-SBA-15(30) catalysts, suggesting the presence of a small amount of Brönsted acid sites within the Ti-SBA-15(30) and Ti-SBA-15(60) materials. Furthermore, the band at 1,490 cm−1 attributed to pyridine adsorption on both Lewis and Brönsted acid sites were also observed for all Ti-SBA-15 samples as exhibited in Figure 6. These results showed that Ti-SBA-15(60) and Ti-SBA-15(30) samples had a large amount of Lewis acid sites along with a small amount of Brönsted acid sites. For as-prepared Ti-SBA-15 samples, the TiO4 units of the hydrated surface titanium species on SBA-15 might be connected by Ti–O–Si bonds (Sudarsanam et al., 2020). As the structure of surface titanium species is reversible during hydration and dehydration, these titanium species possess little Brönsted acidity (Peng et al., 2017). The absence of Brönsted acid sites in Ti-SBA-15(120) is due to the low content of titanium (Table 2, entries 6).
[image: Figure 6]FIGURE 6 | Pyridine FTIR spectra of Ti-SBA-15 samples collected after treatment at 150°C under vacuum.
Equation Dehydration of Fructose Into HMF Over Different Catalysts
The catalytic performances of Ti-SBA-15 catalysts with different Si/Ti ratios and without catalyst in catalyzing dehydration of fructose are summarized in Table 3. Only 57% yield of HMF was obtained in the blank experiment, far inferior to HMF yield (82%) obtained with the Ti-SBA-15(120) catalyst, which clearly demonstrated the high activity of the Ti-SBA-15(120) catalyst. All the catalysts demonstrated high conversion rate to fructose (100%) under the reaction conditions. As the amount of Ti in the catalyst increased, the reactivity diminished for fructose dehydration. The highest HMF yield (82%) was obtained over Ti-SBA-15(120). The yield from the different catalysts did not vary greatly for 1 h in our study. In order to find the activity difference among the as-prepared catalysts, we have lowered the reaction temperature and shortened the reaction time. Note that high temperature with a short time (130°C for 20 min) showed a significant difference in HMF yield. As shown in the Supplementary Table S2, The Ti-SBA-15(120) catalyst gave the greatest HMF yield of about 9%. There was almost no HMF production when the experiment was carried out in the presence of Ti-SBA-15(30) or Ti-SBA-15(60) catalysts (only 1 and 2%). It was observed that Ti-SBA-15(120) showed the highest activity among the different catalysts employed in this reaction. The excellent catalytic performance of Ti-SBA-15(120) was associated to its high surface area, large pore size, and high pore volume. Therefore, we chose the Ti-SBA-15(120) catalyst for the following investigation.
TABLE 3 | Influence of Si/Ti ratio on fructose conversion, and HMF yield over Ti-SBA-15 catalysts (reaction conditions: 0.1 g fructose, 0.01 g catalysts, 140°C, 1 h, 10 ml DMSO).
[image: Table 3]Effect of Reaction Time, Temperature, and Amount of Catalyst
In accordance with the initial catalysts screening above, Ti-SBA-15(120) was the most effective catalyst for fructose dehydration reaction. Thus, the effect of the reaction time and temperature on fructose-to-HMF conversion was examined with Ti-SBA-15(120) as catalysts and the results are shown in Figure 7. Figure 7A shows that the fructose was almost completely consumed at 140°C after 30 min. The yield of HMF increased remarkably with the reaction time from 0.5 to 1 h. However, the yield of HMF showed a decreased trend when the time was extended to 5 h owing to the production of by-products (e.g., humins and levulinic acid). So, the optimal reaction time was chosen as 1 h.
[image: Figure 7]FIGURE 7 | Dependence of fructose (0.1 g) conversion yield and yield for HMF (A) effect of reaction time; (B) effect of reaction temperature; (C) effect of catalyst dosage [reaction conditions: (A) 0.1 g fructose, 0.01 g catalysts, 140°C, 10 ml DMSO; (B) 0.1 g fructose, 0.01 g catalysts, 1 h, 10 ml DMSO; (C) 0.1 g fructose, 140°C, 1 h, 10 ml DMSO].
The effect of reaction temperature (110–170°C) on dehydration of fructose into HMF over Ti-SBA-15(120) catalyst was examined as shown in Figure 7B. Obviously, the yield of HMF was strongly influenced by the reaction temperature. For example, the yield of HMF increased with the increase of reaction temperature, and an 82% yield of HMF with 100% fructose conversion was acquired at 140°C after 1 h. At a higher temperature (150, 160, and 170°C), the yield of HMF was lower than that obtained at 140°C. Moreover, the high temperature results in more by-products derived from further degradation of HMF (Zhao et al., 2011; Wang et al., 2019). The optimal reaction temperature and reaction time were thus 140°C and 1 h, respectively.
The catalyst dosage is also an important factor affecting hydrolysis processes, so it is necessary to explore the effect of Ti-SBA-15(120) dosage on the dehydration of fructose. The effect of Ti-SBA-15 dosage on the dehydration of fructose over the Ti-SBA-15(120) catalyst is shown in Figure 7C. When the Ti-SBA-15(120) dosage is 0.005 g (mass ratio of fructose/catalyst is 20:1), the Lewis acid sites were already saturated for the hydrolysis of fructose. Further increase in the amount of Ti-SBA-15 dosage from 0.005 to 0.1 g (mass ratio of fructose/catalyst from 20:1 to 1:1) showed no significant increase in the HMF yield, which may be attributed to the formation of the side products (e.g., humins), which probably stemmed from polymerization of HMF in the presence of a high amount of the catalyst loading (Girisuta et al., 2006). So, the optimal mass ratio for fructose and Ti-SBA-15 is 20:1.
Catalyst Stability
Heterogeneous catalysts with high stability are critical for the advancement of aqueous phase biomass processing. The catalytic stability of the Ti-SBA-15(120) catalyst was investigated in the conversion of fructose to HMF in 10 ml of DMSO (140°C, 1 h). After the reaction was completed, the reused catalyst was collected by centrifugation, washed three times with DMSO and acetone in ultrasonic (5 min), dried at 100°C for 2 h, and then calcined at 550°C for 3 h, before being used for the next run under the same reaction conditions. Ti-SBA-15(120) recycle test results are shown in Figure 8. The HMF yield remained at 80% in the fifth cycle, indicating that the catalyst can be recycled effectively without losing catalytic activity, strongly demonstrating the high stability of the Ti-SBA-15(120) catalyst for fructose dehydration.
[image: Figure 8]FIGURE 8 | Cycle use of Ti-SBA-15 (120) catalyst for fructose conversion reaction (reaction conditions: 0.1 g fructose, 0.01 g catalysts, 10 ml DMSO, 140°C, 1 h).
In addition, XRD patterns and N2 adsorption–desorption isotherms of fresh and used Ti-SBA-15(120) catalysts have been compared as shown in Supplementary Figures S1, S2. N2 adsorption–desorption analysis shows that there is a slight discrepancy in BET surface area (967–735 m2/g) and pore volume (1.29–1.07 cm3/g) between fresh and used Ti-SBA-15(120) (Supplementary Table S1). The used Ti-SBA-15(120) catalyst kept its original mesoporous structure (Supplementary Figure S1). The reusability experiments have shown that Ti-SBA-15(120) was a stable and efficient catalyst for the synthesis of HMF. Furthermore, we also determined the Ti concentration in the filtrate after removing the catalyst using ICP-OES. The Ti species leaching during the reaction was extremely minimal (<0.00002%); thus, the active species leaching during the reaction is negligible. These results further proved the good stability of Ti-SBA-15(120) in the hydrolysis of fructose to HMF.
CONCLUSION
The Ti-SBA-15 catalyst that we developed is an efficient catalyst for the production of HMF from fructose. Characterization results revealed that the addition of Ti into SBA-15 materials had no obvious influence on its pristine mesoporous structure. The Ti-SBA-15 also had a high surface area, large pore size, and high pore volume. Ti-SBA-15(120) proved to be highly active to HMF, and a high yield of HMF of 82% was obtained by the hydrolysis of fructose in DMSO. Consecutive use of Ti-SBA-15(120) demonstrated that, after the fifth cycle, the activity loss is not significant in the conversion of fructose-based substrates to HMF. Ti-SBA-15 exhibited better activity and stability.
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With the increasing demand for fossil fuels, decreasing fossil fuel reserves and deteriorating global environment, humanity urgently need to explore new clean and renewable energy to replace fossil fuel resources. Biodiesel, as an environmentally friendly fuel that has attracted considerable attention because of its renewable, biodegradable, and non-toxic superiority, seems to be a solution for future fuel production. Tobacco (Nicotiana tabacum L.), an industrial crop, is traditionally used for manufacturing cigarettes. More importantly, tobacco seed is also widely being deemed as a typical inedible oilseed crop for the production of second-generation biodiesel. Advancements in raw material and enhanced production methods are currently needed for the large-scale and sustainable production of biodiesel. To this end, this study reviews various aspects of extraction and transesterification methods, genetic and agricultural modification, and properties and application of tobacco biodiesel, while discussing the key problems in tobacco biodiesel production and application. Besides, the proposals of new ways or methods for producing biodiesel from tobacco crops are presented. Based on this review, we anticipate that this can further promote the development and application of biodiesel from tobacco seed oil by increasing the availability and reducing the costs of extraction, transesterification, and purification methods, cultivating new varieties or transgenic lines with high oilseed contents, formulating scientific agricultural norms and policies, and improving the environmental properties of biodiesel.
Keywords: biodiesel, tobacco seed, inedible oilseed crop, biodiesel property, biotechnology
INTRODUCTION
The industrial revolution results in the widespread use of fossil fuels, which constitute 80% of the energy supply. Additionally, various fossil fuel derivatives are also widely used in the production of industrial and agricultural products. In the past 2 decades, global fossil fuel consumption has continued to grow by 48.7%. According to the reports in 2019, the corresponding consumption reached 136,761 TW-hours (TWh), and oil, natural gas and coal were 53,620, 39,292 and 43,849, respectively (Smil, 2017). The global carbon balance has been broken with massive amounts of CO2 emitted from the use of fossil fuels. The carbon surplus of the atmosphere is the major driving force for the modern global environment and climate change issues such as global warming, extreme weather, etc. (Pao and Tsai, 2010; Pan et al., 2020). To mitigate the negative consequences of excess CO2 emissions, biofuels derived from waste have been recognized as a substitute for the traditional fossil fuels (Kim et al., 2019). They are carbon neutral, inexpensive and an environmentally friendly and renewable source of energy (Hill et al., 2006). Among the various types of biofuels, biodiesel has been characterized by lower agricultural inputs and more efficient conversion (Hill et al., 2006). Biodiesel has been widely commercialized due to its relatively mature production technology, simple and universal platform (Figure 1) (Liu et al., 2019). It is inferred that the global production of biodiesel will reach 46 billion liters in 2025 (Zhang et al., 2017).
[image: Figure 1]FIGURE 1 | Schematic illustration of catalytic conversion of liquid biomass into biodiesel.
Although biodiesel brings many benefits, the key basis of biodiesel production is feedstocks, and feedstocks are determined to play the most important role in the biodiesel value chain. The feedstock should fulfill three main requirements: low production costs, large-scale production and appropriate fatty acid content/composition for biodiesel (Mishra and Goswami, 2018). Moreover, their oil content and composition are highly important indicators, such as the feedstocks rich in monounsaturated fatty acids (MUFAs) are desirable for biodiesel but the composition of the saturated fatty acids (SFAs) is also shown to be of great importance (Stansell, et al., 2012). According to the source of feedstocks, we can categorize them into three biodiesel generations. First-generation biodiesel is currently being widely produced and is extracted from various feedstocks, such as edible rapeseed oil, sunflower oil, palm oil, soybeans, and animal fats. Second- and third-generation biodiesels, only a few of which are close to large-scale commercialization, are extracted from inedible lipid feedstocks such as terrestrial biomass (i.e., breeding crops and transgenic crops) and aquatic biomass (i.e., microalgae and macroalgae) (Vauhkonen et al., 2009; Chung et al., 2020; Mizik and Gyarmati, 2021). However, biodiesel produced from edible oils is more expensive than conventional fossil diesel. Biodiesel has over double the price of diesel fuel. The major economic factor to consider for input costs of biodiesel production is the feedstock, which is about 80% of the total operating cost (Demirbas, 2007). On the other hand, food shortages may occur due to the use of large amounts of edible oils in producing biodiesel, especially in poor countries. These drawbacks can be overcome by using inedible oils for biodiesel production like Aleurites trisperma, bitter almond, Brucea javanica seeds, Argemone Mexicana, wild mustard (Brassica Juncea L.) seed, and tobacco (Nicotiana tabacum L.) seed (Arumugam et al., 2017; Muthukumaran et al., 2017; Jain, 2019; Wang et al., 2019; Adepoju, 2020; Tlili et al., 2020). Generally, tobacco, Nicotiana tabacum, which is an annual plant in the Solanaceae family with leaves harvested to manufacture cigarettes, is widespread in China and North and South America, and the leaves are commonly harvested. In recent years, tobacco has been cultivated in approximately 130 countries and covered almost 3.4 million hectares in fields, wherein China alone provides over 40% of the world’s production (García-Martínez et al., 2017; Berbe and Matyka, 2020; Wu et al., 2020). It is reported that the N. tabacum varieties with the highest seed yields reach 1,171 kg per hectare, which corresponds to 432.9 kg of oil based on an effective oil biosynthesis mechanism for tobacco (Zdremnan and Zdremnan, 2006; García-Martínez et al., 2017). The oil content of tobacco seed often ranges from 30 to 43 wt% and consists mainly of unsaturated fatty acids (Giannelos et al., 2002; Banković-Ilić et al., 2012; Khan et al., 2014; Hu et al., 2020; Rajan et al., 2021). The major fatty acids in tobacco seed oil are stearic acid (2.1–3.3%), palmitic acid (8.72–12.3%), oleic acid (9.97–13.49%), and linoleic acid (64.38–79.0%), respectively (Koiwai et al., 1983; Mukhtar et al., 2007; Tian et al., 2020). As a kind of second-generation biodiesel, tobacco-based biodiesel production is very promising. Therefore, in this review, we elucidate the extraction and transesterification methods, genetic modification, properties and application, and agricultural strategies applied in tobacco biodiesel production, and then discuss the key problems and prospects for biodiesel production from tobacco.
EXTRACTION METHODS OF TOBACCO SEED OIL FOR BIODIESEL PRODUCTION
The tobacco seed oil has been traditionally extracted by mechanical pressing and solvent extraction, mainly with nonpolar solvents. Mechanical pressing, a relatively environmentally friendly extraction method, has been widely applied for the production of high-quality edible oils (Sannino et al., 2017). The whole process includes sample preparation and mechanical pressing stages followed by a solvent extraction procedure to recover the oil located in the press cake (Geow et al., 2021). Seed preparation involving preheating and microwaving destroy or soften the cellular structure of tobacco seeds, which significantly increases the oil yield (Sannino et al., 2017). The pressing equipment parameters including feeding rate, restriction dye diameter, temperature and rotation speed, affect the tobacco seed oil yield. The evaluation of extraction methods in the literature based on the oil yield provided by Soxhlet or accelerated solvent extraction (ASE) due to high oil recovery.
Oil extraction yield obtained from mechanical pressing were usually about 80% (w/w) of ASE, but Stanisavljević et al. reported a higher oil extraction yield, which may be related to pressing equipment type (Stanisavljević et al., 2009; Faugno et al., 2016; Sannino et al., 2017). The characteristics of several common methods used in tobacco seed oil extraction is shown in Table 1.
TABLE 1 | Characteristics of several common methods used in tobacco seed oil extraction.
[image: Table 1]Soxhlet extraction is a classical method for extracting tobacco seed oil with high extraction efficiency (Maestri and Guzmán, 1995; Zlatanov, et al., 2007). Compared with Soxhlet extraction, ASE with a similar oil yield consumed less solvent and time (Faugno et al., 2016; Sannino et al., 2017). However, the milder extraction operations, such as ultrasonic extraction and maceration, showed a lower extraction efficiency (Stanisavljević et al., 2007b and 2009). The solvent extraction efficiency from tobacco seed oil depends on the comminution of the seed, the solvent, the seed-to-solvent ratio, and the extraction time and temperature. Specifically, milling greatly improves extraction efficiency by breaking down tobacco seed cells and augmenting the interfacial area for mass transfer. The oil yield obtained from ground tobacco seeds was shown to be 10 times that of native seeds during ultrasonic extraction, even though the oil yield of tobacco seeds repeatedly grounded was 6 times higher than that of native seed extracted by mechanical pressing (Stanisavljević et al., 2009). Supercritical fluid extraction was also used to extract tobacco seed oil with high recovery and without any residual organic solvents (Stanisavljević et al., 2007b; Majdi et al., 2012; Ashraf-Khorassani et al., 2015). It is worth emphasizing that pressure is the most important factor in supercritical fluid extraction. These extractions of tobacco seed oil mainly focus on laboratory- or small-scale operations. However, application at the industrial scale is still limited to date. Future research should study and develop more environmentally friendly extraction methods suitable for the large-scale production of tobacco seed oil.
TRANSESTERIFICATION OF BIODIESEL IN TOBACCO SEED OIL
Also known as alcoholysis, transesterification is a process involving the breakage of old ester bonds and the formation of new ester bonds with another alcohol. This process is similar to the mechanism of hydrolysis (Srivastava and Prasad, 2000). Transesterification reactions have been widely applied to convert triglycerides to fatty acid methyl esters or fatty acid ether esters with reduced oil viscosity. The typical reaction with common methanol is shown in Figure 2 and is also called methanolysis. The transesterification reactions of the process are reversible, and the presence of a suitable catalyst can accelerate the forward conversion reaction. Although acid and enzyme have also been applied in transesterification, base is the most commonly used catalyst and it mainly consists of three steps. These consist of alkoxide formation, nucleophilic attack at the carbonyl carbon, and the formation of the alkyl ester, which needs to be repeated three times for TGAs. The mechanism of acid-catalyzed transesterification is a little different and consists of carbocation formation, nucleophilic attack of the alcohol, and the formation of the alkyl ester (Ma and Hanna, 1999; Meher et al., 2006). The transesterification process determines the cost and complexity of tobacco seed biodiesel production.
[image: Figure 2]FIGURE 2 | General chemical reaction for the transesterification of triglycerides.
Transesterification efficiency is affected by various critical factors, such as the influence of free fatty acids (FFAs) and water, type and amount of catalyst, the molar ratio of alcohol to oil and type of alcohol, transesterification time and temperature, uniformity of mixing, and whether or not organic co-solvents are used, depending upon reaction conditions. The catalyst chosen is ultimately critical and determines the degree of influence by other factors (Meher et al., 2006). Therefore, research on high-efficiency, low-cost and recyclable catalysts is of high importance.
Transesterification for biodiesel production can be carried out catalytically and non-catalytically under supercritical conditions and enzyme-catalyzed reactions (Leung et al., 2010). Catalytic reactions can also be divided into homogeneous/heterogeneous alkali-catalyzed and homogeneous/heterogeneous acid-catalyzed reactions (Avhad and Marchetti, 2015). The application of transesterification with tobacco seeds is shown in Table 2. Generally, the content of FFAs in tobacco seeds is approximately 6% (Stanisavljević et al., 2007a). This high level would result in saponification and then the difficulty in transesterification because the FFA level exceeds 2% (Anguebes-Franseschi et al., 2016). To decrease acid levels, pre-esterification with homogeneous acid could be performed. FFA content was shown to decrease to approximately 1.00% after pre-esterification. This content met the standards for the alkali-catalyzed transesterification process into biodiesel (Murmu et al., 2017). Compared with other catalysts, alkali catalysts are more commonly used with tobacco seed oil. The common homogeneous and heterogeneous alkalis reported in the literature are KOH, NaOH, CH3ONa, and KHCO3/Al2O3 (Veljković et al., 2006; Parlak et al., 2009; Anastopoulos et al., 2011; Waheed et al., 2015; Hariram and Rajan, 2016; Karabas et al., 2016, 2019; Motojesi et al., 2017; Fornasier et al., 2018; Samuel et al., 2020; Santoso et al., 2021). Due to their low costs and high catalytic capacities, NaOH and KOH are the most commonly used homogeneous alkali catalysts. Moreover, KHCO3/Al2O3, a heterogeneous alkali catalyst, can be rapidly separated from the reaction solution with centrifugation or filtration in the subsequent purification process. Moreover, this solid heterogeneous catalyst can simultaneously catalyze transesterification and esterification reactions with little impact from the high contents of FFAs. Thus, these heterogeneous catalysts are very suitable for application with feedstocks containing high FFA contents. However, this reaction often requires a relatively long time because the uniformity of the three-phase transesterification reaction is poor (Kulkarni et al., 2006; Liu et al., 2008). The non-catalytic supercritical method with methanol is also applied in tobacco seed oil conversion to biodiesel. The supercritical transesterification method often requires much higher temperature and pressure in a sealed reactor with an external heater. The transesterification reaction starts during the heating and pressurization period. Compared with the conventional alkali-catalyzed method, this process has advantages in terms of environmental friendliness and ease of purification but requires more energy consumption due to the high temperature and pressure utilized (García-Martínez et al., 2017). Recently, enzyme catalysts for biodiesel production have become increasingly attractive since they do not undergo saponification, and the subsequent purification process is simple. However, these catalysts are less often used commercially because of relatively long transesterification times and high costs (Moazeni et al., 2019).
TABLE 2 | Catalysts for the transesterification of tobacco seed oil.
[image: Table 2]ROLE OF BIOTECHNOLOGY IN BIODIESEL PRODUCTION IN TOBACCO SEED OIL
Biotechnology is an important method for improving tobacco seed oil production and accumulation. In recent years, fatty acid and TAG accumulation in tobacco seeds has become a promising way to meet the increasing demand for renewable biofuels (Andrianov et al., 2010; Li et al., 2010; Hernández et al., 2012). The first step of fatty acid synthesis involves acetyl-CoA carboxylase (ACCase) catalysis of the carboxylation of acetyl-CoA to malonyl-CoA (Alonso et al., 2010; Fan et al., 2013). Phosphoenolpyruvate carboxylases (PEPCs) play important roles in fatty acid biosynthesis in seeds of oil plants by regulating carbon partitioning (Fan et al., 2013). During seed oil production and accumulation in oil plants, the increased mRNA level of PEPC indicates a potential role in partitioning carbohydrates to fatty acid biosynthesis (Azocar et al., 2010; Fan et al., 2013). Overexpression of JcPEPC1 in tobacco results in an increase in PEPC activity and fatty acid content, proving its important role in seed oil biosynthesis (Fan et al., 2013).
During TAG accumulation, diacylglycerol acyltransferases (DGATs) are the final enzymes employed in TAG biosynthesis, and they play a critical role in plant oleaginous seed production (Xu et al., 2014). In particular, overexpression of DGATs was shown to increase the accumulation of TAG in plant seeds (Li et al., 2010; Xu et al., 2014). To date, the DGAT1, DGAT2 and DGAT3 gene families that encode the DGAT enzymes have been identified in plants (Li et al., 2010; Hernández et al., 2012; Xu et al., 2014). Xu et al. (2014) reported that overexpression of JcDGAT1 and JcDGAT2 from J. curcas resulted in increases in seed oil contents of 32.8 and 31.8%, respectively, in transgenic tobacco.
Most recently, the CRISPR-Cas9 system has emerged as a programmable and versatile tool for genome editing in a wide variety of organisms (Tian et al., 2020 and 2021). Altering the fatty acid metabolic profile by raising the oleic acid content improves the properties of the biodiesel produced and accumulated from tobacco seed oil. Tobacco fad2–2 mutant seeds based on CRISPR-Cas9 gene-editing technology showed a sharp increase in oleic acid content from 11% to over 79%, whereas the linoleic acid content dropped from 72 to 7% (Tian et al., 2020). Additionally, lipid accumulation in tobacco seeds was dramatically enhanced by approximately 18 and 15% in two targeted knockout mutant lines, of which the NtAn1 gene of the TT8 homolog was created by CRISPR-Cas9 (Tian et al., 2021). Yang et al. (2006) employed a partial coding sequence of a microsomal ω-6 fatty acid desaturase gene (FAD2) associated with the first step in polyunsaturated fatty acid biosynthesis to make an hpRNA-producing construct to more specifically silence the endogenous FAD2 gene, thereby realizing a significant increase in the oleic acid level in tobacco seed lipids. In addition, Zhang L. et al. (2016) stated that the oleic acid content relative to the content of total seed lipids of transformants was drastically decreased in FAD2-silenced tobacco at a low temperature, and there was a corresponding increase in the content of polyunsaturated fatty acid. The reduction in DGAT1 transcript levels in transgenic tobacco mediated by hpRNA is correlated with a decrease in oil content of 9–49% in mature seeds of transgenic lines (Zhang et al., 2005).
Identifying important regulatory factors involved in tobacco seed oil biosynthesis may enhance our understanding of the process of oil biosynthesis and improve strategies for increasing oil production. It has also been reported that several transcription factors, such as LEC1, LEC2, and FUS3, are associated with embryo development and seed oil biosynthesis (Chen et al., 2014; Zhang M. et al., 2016). However, many genes, proteins, regulatory factors, and multiple pathways are associated with the processes of tobacco seed oil biosynthesis and accumulation (Figure 3), and the molecular mechanisms of fatty acid and TAG biosyntheses are not fully understood (Zhang M. et al., 2016; Zhou et al., 2019).
[image: Figure 3]FIGURE 3 | Fatty acid and TAG metabolic pathways in tobacco seeds. ACCase, acetyl-CoA carboxylase; FAS, fatty acid synthase; ACP, acyl carrier protein; FA, fatty acid; FatA/B, acyl-ACP thioesterases; DAG, diacyl-glycerol; TAG, triacylglycerol; PC, phosphatidylcholine; SAD, stearoyl-ACP desaturase; DGAT, diacylglycerol acyltransferase; PDCT, phosphatidylcholine:diacylglycerol cholinephosphotransferase; CPT, CDP-choline:1,2-diacylglycerol cholinephosphotransferase; FAD2, oleoyl desaturase; FAD3, linoleoyl desaturase (Zhang, et al., 2016b; Zhou et al., 2019).
INFLUENCING FACTORS FOR BIODIESEL PRODUCTION DURING TOBACCO SEED OIL ACCUMULATION
During seed development, the contents of TAG, diacylglycerol, and sterol esters were shown to increase, while those of phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, phosphatidylglycerol, monogalactosyldiacylglycerol, digalactosyldiacylglycerol, and sulfoquinovosyldiacylglycerol were shown to decrease, suggesting that the proportions of linoleate and linolenate decreased with concomitant increased proportions of stearate and oleate in the phospholipids (Koiwai et al., 1982). The contents of tobacco seed fatty acids in ovaries grown in the greenhouse were more than four-fold higher than those in mature ovaries cultured in vitro because of many cultural factors, such as mineral and sugar concentrations, plant hormone interactions, oxygen concentration, and culture temperatures (Toshiake et al., 2006). Lin et al. (2020) were able to increase the seed and oil yields and modify the fatty acid composition of tobacco plants by enhancing the level of nitrogen applied. However, the effects of many influencing factors (such as the ecological environment, heredity, exogenous hormones, etc.) and agricultural strategies (e.g., Fertilization, irrigation, weeding, diseases and pests control) on tobacco seed oil biosynthesis and accumulation associated with biodiesel production have not been revealed.
PROPERTIES AND APPLICATION OF BIODIESEL FROM TOBACCO SEED OIL
Tobacco seed oil cannot be used directly in diesel engines, primarily due to its high viscosity and low heat content (Sharma et al., 2008). Transesterification reaction converts triglycerides into methyl esters to meet the specifications of biodiesel standards. Many countries have implemented national standards to promote biodiesel quality and regulate biodiesel production (Yang et al., 2016). Generally, the evaluation of biodiesel properties is based on ASTM D6751-2015c and BS EN 14214-2012 + A1-2019 standards (BSI, 2019; ASTM D6751-20a, 2020). Biodiesel is characterized by considering its physicalchemical and fuel properties, such as density, kinematic viscosity, cloud and pour point, energy content, cetane index (Ashraful et al., 2014). It is worth emphasizing that carbon chain length and saturation of fatty acids are important factors affecting the properties of biodiesel (Knothe, 2005). Additionally, the fluidity of biodiesel is related to density, kinematic viscosity, and cloud and pour point. The energy content and cetane index influence the production of torque and power. The flashpoint and ignition point are important parameters for evaluating the safety of biodiesel. Biodiesel has relatively low contents of ash, sulfur, and carbon residue; thus, the amount of pollutants emitted is reduced. Biodiesel usually has limited stability and is likely to form polymers that may block the fuel supply system. The amounts of monoglycerides, diglycerides, triglycerides, and free and total glycerine are important indicators of biodiesel purity. The metal ion residues (Na+, K+, Ca2+, Mg2+) introduced by catalysts could cause deposition and wear of engine components. Water and methanol contents and acid values may also accelerate erosion of the injection system and increase carbon deposition in engines. An evaluation of the important properties of tobacco seed oil biodiesel (TSOBD) is shown in Table 3 (Veljković et al., 2006; Anastopoulos et al., 2011; Usta et al., 2011; Parlak et al., 2012; Rao B. S. et al., 2013, 2013c; Waheed et al., 2015; Hariram and Rajan, 2016; Guntur and Prasanthi, 2018; Karabas et al., 2019; He et al., 2021).
TABLE 3 | Comparisons of the properties of TSOBD under different standards.
[image: Table 3]Generally, the flashpoint, density, acid value, sulfur content, and carbon residue of TSOBD are within or near the ranges recommended by European standards. Some parameters, such as oxidation stability, cetane index, iodine value, and cold filter plugging point, are correlated with the methyl ester content of TSOBD (Ramos et al., 2008). Variations in these indexes may be explained by the different characteristics of tobacco seeds and the whole biodiesel production process. Tobacco seed oil is rich in unsaturated fatty acids; thus, TSOBD has a higher iodine value and unsatisfactory oxidation stability (Usta et al., 2011), which can also be altered by the type and amount of catalyst used in the transesterification reaction (Parlak et al., 2012). The addition of antioxidants can enhance oxidation stability. TSOBD has a lower energy content and cetane index than fossil diesel, which can be improved by blending with other types of biodiesels or pure diesel (Usta, 2005; Anastopoulos et al., 2011). TSOBD addition can also improve the lubrication of engine fuel systems and extend the operating life of system components (Cesur et al., 2014).
Brake power, brake thermal efficiency (BTE), and brake special fuel consumption (BSFC) are used to evaluate the fuel characteristics of biodiesel (Ashraful et al., 2014). TSOBD blends are compatible with pure diesel uses and can increase combustion efficiency and show relatively high brake power and BTE and low BSFC in most cases. On the other hand, TSOBD blends in diesel engines can reduce CO and SO2 emissions while slightly increasing NOx emissions (Usta, 2005; He et al., 2021). The TSOBD mixing ratio (Parlak et al., 2012), injection opening pressure (Hountalas et al., 2003), injection time (Teoh et al., 2015), engine load (He et al., 2021), engine speed (Parlak et al., 2013), engine type (Rao et al., 2013c), and compression ratio (Guntur and Prasanthi, 2018) affect TSOBD blend properties and pollutant emissions. It is worth noting that a fuel blend with a low percentage of TSOBD is more efficient at a higher load than at a partial load (Usta, 2005). Compared to diesel, NOx emissions are slightly increased due to high temperatures and oxygen levels in the cylinder at relatively high load, but there is no significant difference in NOx emissions at partial load. In addition, Sharma et al. (2020) examined the impact of engine input parameters on the engine performance using the response surface methodology approach. Low heat rejection diesel engines with relatively high capacities to handle fuels with low calorific values can enhance TSOBD fuel characteristics while also producing more NOx emissions than conventional engines (Rao N. V. et al., 2013). The NOx emissions of variable compression ratio diesel engine using TSOBD decreased nearly 50% at 16:1 compression ratio compared to 18:1 compression ratio at half and full load (Guntur and Prasanthi, 2018). In addition, catalysts that convert NOx into N2, such as traditional three-way and new developed zeolite-based catalyst, can be introduced to reduce NOx emissions of diesel engine (Beale et al., 2015).
FUTURE DIRECTIONS
Although mechanical processing gives rise to relatively fast and inexpensive results, the small size of tobacco seeds leads to relatively high requirements for pressing equipment and pretreatment technology, which can subsequently raise production costs. The advantages of conventional extraction with solvents are low cost, simple equipment, no need for filtration, and high efficiency, but the disadvantages are environmental pollution and the application of high temperatures (Castro and Priego-Capote, 2010). The application of the supercritical fluid extraction process is based on the balance between economic benefits and environmental benefits. Recently, new extraction processes using renewable natural products or nonhazardous solvents have been applied to extractions of grape seed oil and sunflower oil (Sineiro et al., 1998; Passos et al., 2009). Enzyme extraction is an enzyme-assisted aqueous extraction that operates under moderate conditions and provides a high oil yield. In the future, processes for the extraction of tobacco seed oil should combine two or more extraction techniques into a complete process or modify available techniques to enhance oil yields. Moreover, more economical and environmentally friendly extraction processes should be utilized.
The ideal biodiesel transesterification catalyst should have the characteristics of high catalytic capacity, stability, minimal lixiviation, reusability, low cost, recyclability, etc. These are crucial for the selection of appropriate catalysts and reaction conditions in biodiesel production from tobacco seed oil. Heterogeneous catalysts are easy to separate from the reaction mixture, regenerate and reuse. Therefore, heterogeneous catalysts will likely replace traditional homogeneous catalysts for transesterification of tobacco seed oil in the near future. Compared with other transesterification methods, the enzymatic method has the following advantages: the catalyst (i.e., enzyme) is environmentally friendly; the operating conditions are moderate; the quality of the by-product glycerin is high; side effects such as saponification are few; the purity of the final product is high, and the enzyme method allows a relatively high FFA content and proceeds with one step. Hence, the enzymatic production of biodiesel is another important direction for the development of tobacco seed oil use. Although the catalysts for these two methods are relatively slow and expensive, novel heterogeneous and enzymatic catalysis may overcome these drawbacks.
Biotechnology, such as overexpression, silencing, knockout, and editing of genes associated with seed development, plays vital roles in the accumulation and production of tobacco seed oil in the future. Using the mining of genes and proteins involved in tobacco seed oil biosynthesis, the content of tobacco seed oil will be increased through metabolic pathways. Reorganization of acyl flux and coexpression of genes involved in lipid metabolism and TAG production accumulated more than 15% oil (dry weight) in tobacco leaves (Vanhercke et al., 2014). Tobacco seed oil contents differ among different tobacco varieties, so the yield of biodiesel from tobacco seeds can be increased by cultivating high-oil varieties. Additionally, grafting may also be an important way to increase biodiesel yields from tobacco seeds during planting. Strikingly, national policies and government support will also affect the development and research of tobacco seed oil and leaves for the production of biodiesel.
Recently, many countries have implemented higher standards and requirements for biodiesel fuel characteristics and pollution emissions. Further research should focus on modifications of TSOBD properties to meet diesel standards and assess the efficiency of TSOBD in an experimental engine setup, either alone or blended with diesel. The evaluation of biodiesel should involve all of the parameters specified in standards and provide for a good balance between engine performance and NOx emissions by optimizing engine operating parameters or designing new diesel engines.
CONCLUSIONS
Tobacco seed is identified as a promising feedstock for sustainable biodiesel production due to its suitable physicochemical composition, higher oil yields, and lower competition with food crops. However, securing sustainable and sufficient amounts of tobacco seed oil for large scale biodiesel production is not achieved yet. The tobacco seed for sustainable biodiesel production is significantly affected by various factors, which could be considered as varieties, cultivation, extraction, transesterification, application etc. Thus, future studies should focus on the higher-oil varieties with biotechnology, high-effective cultivation technique, economical and environmentally friendly extraction methods, novel heterogeneous or enzymatic catalyzed transesterifications and modifications of TSOBD physicochemical properties.
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The conversion of biomass into high-value chemicals through biorefineries is a requirement for sustainable development. Lignocellulosic biomass (LCB) contains polysaccharides and aromatic polymers and is one of the important raw materials for biorefineries. Hexose and pentose sugars can be obtained from LCB by effective pretreatment methods, and further converted into high-value chemicals and biofuels, such as 5-hydroxymethylfurfural (HMF), levulinic acid (LA), γ-valerolactone (GVL), ethyl levulinate (EL), and 5-ethoxymethylfurfural (EMF). Among these biofuels, EMF has a high cetane number and superior oxidation stability. This mini-review summarizes the mechanism of several important processes of EMF production from LCB-derived sugars and the research progress of acid catalysts used in this reaction in recent years. The influence of the properties and structures of mono- and bi-functional acid catalysts on the selectivity of EMF from glucose were discussed, and the effect of reaction conditions on the yield of EMF was also introduced.
Keywords: lignocellulosic biomass, biorefinery, high-value chemicals, biofuels, 5-ethoxymethylfurfural
INTRODUCTION
Extensive use of fossil fuels has caused energy depletion and serious environmental problems (e.g., greenhouse effect and acid rain). It is urgent to develop green renewable energy to replace fossil fuels for a better living environment (Li et al., 2017; Li et al., 2020; Pan et al., 2020). Lignocellulosic biomass (LCB) is a typical renewable energy with an annual global output of approximately 12 billion tons (Abraham et al., 2020). It is mainly composed of a layer of firm lignin-wrapped cellulose and hemicellulose components (Bhatia et al., 2020). Among them, cellulose is a biopolymer linking massive glucose units via β-1,4-glycosidic bonds, accounting for 38–50 wt% of LCB (Somerville et al., 2010). Thus, a large amount of glucose can be obtained by hydrolyzing cellulose. There were many researchers focused on the conversion of glucose to high value-added chemicals. Through various catalytic reactions such as dehydration, hydrogenation, hydrolysis, alcoholysis, and etherification, glucose can be turned into high value-added fuels and fine chemicals [e.g., 5-hydroxymethylfurfural (HMF), 5-ethoxymethylfurfural (EMF), levulinic acid (LA), and ethyl levulinate (EL)] (Rackemann and Doherty, 2011; Yang et al., 2012; Climent et al., 2014; Yang et al., 2019).
Furan derivatives like furfural, furfuryl alcohol, HMF, EMF, and 2,5-dimethylfuran have shown great potential in the formation of fine chemicals and alternative fossil fuels (Tong et al., 2010; Liu et al., 2021). Among these furan derivatives, EMF has the advantages for instance a higher boiling point (235°C), superior energy density (30.3 MJ/L) compare with ethanol (23.5 MJ/L), and low flash point (ca. 110°C) (Corma et al., 2007). Therefore, it has been considered one of the excellent choices of fuel additives in the future (Li et al., 2016). When 17 wt% EMF was used as an additive that mixes with fuel in a fuel engine, the engine could run stably and release fewer harmful particles and sulfides (with a 16% reduction in soot) (Mascal and Nikitin, 2008). In addition, EMF has also be used as a reaction substrate for the synthesis of various industrially significant chemicals, such as 5-ethoxymethylfurfuryl alcohol, 2,5-diethoxymethylfuran, and cyclopentenone (Ras et al., 2009; Ras et al., 2010; Bredihhin et al., 2016).
Generally, EMF can be transformed from HMF and ketose (e.g., fructose, inulin, and sucrose) with a satisfactory yield (ca. 70–90%) (Bredihhin et al., 2013; Dai et al., 2019; Hafizi et al., 2020). Yet, the industrial-scale production of EMF was limited by these high-priced feedstocks. For example, the price of HMF and fructose in Sigma-Aldrich is 12,634 and 205 EUR per kilogram, respectively. However, glucose has a lower price (88 EUR per kilogram in Sigma-Aldrich), which is reasonable to convert glucose into EMF (187 EUR per gram in Sigma-Aldrich). Moreover, the large amount of glucose can be obtained from cheap LCB, which is also a choice for economic and environmental development. At present, relevant reviews have summarized the use of various types of catalysts to convert different raw materials into EMF (Chen B. et al., 2020; Yu et al., 2021). But almost no review focused on the mechanism of EMF synthesis from glucose to EMF. Hereby, this mini-review introduces the paths and mechanisms of producing EMF from LCB derivatives, with a focus on challenges of the conversion of glucose to EMF. The aim is to provide a feasibility method for maximizing the conversion of LCB into EMF.
THE PREPARATION OF EMF FROM LCB-DERIVED SUGARS
The Synthesis Routes
EMF can be obtained from glucose or cellulose via multi-step chemical conversion (Zheng et al., 2021). There are three paths to synthesize EMF from glucose (Figure 1). The mainstream Path I uses glucose as the starting material, which is isomerized to produce fructose, then HMF is obtained through fructose dehydration (-3H2O), and finally, HMF is etherified to EMF (Chen et al., 2019). The most important step in this path is the isomerization of glucose, which usually requires the participation of Lewis acid (Lew et al., 2012). There are two other secondary paths with ethyl-D-fructofuranoside (EDFF) as an intermediate transit. Path Ⅱ is that fructose reacts with ethanol in acidic solution to form EDFF, which is then dehydrated (-3H2O) to produce EMF (Zhang et al., 2018). Path Ⅲ is glucose and ethanol to generate ethyl-D-glucopyranoside (EDGP) in an acid medium, then isomerized to EDFF, finally dehydrated (-3H2O) to obtain EMF (Zheng et al., 2021). Currently, most EMF is obtained through Path I for the following reasons:
[image: Figure 1]FIGURE 1 | The conversion paths of LCB to EMF. (A) Cellulose hydrolysis by Brønsted acid, (B) glucose isomerization by Lewis acid, (C) the conversion of fructose to EMF.
(ⅰ) Compare Path I and Path Ⅱ. The difference is that fructose is more likely to be converted into HMF (Path I) or EDFF (Path Ⅱ). It has been found that fructose was inclined to be dehydrated to form HMF (Path I) rather than etherified with ethanol to form EDFF (Path Ⅱ) when Brønsted acid is present (Xiang et al., 2017).
(ⅱ) Compare Path I and Path Ⅲ. Glucose is usually isomerized to fructose when Brønsted acid and Lewis acid are present at the same time (He et al., 2022). When there is only Brønsted acid in the system, although the DFT calculation results show that the highest energy barriers required for Path I (17.7 kcal/mol) and Ⅱ (20.8 kcal/mol) are similar, the thermodynamic reaction is more favorable for Path I (Wang et al., 2021). And the intermediate EDGP in Path Ⅲ is difficult to continue further conversion.
The Synthesis Mechanism
The conversion of cellulose to EMF requires multiple reaction processes, namely cascade reactions. A detailed description of the synthesis mechanism of each step in Path I is shown in Figure 1.
Cellulose has a condensed structure (Figure 1), and is a high molecular polymer connected by β-1,4-glycosidic bonds and axial hydrogen bonds between numerous glucose monomers (Shrotri et al., 2018). Therefore, the hydrolysis of cellulose in the first step of Path I is a major obstacle that needs to be overcome. Many studies have shown that Brønsted acid can destroy the β-1,4-glycosidic bonds of cellulose (Zeng and Pan, 2020). As shown in Figure 1A, firstly, the oxygen atom of the β-1,4-glycosidic bond is attacked by the proton of the Brønsted acid site. Then the C-O bond between the two glucose molecules is broken for releasing glucose and glucose-ion intermediate. Finally, the hydroxyl group from water binds to the exposed carbon of glucose-ion intermediate to form glucose. And the free protons from water participate in the next hydrolysis reaction.
The second step in Path I, the isomerization of glucose into fructose, is the most important step in determining the yield of EMF. Many studies have indicated that glucose transforms into fructose via Lewis acid sites (Li et al., 2014; Rajabbeigi et al., 2014). As shown in Figure 1B, the C1-O5 bond of glucose is broken by Lewis acid and forms a linear glucose molecule. The oxygen atoms of C1 and C2 on linear glucose coordinate with the Lewis acid center. Subsequently, the hydrogen on C2 is transferred to C1, which realizes the aldehyde-ketone conversion between C1 and C2 to form linear fructose. Finally, the oxygen of C2 is linked with C5 to form a fructose molecule by C-C bond.
The third step is that fructose generates HMF by dehydration of three H2O molecules under acidic conditions. Firstly, the hydroxyl group on C2 is protonated to release the first H2O, and C=C is formed between C1 and C2. Then, the hydroxyl group on C3 is protonated to release the second H2O. Meanwhile, the C=C bond between C1 and C2 is broken, the aldehyde group is formed at the C1, and C=C is formed between C2 and C3. Finally, the hydroxyl group on C4 is protonated to release the third H2O, and C=C is formed between C4 and C5 to get HMF. After that, HMF is etherified to EMF with ethanol existence (Figure 1C).
THE FACTORS IMPACTING THE YIELD OF EMF FROM LCB-DERIVED SUGARS
Many LCB-derived sugars and compounds have been used to convert into EMF, such as cellulose, cellobiose, and glucose. The EMF yield from these substrates has displayed the order of glucose > cellobiose > cellulose > LCB (Li et al., 2016; Guo et al., 2018). In general, only moderate or low EMF yields can be obtained from these raw materials which are due to the different number of reaction steps. For example, HMF as a feedstock (high EMF yield) just needs one step, but cellulose (low EMF yield) needs four steps. Meanwhile, the lengthy chemical reaction process increased more by-products or humins (Zheng et al., 2021). Therefore, many studies were devoted to developing more efficient catalytic systems, which can obtain more satisfactory EMF yields from glucose or glucose-based carbohydrates (Guo et al., 2017; Guo et al., 2018; Karnjanakom et al., 2020; He et al., 2022). Some catalysts and reaction conditions for obtaining EMF from LCB-derived sugars were summarized in Table 1.
TABLE 1 | EMF from LCB-derived sugars via different catalysts and reaction systems.
[image: Table 1]Monofunctional Acid Catalysts
Currently, many monofunctional (Brønsted or Lewis) acid catalysts are designed to catalyze the synthesis of EMF from glucose, including H2SO4 (Xu et al., 2017), metal salts (Liu et al., 2013), SO3H-based catalyst (Liu and Zhang, 2013), and ionic liquid (Guo et al., 2017). From the perspective of the synthesis routes, theoretically, when only Brønsted acid exists, using glucose as substrates hardly produces EMF. Yet, many studies had found that in the presence of Brønsted acid, a spot of EMF could be detected using glucose (7.46% yield), cellobiose (19.8% yield), and cellulose (3.05% yield) as raw materials (De et al., 2012; Guo et al., 2017; Xu et al., 2017). One possible reason for this is that glucose formed a bit intermediate 3-deoxyglucosone in Brønsted acid, which is then dehydrated to form HMF, and finally etherified to EMF (Jadhav et al., 2011; Jadhav et al., 2012). In addition, Brønsted acid and protonated ethanol ([C2H5OH2]+) can open the ring of glucose to form intermediate 1,2-enediol then isomerizes to fructose, which makes it possible to produce EMF in the next step (Guo et al., 2017; Wang et al., 2021). When there is only Lewis acid in the system, a moderate EMF yield (10–40%) can be obtained from glucose (Dutta et al., 2012; Liu et al., 2013; Tan et al., 2017). In the presence of a single Lewis acid, the possible reason for the failure to obtain high EMF yield is that the Lewis acid cannot provide H+, resulting in the low [C2H5OH2]+ concentration in the system which limits the fructose dehydration and subsequent etherification steps. Meanwhile, the EMF yields obtained by catalyzing glucose with different types of metal salts were quite different. Such as metal chlorides AlCl3 and CrCl3 could obtain 11.2 and 15.2% EMF yields, respectively. However, with metal sulfates Al2(SO4)3, CuSO4, Fe2(SO4)3, and Cr2(SO4)3 as catalysts, the reaction system hardly detected EMF, but more EDGP (ca. 80% yield) was detected (Yu et al., 2017). Thus, the metal chloride is more conducive to the isomerization of glucose, while the metal sulfate is more inclined to promote the etherification of glucose. Overall, the monofunctional acid catalysts cannot obtain satisfactory EMF yield from glucose. Whereas, the developed bifunctional acid catalysts with Brønsted-Lewis acids can obtain high EMF yield from glucose.
Bifunctional Acid Catalysts
Generally, zeolite molecular sieve catalysts contain Brønsted acid species Al-O(H)-Si (framework four-coordinate aluminum), and Lewis acid species Al- (framework three-coordinate aluminum) can be obtained after high-temperature dealumination (Xin et al., 2019). For example, ultra-stable Y zeolite (USY) and β zeolite (H-β) after high-temperature dealumination were used to catalyze the synthesis of EMF from glucose and obtained 39.5 and 41% EMF yields, respectively (Li et al., 2016; Zheng et al., 2021). In addition, zeolite can also be modified to obtain better EMF yield. Introducing Lewis acid species Sn- and Al- into zeolite to obtain MFI-Sn/Al (Bai et al., 2018) or simultaneously introduce H4 [Si(W3O10)4] and SnCl4 (Brønsted-Lewis acids) into zeolite to obtain SBA-15 (Srinivasa Rao et al., 2020). These catalysts could obtain EMF with medium yield from glucose. A soft template HIPE was utilized to support the sulfonic acid group and Cr3+ to synthesize BFC-3 catalyst, which could be used to catalyze glucose and cellobiose and obtain 48.1 and 37.1% EMF yields, respectively (Chen et al., 2020a). Furthermore, glycerol and glucose were sulfonated into carbon spheres, then introduced into Zn- to prepare Zn-SO3H-GR-carbon (Karnjanakom and Maneechakr, 2019a) and Zn-S-C (Karnjanakom et al., 2020). Both of them can obtain amazing EMF yields from glucose (86.3 and 80.9%).
Bifunctional acid catalysts have great differences in catalytic performance. Using the same Brønsted acid and different Lewis acids to prepare various catalysts, the yields of EMF obtained from glucose were different. For example, the sulfonated carbon (SC) was doped with different metal species (Zn-, Al-, and Ni-), which exhibits different catalytic performances (Karnjanakom and Maneechakr, 2019b). When EMF was selectively produced from glucose, Zn-SC, Al-SC, and Ni-SC provided yields of 85.1, 84.4, and 32.8%, respectively. The reason for the difference is that the acidity provided by specie Ni- is lower than Zn- and Al-. A recent study also confirmed that the type of Lewis acids affects the yield of EMF (He et al., 2022). Meanwhile, this study found that the performance of the catalyst was also affected by the number of metal species in it. Specifically, the more types of metals contained in the catalyst, the better the catalytic efficiency. In addition, choosing a suitable ratio of Brønsted/Lewis acid can improve the selectivity of EMF (Srinivasa Rao et al., 2020). For the ratio of strong/weak acid, when the weak acid accounts for more, it is harmful to glucose isomerization, fructose dehydration, and HMF etherification, resulting in lower EMF selectivity. On the contrary, when more strong acids are present in the system, the generated EMF can be turned into EL by a ring-opening reaction or converted into humins (He et al., 2022). Therefore, the ratio of Brønsted/Lewis and strong/weak acids in the bifunctional acid catalysts are also critical for obtaining EMF from glucose.
Reaction Conditions
The selectivity of EMF is also affected by the reaction conditions, such as temperature, time, ultrasound, and co-solvent.
Obtaining EMF from glucose usually requires a higher temperature and longer reaction time (Srinivasa Rao et al., 2020; Wang et al., 2021). However, continuously increasing the reaction temperature and time leads to the decrease in the yield of EMF, which is due to the unstable EMF and easily converted to EL under high temperature and long time (Zheng et al., 2021). During the conversion of glucose to EMF, water may be produced due to dehydration and etherification, which makes the hydrolysis of HMF into LA inevitable in this system (Wang et al., 2021). Since the polar co-solvent limits the conversion of HMF to LA (Morales et al., 2017), such as dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), and GVL, many studies add co-solvents to this system, which significantly inhibited the production of EL (Yu et al., 2018). The amount of co-solvent also affects the yield of EMF. With the increase of co-solvent ratio, the yield of EMF first increased and then decreased, while the yield of EL continued to decrease and HMF continued to increase (He et al., 2022). The increase of EMF can be attributed to the inhibition of the conversion of EMF to EL. Then adding too much co-solvent can reduce the amount of EMF, which is attributed to the decrease of ethanol content in the system to limit the etherification of HMF into EMF (Chen et al., 2020b). Besides, several studies have shown that ultrasonic assistance can form cavitation bubbles in the system and promote bond breakage, which can promote the reaction to a certain extent (Karnjanakom and Maneechakr, 2019b). The ultrasound assistance can greatly reduce the requirement of temperature and time from glucose to high yield EMF, such as 98°C for 47 min obtained 80.9% yield (Karnjanakom et al., 2020) and 106°C for 72 min obtained 86.3% yield (Karnjanakom and Maneechakr, 2019a). Therefore, EMF can be generated rapidly under mild conditions.
CONCLUSION
The richness, versatility, and accessibility of LCB are the reasons for its advantages in the field of sustainable energy conversion. The mechanisms and technologies of EMF production from LCB-derived sugars in recent years were reviewed. These studies aim to develop more efficient catalysts and reaction systems to increase the yield of EMF.
Glucose as a typical LCB-derived sugar is used to synthesize EMF. It is mainly through path I (Figure 1) to synthesize EMF. In general, it shows low EMF yield when used monofunctional acid catalysts. The key to this problem is attributed to the glucose isomerization step (corresponding to Lewis acid) and low concentration of [C2H5OH2]+ (corresponding to Brønsted acid). Yet, the developed bifunctional (Brønsted-Lewis) acid catalysts can effectively solve this problem, which can obtain satisfactory EMF yields from glucose. Meanwhile, the species of Lewis acids, ratio of Brønsted/Lewis acids, and ratio of strong/weak acids in the bifunctional acid catalysts have decisive effects on EMF yield. In addition, the optimization of reaction conditions has also made efforts in EMF yield. The suitable time, temperature, and a certain concentration of co-solvent can provide upside space for the selectivity of EMF.
PERSPECTIVES
Although there are some technological breakthroughs in obtaining high EMF yield from glucose, high yield EMF has not been found directly from LCB. However, studies based on glucose can provide feasible strategies for direct conversion of LCB to obtain high EMF in the future. Firstly, the bifunctional acid solid catalysts were given priority in the choice of catalysts, and the catalysts can adjust the type and quantity of acid. Secondly, it is also crucial to select appropriate co-solvents and reaction conditions. Although the ultrasound-assisted method showed excellent effects, it is not suitable for large-scale industries. Therefore, it is of great significance to develop an efficient catalyst strategy to convert LCB into EMF under mild conditions.
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An acid-catalyzed 2-alkylation of indole molecules is developed. Only catalytic amount of the commercially available, inexpensive and traceless HI is used as the sole reaction promoter. 2,3-Disubstituted indole molecules bearing congested tertiary carbon centers are afforded as the final products in moderate to excellent yields.
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INTRODUCTION
Indole and its derivatives are versatile molecules and have found significant applications in biological and medicinal research (Ma et al., 2016) (Figure 1A). For example, the indole derivative neoechinulin A has been isolated from P. griseofulvum and Aspergillus sp. and shown significant cytotoxic activity against P388 cells (Ma et al., 2016). Typrostatin A and B can be obtained from A. fumigatus, which is present in the sea sediment and the Ficus carica in both Japan and China. They have exhibited excellent antiphytopathogenic activity and have been used in the investigation of novel anti-tumor reagents (Ma et al., 2016). Therefore, the development of simple and efficient methods for functionalization of indole molecules is attractive and important to both scientific research and drug manufacturing.
[image: Figure 1]FIGURE 1 | Bioactive Indole Derivatives bearing C2-Substituents and C2-Functionalizations of Unprotected Indoles.
Indole can be functionalized at each position around its aromatic structure through various transformations. Traditionally, the C3-positions of indole molecules have been widely used as nucleophiles to react with a variety of electrophiles in both enantioselective (Austin and MacMillan et al., 2002; Zhou and Tang et al., 2002; Evans et al., 2005; Wang et al., 2006; Terada et al., 2007; Bandini et al., 2009; Joucla and Djakovitch et al., 2009; Bartoli et al., 2010) and non-chiral fashion (Bartoli et al., 2005; Kimura et al., 2005; Moran et al., 2006; Kusurkar et al., 2008; Lerch et al., 2014). Transition metals, amines and Lewis acids are frequently used as effective catalysts for these reactions. The C2-positions of the N-protected indoles can undergo transition metal-catalyzed alkylations (Doyle et al., 2010; Johansen and Kerr et al., 2010; Jiao and Bach et al., 2011; Pan et al., 2012; Lin et al., 2013; Yoshino et al., 2013; Su et al., 2014; Soni et al., 2018; Wang and Wang, 2021), arylations (Lane and Sames, 2004; Wang et al., 2005; Deprez et al., 2006; Lebrasseur and Larrosa et al., 2008; Phipps et al., 2008; Yang et al., 2008; Ackermann and Lygin, 2011; Sauermann et al., 2011; Li et al., 2016; Yang and Shi, 2018), alkenylations (Nakao et al., 2006; Maehara et al., 2008; Ding and Yoshikai, 2012; Li et al., 2013a; Li et al., 2013b; Liang et al., 2014; Schramm et al., 2015; Wong et al., 2015; Zhang W et al., 2015; Zhou et al., 2016), alkynylations (Yang et al., 2010; Tolnai et al., 2013; Sauermann et al., 2015; Zhang Z Z et al., 2015; Kong et al., 2016), aminations (Sun et al., 2014; Sun et al., 2015) and thiolation reactions (Gensch et al., 2016). A directing group is generally required to be installed on the N atom of the indole molecule for the C2-functional group introductions in these transformations. In contrast, intermolecular reactions for direct functionalization of the C2-positions of the unprotected indoles have been relatively less developed (Figure 1B). Success within this direction includes the transition metal-catalyzed indole C2-alkylations with alkyl halides (Straathof et al., 2014; Shao et al., 2015; Yang et al., 2015) and alkenes (Weng et al., 2016; Zhou et al., 2017; Bai et al., 2020) (Figure 1B, eq. 1 and eq. 2). Melchiorre (Kandukuri et al., 2015) and co-workers have disclosed the formation of the electron donor-acceptor (EDA) complex between indoles and electron-deficient benzylbromides and reported a metal-free photo-catalyzed direct indole C2-alkylation via formation of this EDA complex (eq. 3). Zhang (Wang et al., 2016) and co-workers reported in 2016 the organic semiconductor-catalyzed, visible light-promoted indole C2-alkylation with 2-bromomalanates (eq. 4). Recently, Glorius (James et al., 2019) and co-workers used the pyridinium salt as the EDA complex acceptor and realized the indole C2-alkylation reaction under basic conditions with white light irradiation (eq. 5). To the best of our knowledge, the direct and metal-free C2-alkylation of indoles with unactivated alkenes has not been disclosed.
Herein, we report an acid-promoted regioselective C2-alkylation reaction of unprotected indoles 1 (Figure 1C). Unactivated alkenes 2 are used as the alkylation reagent, with no sacrificing atoms or functional groups lost during this transformation. The use of EDA acceptors can be avoided in this protocol. A traceless and inexpensive HI is used in a catalytic amount as the sole reaction catalyst. The C2-branched alkylation products 3 or 4 bearing a tertiary carbon center are afforded in excellent regioselective fashion with good to excellent isolated yields. The reaction features excellent atom-economy and C2-regioselectivity.
The reaction was initially carried out by using 3-methylindole 1a and 1,1-diphenylethene 2a as the substrates in dichloromethane under the catalysis of different organic and inorganic acids (Table 1, entries 1–7). To our delight, the indole C2-branched alkylation product 3a can be obtained in promising yields with a variety of strong acids after stirring at 30°C for 12 h (entries 1–6). The target product of 3a could be afforded in 21% yield in the presence of 30 mol% of HCl acid (entry 1). The yield of 3a could be dramatically improved to 87% when switching the HCl into HBr (entry 2). Gratifyingly, the product 3a was obtained in 92% yield when using HI as the acid catalyst (entry 3). Other organic or inorganic acids gave the desired product 3a in lower yields (entries 4–6). Notably, the reaction could not happen when using acetic acid as the reaction catalyst, which is probably due to its weak acidity (entry 7). A diversity of organic solvents could be used as the reaction mediate (entries 8–11). For example, the reaction went on smoothly in the solvents of EtOAc, hexane and toluene, with the desired product 3a afforded in good yields (entries 8–10). However, solvents with high polarities such as H2O, DMF, THF, CH3OH and MTBE could not be used for this transformation (entry 11). The amount of the HI catalyst could be decreased to 0.1 mol% without obvious erosion of the product yield (entries 12–13). Further decreasing the amount of the HI to 0.05 mol% resulted in significant loss of the yield (entry 14). The reaction temperature could also be decreased to 25°C with the desired product of 3a afforded in an even higher yield (entry 15).
TABLE 1 | Optimization of reaction conditions.a
[image: Table 1]Having identified the optimal reaction condition for the HI-induced indole C2-alkylation, we next evaluated the scope of this transformation using indole substrates 1 bearing different substituents (Scheme 1). Both electron-donating and electron-withdrawing substituents are well tolerated on the benzene rings of the indole structure, with the target C2-alkylated indole products afforded in moderate to excellent yields (Scheme 1, 3a to 3m). We also examined the effect of the substitution position of the C5 with NO2 group, but gave no desired product. The C3-methyl group on the indole molecule can be changed into other alkyl groups, with the desired C2-alkylated indole products afforded in a bit lower yields (e.g., 3n to 3o). However, switching the C3-methyl group on the reaction substrates into a C3-phenyl group resulted in no formation of the target product.
[image: Scheme 1]SCHEME 1 | Scope of Indoles 1.a. a Reaction conditions as stated in Table 1, entry 15. Yields are isolated yields after purification by column chromatography.
The alkene substrates 2 can also tolerate diverse substituents and substitution patterns (Scheme 2). Various substituents can be introduced to the para-and meta-positions of the phenyl rings on 2a, with the corresponding products afforded in good to excellent yields (Scheme 2, 4a to 4f). However, installing substituents on the ortho-position of the phenyl rings on 2a leads to no formation of the desired products, which is probably due to the substantially increased steric hindrance during the C2-branched product formation process. One of the phenyl rings on 2a can be switched into a naphthyl or a thiophenyl group with retention of the good to excellent product yields (4g to 4h). To our delight, one of the two aryl groups on the alkene substrates can be replaced by a methyl group without much erosion on the product yield (4i to 4j). It is worth noting that the internal alkene of 1,1-diphenylpropene also works well in this photo-induced indole C2-alkylation process, with the target product 4k afforded in 55% yield. It is not surprising that the 1,1-diarylethenes bearing two substituted phenyl groups generally give the desired indole C2-branched alkylation products in excellent yields (4l to 4m).
[image: Scheme 2]SCHEME 2 | Scope of Alkenes 2.a. a Reaction conditions as stated in Table 1, entry 15. Yields are isolated yields after purification by column chromatography.
The HI-induced C2-alkylation reaction of the 3-methylindole 1a with 2a can be carried out at Gram scales to give the functionalized indole product 3a in an excellent yield (Scheme 3). The indole NH group on 3a can be efficiently protected by CH3I and the N-methylindole product 5 can be afforded in almost quantitative yield.
[image: Scheme 3]SCHEME 3 | Gram-Scale Synthesis of 3a and Its Synthetic Transformation.
CONCLUSION
In summary, we have disclosed a metal-free reaction for the synthesis of 2-alkylation of 3-alkylindole derivatives. 1,1-Disubstituted alkenes are used as the alkylation reagent with the C2-branched alkylated indole products afforded in generally good to excellent yields with excellent Markovnikov regioselectivity. A catalytic amount of the commercially available and inexpensive HI is used as the sole reaction catalyst. Further investigations towards the applications of the C2-functionalized indole molecules are in progress in our laboratory.
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Biomass feedstocks are promising candidates of renewable clean energy. The development and utilization of biological energy is in line with the concept of sustainable development and circular economy. As an important platform chemical, γ-valerolactone (GVL) is often used as green solvent and biofuel additive. Regarding this, the efficient synthesis of GVL from biomass derivative furfural (FF) has attracted wide attention recently, However, suitable catalyst with appropriate acid-base sites is required due to the complex reaction progress. In this Mini Review, the research progress of catalytic synthesis of GVL from furfural by Zr/Hf-based catalysts was reviewed. The different effects of Lewis acid-base and Brønsted acid sites in the catalysts on each steps in the reaction process were discussed firstly. Then the effects of regulation of acid-base sites in the catalysts was also studied. Finally, the advantages and challenges of Zr/Hf-based catalysts in FF converted to GVL system were proposed.
Keywords: biomass, furfural, γ-valerolactone, Zr/Hf-based catalysts, active site regulation
INTRODUCTION
Although the exploration and utilization of fossil energy promote the development of human society, it also causes nonnegligible harm to the environment, which makes people focus on available energy to reduce dependence on fossil energy (Roman-Leshkov et al., 2007; Luterbacher et al., 2014; Zhang et al., 2019). Biomass, as the only renewable organic carbon source, has received extensive attention due to its abundance, cheapness, and availability (Li et al., 2014; Zhao et al., 2019; Li H. et al., 2020). A variety of valuable compounds (e.g., xylose, furfural, furfuryl alcohol, levulinic acid and its esters, and γ-valerolactone) can be obtained from biomass (Liu et al., 2015; Li F. et al., 2017; Li H. et al., 2017; Lingaiah, 2018; Li et al., 2019a; Luo et al., 2019). Among them, γ-valerolactone (GVL) has excellent physical and chemical properties such as high boiling point (207°C), low melting point (31°C), and low toxicity (LD50 = 8,800 mg/kg). It can be used as a green organic solvent in a variety of reactions, and has broad application prospects in the organic synthesis, biorefinery, and food industry (Yan et al., 2015; Ye et al., 2020b). In addition, GVL can be further converted into various valerate esters (these have been identified as new generation biofuels), which can be used to synthesize various biomass-based liquid fuels (Yu et al., 2019).
In recent years, the related research on the synthesis of GVL mainly focuses on the direct hydrogenation or catalytic transfer hydrogenation (CTH)with levulinic acid and its esters as substrates. Both noble metal (Ru, Rh, Pt, Pd, Au) catalysts and non-precious metal (Ni, Cu, Co.) catalystshave been used for the hydrogenation of LA to GVL (Yuan et al., 2013; Luo et al., 2014; Molleti et al., 2018). Obregon et al. studied the liquid phase hydrogenation of LA on Ni/Al2O3, after reacting at 250°C and 6.5 MPa H2 pressure for 2 h, The yiled of GVL reached 92%I. (Obregon et al., 2014). Although high yield was achieved by hydrogenation, however, the use of pressur-ized-hydrogen gas is often associated with potential explosion hazard, so the transfer hydrogenation strategy for the synthesis of GVL from LA has been developed. Numerous sup-ported Ru, Pd, Ni, and Cu catalysts were investigated to this reaction (Dutta et al., 2019; Ye et al., 2020b). Fu et al. firstly reported an non-precious skeletal Ni catalyst which could effective catalyze the reaction with i-PrOH as H-donor at room temperature over 9 h (Yang, et al., 2013). In addition, different hydrogen donors such as formic acid, hydrosilicon and alcohol have been exploited for this transformation, compare to other H-donors, the secure, safe and easily operated alcohol not only can act as H-donor, but also can serve as a solvent, furthermore, it can enhance the selec-tivity in the hydrogenation process, too(He et al., 2020a).Compared with levulinic acid, furfural (FF) is more available from biomass feedstocks, so the researchers considered FF directly as a feedstock for GVL production (Bui et al., 2013).
The conversion of FF to GVL requires a series of cascade reactions (Figure 1) such as CTH, etherification, ring-opening, partial hydrogenation, and cyclization reaction (Zhu et al., 2016). Such complex reaction processes require higher performance catalysts. Therefore, it is necessary to fully consider both the structure and acid-base properties of the catalyst to improve the catalyst activity. Since Zr/Hf-based catalysts show excellent catalytic performance in CTH reactions and are more economical than precious metals, more and more researchers applied them to the reaction of converting GVL from FF (Li et al., 2016; Wu et al., 2018; Zhou et al., 2019a; Wang et al., 2019).
[image: Figure 1]FIGURE 1 | Possible reaction mechanism for the cascade conversion of biomass-derived furfural (FF) to γ-valerolactone (GVL).
At present, some excellent reviews are related to the synthesis of GVL, but most of these reviews focus on the synthesis of GVL with levulinic acid and its esters as the substrate (Dutta et al., 2019; Ye et al., 2020b). In this mini-review, the latest progress in the design of high-performance Zr/Hf-based catalysts for GVL production from FF. Some variables affecting the design of Zr/Hf-based catalysts such as the regulation of active sites of catalysts and the physical and chemical properties of catalysts were summarized. In addition, the reaction parameters in regulating conversion efficiency was discussed, providing insights for the development of efficient, economic, and sustainable catalytic systems that would be important for future research.
EFFECTS OF CATALYST PROPERTIES ON THE SYNTHESIS OF GVL FROM FF
In the system of FF for the synthesis of GVL, Zr/Hf-based catalysts showed good performance, as shown in Table 1. Zhu et al. first used Au/ZrO2 (providing Lewis acid-base sites) with ZSM-5 (providing Brønsted acid sites) to catalyze the conversion of FF to GVL (Zhu et al., 2016). The experimental results showed that when Au/ZrO2 was used as the catalyst, FF was almost completely converted to furfuryl alcohol (FA) (99.0% yield) rather than GVL. Similarly, no GVL was detected when only ZSM-5 was used as the catalyst. These results showed that the presence of both Lewis acid-base and Brønsted acid sites in the catalyst was necessary to successfully catalyze the conversion of FF to GVL. Rojas-Buzo et al. found that the prepared Hf-MOF-808 catalyst could successfully catalyze the CTH reaction of FF to FA and levulinic acid to obtain GVL, but could not directly catalyze the synthesis of GVL from FF(Rojas-Buzo et al., 2018). However, when the Hf-MOF-808/Al-β zeolite (containing Brønsted acid sites) combined catalyst was applied to this reaction, a good 75% yield of GVL was obtained at 120°C for 48 h. This result strongly shows that Brønsted acid is crucial to the ring-opening process involved in the conversion of FA to levulinate in this reaction process. Although combined catalyst system could improve the reaction yield, the catalyst preparation process becomes complicated and the production cost increases. To simplify the preparation process of the catalyst and increase reaction yield of GVL, the exploration of bifunctional catalysts containing both Lewis and Brønsted acid sites has attracted more and more attention. Bui et al. first used the physical mixture of Zr-Beta and mesoporous Al-MFI zeolite as Lewis acid and Brønsted acid catalysts to convert FF into GVL in one-pot (Bui et al., 2013). Later, Iglesias et al. synthesized a bifunctional catalyst containing both Lewis acid and Brønsted acid by loading ZrO2 on SBA-15 zeolite (Iglesias et al., 2018). The catalyst can control the strength of Lewis acid and Brønsted acid by changing the number of ZrO2 layers. Kinetic studies showed that the strength of Lewis acid in the catalyst had an important influence on the distribution of products. Strong Lewis acid sites promote etherification and isomerization of FA rather than MPV reduction. Srinivasa Rao et al. used the impregnation method to load different proportions of ZrO2 and phosphotungstic acid (TPA) on β-zeolite to further study the effect of Lewis/Brønsted acid content in the catalyst on the yield of GVL (Srinivasa Rao et al., 2021). The experimental results show that more Brønsted acid sites and fewer Lewis acid sites in the catalyst are more conducive to the production of levulinic acid ester rather than GVL. Therefore, the key to obtain high yield GVL is to control the Lewis acid-base and Brønsted acid sites with appropriate strength and number of bifunctional catalysts. Very recently, Tan et al. synthesised a variety of novel coordination organophosphate–Hf polymers from vinylphosphonic acid (VPA), p-toluenesulfonic acid (p-TSA), and HfCl. Specifically, VPA–Hf(1 : 1.5)-0.5 with an appropriate L/B acid ratio of 5.3 and was found to exhibit superior performance in the one-step conversion of furfural (FF) to γ-valerolactone (GVL) in a high yield of 81.0%, with a turnover frequency of 5.0 h−1. (Tan et al., 2022).
TABLE 1 | Catalytic production of γ-valerolactone (GVL) from furfural (FF)over Zr/Hf-based catalysts.
[image: Table 1]Zeolite with a complex microporous structure has an open framework with regular pore size and appropriate size, which is conducive to mass transfer and is easy to adjust acidity (Wang et al., 2017; Wang et al., 2020; Peng et al., 2020; Chai et al., 2021). Since zeolite has these unique advantages, the existing catalysts for FF conversion to GVL are mostly prepared with various zeolites as supporter. These catalysts mainly change the content of Lewis acid sites in the catalysts by changing the metal loading, and different kinds and concentrations of acids are used to control the content of Brønsted acid in the catalysts (Srinivasa Rao et al., 2019; Winoto et al., 2019; He et al., 2020a; Ye et al., 2020a). He et al. adjusted the content of Lewis/Brønsted acid in the catalyst by adding different amounts of ZrOCl2·8H2O(He et al., 2020b). The more Zr is loaded in the catalyst, the higher the molar ratio of Lewis acid to Brønsted acid is. NH3-TPD results showed that with the increase of Zr loading in the catalyst, the total number of acid sites in the catalyst increased gradually. But excessive Zr loading will produce zirconia clusters, which will reduce the activity of the catalyst. Li et al. treated the catalyst by soaking DUT-67 (Hf) in different concentrations of sulfuric acid solution to change the content of Brønsted acid (Li W. et al., 2019). The results showed that with the increase of sulfuric acid concentration, the total content of acid sites in the catalyst increased continuously, but excessive Brønsted acid in the catalyst would lead to side reactions, which decreased the yield of GVL. SrinivasaRao et al. loaded phosphotungstic acid (TPA) and ZrO2 with different contents inside and outside the pores of SBA-15, respectively (Srinivasa Rao et al., 2021). Under the premise of keeping the total Lewis acid content in the catalyst unchanged, the molar ratio of Lewis acid to Brønsted acid in the catalyst was adjusted by controlling the amount of ZrO2 and TPA. The catalyst showed excellent catalytic activity, and the yield of GVL reached 90% at 170°C for 10 h.
In addition to using zeolite as a carrier, bifunctional materials prepared with ligands base on biomass derivatives are also applied to the conversion of FF to GVL. Using alizarin red S (ARS) as the ligand, Peng et al. synthesized FM-Zr-ARS catalyst by a simple hydrothermal method (Peng et al., 2021). The sulfonic acid group contained in ARS can acted as Brønsted acid for the ring-opening reaction, however, it cannot effectively regulate the relative content of different active sites in the catalyst. As a key step in the conversion of FF to GVL, CTH reaction is generally completed through a six-membered ring transition state. Lewis acid sites are usually used to activate H on the aldehyde group and C connected with the alcohol hydroxyl group. Lewis base sites are mainly used to activate the alcohol hydroxyl group, making H easier to remove. Finally, the transfer hydrogenation process is completed through the six-membered ring transition state (Li et al., 2018; Zhou et al., 2019b; Li et al., 2019c). Jarinya et al. found that Hf-UiO-66 has lower activation energy (13.5 kcal/molvs 14.9 kcal/mol) than Zr-UiO-66 based on density functional theory (DFT)(Sittiwong et al., 2021). It is due toHf having stronger Lewis acidity, Hf has better performance than Zr in CTH reaction under the same preparation conditions (Luo et al., 2014; Xie et al., 2016; Injongkol et al., 2017; Li X. et al., 2020). Tan et al. prepared a new coordination organic phosphate-Hf polymer VPA-Hf(1:1.5)-0.5, which showed good activity for one-pot cascade conversion of FF to GVL. By controlling the ratio of vinyl phosphoric acid, p-toluenesulfonic acid and HfCl4, the content of Lewis acid sites and B acid sites can be accurately adjusted, and the E factor value (0.19) shows that the conversion process mediated by the catalyst is ecologically friendly.
EFFECT OF REACTION PARAMETERS
The reaction can be carried out under mild conditions (120°C) when combined catalysts were used (Table 1). For bifunctional catalysts containing both Lewis acid and Brønsted acid, although the preparation of the catalyst is simpler and the cost is reduced, a higher reaction temperature (150–180°C) is often required to ensure the sufficient progress of the reaction. This may due to the independent active sites can also effectively reduce the adverse effects of steric hindrance in the reaction process, so the reaction can be carried out under mild conditions. However, the disadvantages such as excessively long reaction time and more tedious catalyst preparation process cannot be ignored. The key CTH reactions in the reaction process are completed by MPV reduction reaction, and more green and safe alcohols are usually used as H-donors to avoid the use of dangerous high-pressure H2and corrosive formic acid. In general, the β-H of secondary alcohols is easier to be removed from the transition state, so the hydrogen supply capacity of secondary alcohols is stronger than that of primary alcohols (Elsayed et al., 2020; Li J. et al., 2021). However, the steric hindrance of secondary alcohols will gradually increase with the extension of the carbon chain, and excessive steric hindrance is not conducive to the formation of stable transition states, thereby reducing the hydrogen supply capacity (Li M. et al., 2021; Li W. et al., 2021). Therefore, due to the small steric hindrance, 2-propanol was used as the H-donor to prepare GVL in most cases. In addition, the reusability of the catalyst is also an important aspect to evaluate the catalytic system. However, humus is usually formed during the reaction, which not only affects the carbon balance of the reaction system but also reduces the activity of the catalyst during recycling. Usually, calcination can remove the humus attached to the catalyst and restore the activity of the catalyst (Iglesias et al., 2018; Ye et al., 2020a; Tang et al., 2021). In addition, the catalyst may also have active site leaching during recycling, and it needs to be treated with acid before being put into the next recycling (Li W. et al., 2019).
CONCLUSION AND OUTLOOK
GVL is an important biomass derivative, which can be used as green solvents and biofuels. Highly efficient cascade conversion of FF to GVL presents great challenges due to complex reaction processes and high requirements for catalyst performance. In this mini-review, the influence of the catalyst preparation process on catalyst activity was reviewed, and the reaction parameters such as temperature and H- donor were also discussed. The acid-base properties of the catalyst have a great influence on its catalytic performance. The Lewis acid-base sites in the catalyst are mainly used to catalyze the CTH reaction, and the crucial ring-opening reaction needs to be carried out in the presence of Brønsted acid sites. There is no doubt that higher acid content in the catalyst can provide more active sites, but the imbalance of Lewis acid and Brønsted acid ratio can easily lead to undesirable side reactions. It may lead to carbon imbalance and GVL yield reduction, while the formation of humus attached to the catalyst will reduce the reusability of the catalyst.
Renewable biomass-based carbonaceous support catalysts have great potential for the green synthesis of GVL. Organic hybrid materials have proved to have good activity for CTH reaction, but the Brønsted acid sites are usually not sufficient to catalyze the ring-opening reaction. Therefore, how to improve the strength of Brønsted acid while ensuring the stability of the catalyst structure is the challenge that must be overcome for its application for FF synthesis to GVL. In addition, the accurate control of the strength and content of each active site in the catalyst can better control the reaction process, which is crucial to improving the yield of GVL. Due to the strong Lewis acidity of Zr/Hf materials, Zr/Hf-Based Catalysts showed high performance in the reaction of convert FF to GVL. However, most of the exiting catylic system still suffered from high temperature as well as not so excellent yield, so it is still a challegen to design novel and effecient catalyst for this reaction.
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Glycerol waste was combined with microwave to pretreat lignocellulose before fast pyrolysis. After pretreatment, most alkali and alkaline earth metals (87.9%) and lignin (52.6%) were removed, and a higher crystallinity was obtained. Comparatively, glycerol waste combined with microwave was proven to be more efficient than glycerol with conventional heating. During fast pyrolysis, higher content of levoglucosan in glycerol waste–pretreated products (27.5%) was obtained, compared with those pretreated by pure glycerol (18.8%) and untreated samples (5.8%). Production of fermentative toxic aldehyde and phenol by-products was also inhibited after glycerol waste treatment. Following mechanistic study had validated that microwave in glycerol waste solvent could effectively ameliorate structure and components of lignocellulose while selectively removing lignin. Notably, under the optimal condition, the levoglucosan content in pyrolytic products was enhanced significantly from 5.8% to 32.9%. In short, this study provided an archetype to dually utilize waste resources for ameliorating lignocellulose structure and precisely manipulating complex fast pyrolysis.
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INTRODUCTION
Because of the global energy and environmental issues, development of environment-friendly technology for utilizing sustainable resources is urgently needed (Shen et al., 2019; Qian et al., 2021). Lignocellulose, as a predominant natural carbon source with a worldwide distribution, can potentially provide versatile carbohydrate resources. A traditional way of valorizing lignocellulose is to hydrolyze it to fermentable sugars by enzymes or acids and then convert those into valued chemicals via large-scale fermentation (Clomburg et al., 2017), whereas technical limitations, such as a tedious and expensive process and a low yield of fermentable products versus uncontrollable by-products, restrict the viability of industrial intermediation of lignocellulose (Lin and Lu, 2021).
Emerging in recent years, pyrolysis harnesses the thermochemical power to unleash numerous energy-hindered chemical reactions. As a widely used pyrolysis technology, fast pyrolysis is typically performed under temperature of 500°C–750°C with a rapid heating rate (100°C/s–500°C/s) and a short residence time (<2 s), which greatly expand its applications for a quick and efficient thermal process. For its utilization in lignocellulose conversion, it has been reported that fast pyrolysis of cellulose can yield up to 70.1 wt%-concentrated commercial levoglucosan for further fermentation (Kwon et al., 2007). As an intriguing anhydride form of glucose, levoglucosan can be easily fermented to a variety of chemicals by both prokaryotic and eukaryotic enzymes or bioreactors and next fermented to ethanol, lipids, and itaconic acid (Jabareen et al., 2021). The economics of fast pyrolysis technology to obtain fermentable intermediates from biomass and further conversion has been evaluated to be competent with traditional direct enzymatic and acid hydrolysis (Vivek et al., 2017).
To further enhance the performance of lignocellulose-derived intermediates for fermentation, an efficient production of levoglucosan is of great significance during fast pyrolysis. Levoglucosan can be formed by cleavage of β-1,4-glycosidic bonds in cellulose under homolytic, heterolytic, or concerted mechanism (Jiang et al., 2017). Unfortunately, release of this anhydride sugar via fast pyrolysis is hindered by the intrinsic obstructive structure of lignocellulose in biomass. A reality is that production of levoglucosan from lignocellulose is far more difficult than pure crystalline cellulose. Many studies have shown that both metal ashes and lignin components in natural lignocellulose could impede the thermo-induced destabilization of obstructive structure and promote the fast pyrolysis of lignocellulose to generate small molecule compounds such as ketones and aldehydes instead of levoglucosan (Zhang et al., 2015; Maduskar et al., 2018). Besides, extra separation and purification for removing these by-products are necessary before fermentation, as C1-C3 aldehydes have been proven with capacity of inhibiting hydrolytic enzymes and killing microorganisms (Zaldivar et al., 1999; Xie et al., 2016). To solve this problem, various pretreatment methods have been developed to ameliorate the component and structure of lignocellulose for the following selective pyrolysis. In general, they can be classified as physical methods (by grinding or high-energy radiation), chemical methods (via acid/alkali or oxidative treatment), and hybrid methods (such as steam explosion hydrothermal and organosolv treatment) (Jiang et al., 2019). Among all hybrid methods are notably highlighted because of its simple and flexible process, excellent and selective amelioration, and cheap and sustainable possibility. A key problem, however, is the choice of chemical solvent to bridge the physical process, where a large range from acid–base to ionic liquids have been explored and indeed achieved different valorization effects.
Disposal of glycerol waste is a long-term perplexing environmental issue, with toilsome degradation contrary to its wide use in medicine, cosmetics, and other fields (Anitha et al., 2016). Compositionally, 70% to 98% in glycerol waste is glycerin, along with low extent of fatty acids, methyl esters, fatty acids, alcohols, and inorganic salts. Its high boiling point and hydrophobicity consequently hinder a thorough decomposition and degradation. Recently, a novel reutilization method using glycerol to pretreat lignocellulose under atmospheric pressure followed by fast pyrolysis has been developed, where selective and enhanced production of levoglucosan has been achieved (Jiang et al., 2017; Jiang et al., 2020). Glycerol provided an excellent thermal medium when pretreating lignocellulose; external heating is necessary for ameliorating its obstacle structure. Recently, it has also been reported that a biomass hydrolysis approach that dilutes acid-catalyzed glycerol pretreatment can significantly enhance the production of microbial oils by removing lignin-degradation products (Hassanpour et al., 2020).
With regard to thermal conversion compared with traditional methods, mild microwave can effectively destroy the recalcitrant structure of lignocellulose due to volumetric heating and selective penetration (Hu and Wen, 2008). In microwave process, high-frequency reciprocation of dipole molecules can go inside the heated materials to generate the internal frictional heat that quickly raises the intrinsic temperature (Figure 1). Unfortunately, dried lignocellulose is not prone to microwave energy due to the poor dielectric properties and shakable components. It has been illustrated that cotreatment with glycerol with a high boiling point and hydrophobicity can handle the dielectric nature of lignocellulose, thus improving the pretreatment effects (Zhou et al., 2017).
[image: Figure 1]FIGURE 1 | Schematic illustration of conventional heating and microwave treatments.
Herein, obstinate lignocellulose (reed rod) was soaked with glycerol waste and then cotreated under different conditions for amelioration before fast pyrolysis. The consequent structural and componential changes and following fast pyrolytic reactions were extensively investigated. Production of levoglucosan and small molecule compounds with capacity to inhibit fermentation was systematically quantified and compared. Mechanism behind these effects was revealed via elemental, componential, and crystallinity analysis. These studies provided an insight into the precise manipulation of fast pyrolysis of lignocellulose via glycerol waste and microwave pretreatment.
MATERIALS AND METHODS
Materials
Reed rod was collected from Hunan province, China. Before use, it was pulverized to 60–80 mesh and then dried at 105°C to obtain constant weight. Glycerol was obtained from Tianjin Yongda Chemical Reagent Co., Ltd. Other agents were purchased from Sigma–Aldrich (Shanghai). Glycerol waste was prepared in laboratory by transesterification of soybean oil and methanol with the catalyst of sodium silicate (Na2SiO3·9H2O). Methanol was mixed with soybean oil and catalyst at mole ratios of 15:1 and 40:1, respectively. The reaction was performed at 65°C for 3 h. The components of glycerol waste had been reported in previous literature (Jiang et al., 2017).
Pretreatment Procedure
Microwave treatment was executed in microwave reactor (MCR-3, Guangzhou Xingshuo Instrument Co., Ltd., China). Reed rod and glycerol were added to a 250-mL flat-bottomed double-necked flask at a solid–liquid ratio of 1:20 (wt/wt) and well-mixed with a glass rod. To prevent the volatilization of glycerol, a reflux device was connected. PW-220 and PW-160 represented microwave treatment with glycerol at 220°C and 160°C for 6 min, whereas BW-160 referred to microwave treatment with glycerol waste at 160°C for 6 min. Heating treatment was performed in an oil bath. Similarly, glycerol and reed rod were mixed thoroughly before pretreatment. PY-160 and BY-160 represented oil bath treatment with glycerol and glycerol waste heated at 160°C for 6 min, respectively.
After pretreatment, the residual glycerol and soluble substances in the reed rod sample were thoroughly washed with deionized water. The solid residue was collected by vacuum filtration and then dried with a vacuum freeze dryer. The recovery rate of pretreated solid samples was evaluated as follows:
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Elemental and Componential Analysis
Elemental analyzer (Vario EL cube; Elementar, Germany) was used to determine the content of the main organic elements (C, H, N) in lignocellulose. Content of alkali and alkaline earth metals (AAEMs) was detected by an inductively coupled plasma emission spectrometer (OPTIMA 8000DV; PerkinElmer, United States). Components of cellulose and hemicellulose were quantified according to the technical report issued by the National Renewable Energy Laboratory using Sugar Column (Aminex HPX-87P) using formulas (2) and (3) (Sluiter et al., 2004). Lignin content was measured by detecting the absorbance of the liquid phase portion under λ = 320 nm and weighing the insoluble ash after burning. The content of lignin was defined as the sum of acid-soluble and acid-insoluble lignin parts. To demonstrate the removing effect of pretreatment, a component removal rate was introduced, and its definition is shown in formula (4)
[image: image]
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where m1 and m2 are the sample mass before and after hydrolysis, respectively. Similarly, C1 and C2 refer to the content of specific component before and after hydrolysis, respectively.
Crystallinity Analysis
The crystallinity of samples was analyzed by X-ray diffractometer (PANalytical V.B., Holland) with Cu radiation (λ = 1.54Å). The tube voltage and current of the diffractometers were 40 kV and 40 mA. The scanned range of the 2θ angle for X-ray was 5° to 45°. The crystallinity was calculated according to formula (5).
[image: image]
where CrI and I002 represent the crystallinity index, I002 refers to the peak intensity (2θ = 22°) representative for crystalline and amorphous cellulose, and Iam refers to the peak intensity (2θ = 18°) for amorphous cellulose.
Fast Pyrolysis
Fast pyrolysis was performed with semi-batch CDS reactor (Pyroprobe 5200; CDS Analytical, United States) in duplicate. Reaction temperature was set at 500°C, and heating rate was 20 K · ms−1. High-purity helium was set at 20 mL/min to sweep the fast pyrolyzed volatiles through a 300°C transmission line into the gas chromatography–mass spectrometry (GC-MS) system (GC-7890A, MS-5975C; Agilent Technologies, United States) for separation. Specifically, pyrolysis volatiles were separated by DB-1701 capillary column. GC oven temperature was set to be maintained at 40°C for 3 min and then increased from 40°C to 280°C at a rate of 5°C/min and finally at 280°C for 8 min. Mass spectrometer parameters include ion source temperature of 230°C, quadrupole temperature of 150°C, ion source energy of 70 eV, and a scan range (m/z) of 29 to 450 amu. The relative content of compounds was calculated according to formula (6).
[image: image]
RESULTS AND DISCUSSION
Elemental Analysis
Content of three dominant organic elements in lignocellulose is shown in Table 1. In untreated sample, contents of C (46.4 wt%), H (5.8 wt%), and N (0.1 wt%) were detected, where C/H ratio was calculated as 8.0. In pretreated samples, C (45.3–46.7 wt%), H (6.1–6.3 wt%), and N (0.0 wt%) were given, consequently with a dropped C/H ratio to 7.2 to 7.7. It had been reported that C/H ratio in lignin was much higher than those in cellulose and hemicellulose (11.1 compared with 7.5 and 7.2) (Maduskar et al., 2018). Furthermore, microwave and glycerol waste condition was found to be more effective in reducing the organic element contents and C/H ratio than heating and pure glycerol (7.7 vs. 7.3). This discrimination was inferred with relation to the polar nature of glycerol waste to preferably absorb AAEMs ions, derived from the multicomponent of carboxylic acids and metals.
TABLE 1 | Organic elemental analysis of different sample.
[image: Table 1]As for AAEMs, it has been reported that these metals were contained massively in natural biomass and had a significant catalytic effect on the pyrolytic reaction that consequently influenced the product distribution. Content of AAEMs is shown in Table 2. In untreated biomass, contents of K, Ca, Na, and Mg were 3,396.2, 1,055.8, 543.2, and 231.2 mg/kg (kg is the unit of biomass), respectively, and the overall value was 5,226.4 mg/kg. After glycerol treatment, the overall value was decreased to 1,154.9 to 1,903.2 mg/kg with a removal rate of 63.6% to 77.9%. Comparatively, in glycerol waste–pretreated samples, it was decreased more effectively, with 635.8 to 702.0 mg/kg with removal by 86.6% to 87.8%. Furthermore, as the heating temperature was lifted to 220°C, an optimal removal of AAEMs was found with an absolute removal of K up to 97.3% to 99.4%.
TABLE 2 | Inorganic elemental analysis of different samples.
[image: Table 2]Content of AAEMs had a huge impact on the yield of levoglucosan, as trace existence of AAEMs could inhibit the pathway to form levoglucosan while promoting its competitive reaction for the generation of small molecular compounds (Kuzhiyil et al., 2012; Lindstrom et al., 2019). In detail, the levoglucosan formation depended on cleavage of bonds between cellulose units, but during the competitive reaction, the pyranose rings in each monomer were intrinsically opened (Patwardhan et al., 2010). It has been found that AAEMs potentially generate coordinate complex with hydroxyl groups located at the ortho-positions in pyranose rings, leading to its structural stabilization and conversely antagonizing the production of levoglucosan (Shaik et al., 2013). Among AAEMs, K was reported to be the most effective factor to inhibit production of anhydride sugars (Patwardhan et al., 2010). In glycerol waste–treated samples, it was efficiently removed compared with other AAEMs, which confirmed the fundamental for the power of glycerol pretreatment to enhance levoglucosan production.
Componential Analysis
Calculated recovery rates of pretreated biomass variously were from 72.9 to 99.0 wt%, which validated the analytical confidence. Distribution of three cellulose, hemicellulose, and lignin in different samples is demonstrated in Figure 2. Despite an overall removal effect of three components after pretreatment, the most significantly removed component was lignin, which dropped from 26.4% in natural biomass to 17.1% to 23.8% in pretreated samples and achieved the lowest content in PW-220 sample treated with glycerol waste and microwave. To intuitively compare the removal effect of different pretreatment, componential proportions with recovery rates are shown in Figure 3. For PW-220, cellulose and hemicellulose were removed only by 2.0% to 10.5% and 4.6% to 29.5% compared with lignin by 52.6%. After comparing the removal rates in samples treated at 160°C, it was found that the removal of lignin was more efficient in glycerol waste–treated samples than those with pure glycerol treatment. This was probably due to the complex component in glycerol waste, which could facilitate the dissolution of hydrophobic aromatic lignin. According to previous research, glycerol waste derived from biodiesel had a peculiar composition of (Z, Z)-9,12-octadecadienoic acid, n-hexadecenoic acid, and 4-methyl-2-pentanol, which are intermiscible with lignin and also alkaline metals (Wu et al., 2019). In addition, higher temperature was found to favor the delignification in lignocellulose. These results were also consistent with C/H ratio change revealed in previous elemental analysis. It has been reported that removal of lignin could significantly increase the yield of levoglucosan due to the enhanced relative content of cellulose (Miura et al., 2001). Simultaneously, chemical linkages between cellulose–hemicellulose and cellulose–lignin had a profound impact on the distribution of pyrolytic products in varying degrees. These covalent bonds between cellulose and lignin would significantly inhibit the production of levoglucosan, instead of promoting the generation of small molecule compounds (Hosoya et al., 2007).
[image: Figure 2]FIGURE 2 | Content of major components after different pretreatment.
[image: Figure 3]FIGURE 3 | Removal rates of major components after different pretreatment.
Crystallinity Analysis
X-ray diffraction spectra of lignocellulose before and after glycerol treatment are shown in Figure 4. Effects on crystallinity were reported to correlate with both the components and structure of raw material, as well as the treatment conditions including times, temperatures, and ratios of aqueous/solid segments (Jiang et al., 2019). As a referable index of pyrolysate distribution, the crystallinity of biomass was increased from 57.4% to 63.0% after glycerol treatment. The maximum peak was achieved in BW-160 that was treated by glycerol waste with microwave. Notably, an efficient removal of lignin and hemicellulose in this sample aforementioned was consistent with its high crystallinity (Maduskar et al., 2018). In brief, enhancement on crystallinity by microwave was found to be more effective than oil bath heating, and higher temperature favored this effect.
[image: Figure 4]FIGURE 4 | X-ray diffraction spectra of lignocellulose samples after different pretreatment.
The improvement of crystallinity was attributed to the selective removal of amorphous lignin and hemicellulose segments, simultaneously conserving the crystalline cellulose by glycerol waste with hydrophobic interactions. As levoglucosan was sourced from the cellulose, a conserved crystalline structure could significantly profit its release. As reported, cellulose type I (with a higher crystallinity) tended to be transferred to levoglucosan more efficiently, whereas cellulose with a lower crystallinity favored the conversion to carbonyl compounds or 5-methyl furfural (Mukarakate et al., 2016). Consistent with previous study, microwave was remarkable in removing amorphous components, superior to traditional thermal conduction way (Shi et al., 2011). This study also mentioned that removal of amorphous components could improve the pyrolytic yield of levoglucosan, which was demonstrated in the following analysis.
Fast Pyrolysis
Pyrolytic products consisted of several organic compounds from C1 to C5 (listed in Table 3). Up to 100 compounds identified by GC-MS were divided into seven groups (acids, esters, furans, aldehydes, ketones, phenols, and anhydrosugars) in Figure 5. There was no apparent change in the product repertoire after different pretreatment. However, the proportion of phenols in pyrolytic products declined from 17.6% to a minimum of 6.2% in glycerol and microwave-treated samples. More detailed, phenol, 2-methoxy-4-vinyl phenol, 2,6-dimethoxy- phenol, and 4-((1E)-3-hydroxy-1-propenyl)-2-methoxy phenol exhibited a decrease of 50% compared with untreated sample. This decrease was attributed to the removal of lignin, as aromatic network was destroyed and removed by glycerol waste. The lowest proportion of phenols in pyrolytic products was achieved in PW-220, which was in accordance with the componential and elemental analysis. Production of fermentative toxic aldehydes was also inhibited, from 4.3% in untreated to minimum 2.6% after glycerol pretreatment. Besides, there was a slight decrease in the production of acids (5.6% before pretreatment and the lowest in PW-220 as 4.3% after pretreatment), especially acetic acid, which had a decrease up to 81.6%. In contrast, an increase in acids such as adenosine and N6-phenylacetic acid was observed conversely. The content of anhydrosugars accounted for 9.0% in untreated sample and 22.2% to 35.9% in pretreated samples. Notably, the production of 1,6-anhydro-β-d-glucofuranose (0.2–1.2%) was negligible as compared with levoglucosan, which constituted the major component of anhydrosugars. Bearing pyrolysis, the content of levoglucosan was only 5.8% in the untreated sample, which was disappointingly less than lignin derivative 2,3-dihydro-benzofuran with content of 8.4%. After glycerol treatment, the latter dropped to 2.8% while significantly raising the generation of levoglucosan. Its content in pyrolytic products was increased by 5.7-fold in PW-220 (32.9%). By comparing PW-220 and PW-160, it could be found that an upper temperature was crucial, with an enhancement of 11.4% in the levoglucosan yield using microwave. Looking back to the elemental and componential analysis, both an effective removal of lignin and AAEMs at high temperatures contributed to this boosted yield. Furthermore, it was found that glycerol waste was more beneficial to the production of levoglucosan. Under the same condition, the pyrolytic yield from glycerol waste–pretreated samples was 27.5% than 21.5% from pure glycerol-treated samples. A similar trend was observed in oil bath–heated samples, as 23.0% came from glycerol waste samples compared with 18.8% pretreated by pure glycerol. There was a noticeable difference in the production of levoglucosan between treatment using microwave and oil bath. After the pure/crude glycerol pretreatment, relative content of levoglucosan from samples heated by microwave was 21.5%/27.5%, compared with 18.8%/23.0% in the oil bath–heated samples. It was concluded that the removal of lignin derived from glycerol was further enhanced by microwave.
TABLE 3 | Relative content of major pyrolytic products from different samples.
[image: Table 3][image: Figure 5]FIGURE 5 | Product distribution for fast pyrolysis of different samples.
Considering all effects mentioned previously, enhanced pyrolytic production of levoglucosan could be explained as (1) the catalytic effect on promoting competitive reactions against levoglucosan production was prohibited with the removal of AAEMs; (2) relative abundance of lignin was increased due to the selective removal of lignin; and (3) the thermal stability was improved with increased crystallinity of reactants (Wu et al., 2019). These effects consequently decreased the conversion of cellulose into small molecule compounds and promoted the formation of levoglucosan. Besides, reactions responsible for the productions of aldehydes were inhibited, which could favor the following fermentation process. This could maximally improve the fermentability of anhydrosugars from pyrolysis, leading to an economical downstream to further valorize biomass products.
CONCLUSION
In this work, glycerol waste was comparatively used to evaluate the ameliorative effect on lignocellulose under microwave or conventional heating method, and the following fast pyrolysis was comprehensively assessed. In elemental, componential, and crystallinity analysis, lignocellulose pretreated by glycerol waste was found to be ameliorated thoroughly. Intriguingly, during fast pyrolysis, production of levoglucosan from microwave-treated samples (32.9%) was far more selective than conventional heating group (18.8%). Furthermore, content of aldehydes with high toxicity to the downstream fermentation was decreased to 2.5 times the untreated after glycerol waste and microwave pretreatment. In summary, this work provided an elaborate insight into the precise manipulation of fast pyrolysis of lignocellulose via glycerol waste and microwave treatment and could provoke more novel approaches to ameliorating lignocellulose in the future.
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Zeolite SAPO-34 has been widely used in the industry because of its special pore structure and wide distribution of acid sites in the pore channel. However, traditional SAPO-34 with a small pore size suffers from carbon deposition and deactivation in catalytic reactions, and its inability to catalytically convert bulky organic molecules limits its industrial application. Meanwhile, impurities of SAPO-5, which have weak acidity leading to rapid catalyst deactivation, appear in SAPO-34 zeolite. Therefore, it is of great significance to synthesize SAPO-34 zeolite with a mesoporous pore structure, which can significantly improve the transfer of molecules in zeolites. In this paper, SAPO-34 zeolite with a hierarchical pore structure was synthesized, and its hydrodesulfurization performance for 4,6-dimethyldibenzothiophene (4,6-DMDBT) was studied in a fixed bed reactor. The characteristic results show that BET-specific surface area, micropore volume, and mesoporous volume of synthesized SAPO-34 are 754 m2 g−1, 0.25, and 0.23 cm3 g−1 respectively, and the pore size is mainly concentrated at 4 nm. The catalytic conversion of 4,6-DMDMT with Co- and Mo-supported SAPO-34 is about 83%, which is much higher than the catalytic performance of Al2O3.
Keywords: hierarchical, zeolite, SAPO-34, material and process optimization, 4,6-dimethyldibenzothiophene (4,6-DMDBT)
INTRODUCTION
Aluminophosphate (AlPO) zeolite is composed of alternating AlO4 and PO4 tetrahedrons (Wilson et al., 1982), and has no Bronsted acidity due to the absence of exchangeable electric charge in its framework. Compared with the silicoaluminite zeolite, AlPO zeolite has rich diverse varieties and strong adjustability (Rakoczy et al., 1999), but the small pore size limits its application in the catalytic conversion of bulky organic molecules (Carreon et al., 2008). In the synthesis of silica alumina zeolites, the introduction of a mesoporous structure using surfactant as a structure directing agent (SDA) makes it possible to synthesize mesoporous AlPO zeolite. In 1993, Czametzki first synthesized mesoporous AlPO zeolite with weak catalytic ability because of charge neutrality or weak acidity of the zeolite framework (Kranshaar-Czametzki et al., 1993). The type of mesoporous aluminophosphate zeolite varies with synthesis conditions. The formation of layered mesoporous AlPO4 is more favorable at higher crystallization temperature and the initial solution containing SiO4. Tiemann et al. firstly reported the synthesis of mesoporous layered aluminum phosphate material SCS-22, but the mesoporous layered structure collapsed easily during material roasting process (Tiemann and Fröba, 2001). Afterwards, Fu et al. synthesized layered mesoporous aluminum phosphate material by using long-chain alkylammonium bromide [CnH2n+l (CH3)3)NBr] (Fu et al., 1995). Kimura et al. found that pure layered and hexagonal mesoporous zeolite can be synthesized by using hexadecyl ammonium chloride as SDA (Kimura et al., 1999).
As for the absence of acidity resulting from lack of exchangeable electric charge in framework, doping other atoms into the framework of aluminophosphate zeolites is one of the effective methods to improve the catalytic activity of zeolites. Zhao et al. firstly used the synthesis method of mesoporous aluminophosphate zeolite (AlPO) in a mesoporous silicoaluminophosphate zeolite field and found that the strong ion pairing effect between sodium ions and aluminum phosphate species was harmful to the formation of a mesoporous structure (Zhao et al., 1997; Luan et al., 1998). Compared with mesoporous silicon materials, mesoporous phosphorous aluminum materials started late, and there are few reports on their applications, but their excellent catalytic activity and the easy introduction of metal atoms have attracted the special attention of researchers. For example, mesoporous Fe-AlPO can efficiently catalyze the oxidation of cyclohexane under neutral conditions, and the catalyst has a long service life. Mesoporous Co-AlPO has high selectivity for the hydrogenation of nitro and carbonyl compounds. Cr-AlPO and Ti-AlPO zeolites have high catalytic activity for the oxidation of cyclohexane and the alkyl substitution of carbonyl compounds under neutral conditions, respectively.
With the introduction of Si atoms into the framework of aluminophosphate zeolites where Si atoms can enter the framework of zeolites by substituting Al or P atoms, named SAPO zeolites (Lok et al., 1984; Chen et al., 1999; Arstad and Kolboe, 2001), the acidity and catalytic performance have been greatly improved as a result of the presence of exchangeable electric charges, though the thermal stability of the zeolites decreased (Numpilai et al., 2021). Like mesoporous aluminosilicate zeolites, mesoporous SAPO zeolites have potential applications in the fields of catalyst, drug delivery, and gas and liquid adsorption, and have important application value in the fields of chemical industry, biotechnology, and environmental energy, among others (Song et al., 2001; Hwang et al., 2016). SAPO-34 is a member of a series of SAPO zeolites, where eight-membered rings in the crystal are linked into an ellipsoidal cavity. The crystal structure of SAPO-34 is similar to that of chabazite, belonging to the CHA structure, and the regularly arranged cages form three-dimensional channels with 8-ring openings of 0.34 nm (Chen et al., 2007; Tian et al., 2015; Jiang et al., 2021; Lin et al., 2021). SAPO-34 crystal has high hydrothermal stability, and its special eight-membered ring pore structure can effectively inhibit the formation of aromatics, and has a high selectivity for light olefins, up to 90% (Hwang et al., 2019).
Traditional microporous SAPO-34 is favored by researchers because of its high catalytic activity, high selectivity, and good hydrothermal stability in MTO reaction (Liang, et al., 2021). However, traditional SAPO-34 has a small pore size and is prone to carbon deposition and deactivation in catalytic reaction of bulky organic molecules, which cannot meet the needs of the development of the chemical industry (Zhong et al., 2017; Kim et al., 2021; Zhang et al., 2021). To cope with these shortcomings, several strategies have been developed to improve the diffusion limitation of SAPO-34, such as synthesis of nano-sized mesopore-containing SAPO-34 (Yang et al., 2014; Sun et al., 2018; Mi et al., 2021). Hierarchical porous SAPO-34 can be synthesized by post-treatment, such as acid or alkali treatment, in which the skeleton cations were removed selectively. Besides, the hierarchical porous SAPO-34 can also be synthesized by using a hard template method, which often refers to the application of mesoporous carbon particles or carbon nanotubes, and a soft template method, which refers to the use of organo-silane, surfactants, and polymers (Schmidt et al., 2012; Rimaz et al., 2016; Varzaneh et al., 2016). Although some researchers reported the synthesis of mesoporous SAPO-34 (Li et al., 2014; Shi et al., 2021), the expensive long-chain amines used in the synthesis method seriously hindered its industrial application (Sun et al., 2021; Xuan et al., 2021). In this paper, hierarchical porous SAPO-34 was synthesized by using diethylamine (DEA) and morpholine as SDA, silicone quaternary ammonium salt {[(C2H5O)3SiC3H6N+(CH3)2C18H37]Br} as mesoporous SDA, and phosphoric acid, pseudo boehmite, and silica sol as phosphorus source, aluminum source, and silicon source, respectively. The effects of the amount of DEA and morpholine, phosphoric acid, silica sol, and silicone quaternary ammonium salt on the synthetic products were investigated. The hydrodesulfurization of 4,6-dimethyl dibenzothiophene (4,6-DMDBT), which is difficult to remove from diesel fraction, was studied in a fixed bed reactor with hierarchical porous SAPO-34-supported Co and Mo metal sulfide as catalysts.
EXPERIMENTAL SECTION
Synthesis of Microporous SAPO-34
Synthesis of Microporous SAPO-34 Using Organic Silicon Source and Organic Aluminum Source
The solution composed of a certain amount of DEA and tetraethyl orthosilicate (TEOS) was added into another solution that contained a certain amount of phosphoric acid (H3PO4, 85 wt%) and aluminum isopropoxide solution, and the material ratio of the final white mushy mixture was 1.0 Al2O3:1.0 P2O5:0.6 SiO2:2.0 DEA:50 H2O, and then the mixture was transferred into an autoclave lined with polytetrafluoroethylene. After the autoclave was kept at 200°C for 48 h, products obtained were filtered, dried at 120°C for 12 h, and roasted at 550°C for 4 h to remove organic SDA. The obtained white powder was microporous SAPO-34, labeled as SAPO-34-M1.
Synthesis of Microporous SAPO-34 Using Inorganic Silicon Source and Inorganic Aluminum Source
Some phosphoric acid (H3PO4, 85%) was added dropwise into a certain amount of pseudo boehmite solution, and stirred at room temperature for 2 h. Then, some silica sol is added to the system, followed by the addition of a certain amount of DEA. In the process of dropping DEA, the reaction system thickened first, then diluted, and finally showed a white mushy mixture with the same material ratio as 1.0 Al2O3:1.0 P2O5:0.6 SiO2:2.0 DEA:50 H2O. Subsequent treatment is the same as synthesis of microporous SAPO-34 using organic silicon source and organic aluminum source, and the obtained white powder was also microporous SAPO-34, labeled as SAPO-34-M2.
Synthesis of Hierarchical Porous SAPO-34
Except for the fact that a certain amount of mesoporous SDA {[(C2H5O)3SiC3H6N+(CH3)2C18H37]Br} was added into the synthesis system before the addition of DEA, the other synthesis steps are the same as the synthesis of microporous SAPO-34 using inorganic silicon source and inorganic aluminum source. The obtained white powder was hierarchical porous SAPO-34, labeled as HSAPO-34.
Preparation of Catalysts
The zeolite sample was soaked with solution of ammonia solution of (NH4)2MoO4, Co(NO3)2, and complexing agent EDTA by equal volume impregnation method. The impregnated sample was kept at room temperature for 12 h, then at 100°C for 12 h, and then pressed and ground to particles whose diameter was between 0.245 and 0.350 mm. Subsequently, the sample was heated to 400°C in H2S atmosphere and maintained for 3 h to obtain the corresponding catalyst.
Characterization and Catalytic Performance of SAPO-34
The x-ray powder diffraction (XRD) of SAPO-34 was carried out on a RIGAKU ultimate V diffractometer, and the ray emission source was Cu Target Kα. The radiation tube voltage and current are 40 kV and 40 mA, respectively. The scanning speed is 2°·min−1, and the scanning range is 5–40°. The N2 adsorption–desorption isotherm of SAPO-34 was characterized on a micromeritics ASAP2020 analyzer at liquid nitrogen temperature. The sample was pretreated under vacuum at 350°C for 10 h before analysis. The specific surface area of the sample was calculated by the Barrett–Emmett–Teller (BET) method, and the pore size distribution was calculated by the Barrett–Joyner–Halenda (BJH) method. The scanning electron microscopy (SEM) image was obtained from JSM-600, and the sample was ground with agate mortar and sprayed with gold before the test.
The catalytic performance of catalyst was conducted on a fixed bed reactor. A small amount of quartz cotton is padded at the bottom of the fixed bed reactor to prevent the catalyst from flowing out of the constant temperature zone of the reactor. The prepared catalyst is mixed with quartz sand with the same size of 0.245–0.350 mm, so that the catalyst can be well dispersed, so as to prevent the catalyst from aggregation and from making contact with the reactant efficiently during the reaction process. After the mixture of catalyst and quartz sand is loaded into the reactor, a small amount of quartz sand and quartz cotton are successively loaded on the top of the reactor, which can stabilize the flow speed of the reaction mixture in the reaction process. 4,6-Dimethyldibenzothiophene was dissolved in decahydronaphthalene to prepare a solution with a mass fraction of 4,6-DMDBT of 0.5 wt% as reaction mixture, and hydrodesulfurization reaction was carried out at 290°C and 5.0 MPa. Meanwhile, γ-Al2O3 was also used as the catalyst support for the same catalytic reaction.
RESULTS AND DISCUSSION
Characterization of SAPO-34 Zeolite
X-Ray Diffraction
Effects of Different Raw Materials
The main raw materials for the synthesis of SAPO-34 are silicon source, aluminum source, and phosphoric acid. Fu Ye et al. studied SAPO-34 prepared with different silicon and aluminum sources and found that the zeolite synthesized with inorganic silicon and aluminum sources has the highest crystallinity, while the zeolite synthesized with organic silicon and aluminum sources has the lowest crystallinity, and the effect of silicon source on crystallinity is smaller than that of the aluminum source (Fu et al., 2001). Popova et al. further studied the effect of SAPO-34 samples synthesized from different silicon and aluminum sources on MTO reaction, and experimental results showed that the samples synthesized from organic silicon and aluminum sources inactivated faster in the reaction (Popova et al., 1998). In contrast, the samples synthesized from inorganic silicon and aluminum sources had better crystallinity and higher stability. Herein, Figure 1 shows the comparison of XRD patterns of SAPO-34-M1 and SAPO-34-M2 with the same material ratio as 1.0 Al2O3:1.0 P2O5:0.6 SiO2:2.0 DEA:50 H2O, which were synthesized from organic silicon and aluminum sources (TEOS and aluminum isopropoxide) and inorganic silicon and aluminum sources (silica sol and pseudo boehmite), respectively. SAPO-34-M2 is taken as the reference and its crystallinity is assumed to be 100%; the relative crystallinity of SAPO-34-M1 is calculated to be 95%. This result shows that SAPO-34-M2 synthesized from an inorganic silicon source (silica sol) and an inorganic aluminum source (pseudo boehmite) also has high crystallinity.
[image: Figure 1]FIGURE 1 | Comparison of XRD pattern of SAPO-34-M1 and SAPO-34-M2.
Influence of Material Ratio
In the synthesis of SAPO-34, the material ratio has a great influence on the type of molecular sieve of the synthetic product. Li et al. pointed out that when the molar ratio of phosphorus to aluminum in the synthetic system is greater than 1, the synthetic product is mainly phosphoaluminate; when this molar ratio is less than 1, a series of SAPO-34 zeolite can be synthesized (Li et al., 1987). It is also pointed out that when TEAOH/P2O5 in the system is 2.0–3.0, the synthetic product is pure SAPO-34, and the increase of the amount of TEAOH is beneficial to the synthesis of SAPO-34. Even when the silicon source, aluminum source, phosphorus source, and SDA are the same, different types of SAPO zeolite, such as SAPO-11, SAPO -31, SAPO-34, and SAPO-41, can be synthesized when the material ratio is different. Figure 2 is the XRD pattern of SAPO-34 zeolites synthesized with DEA as SDA when the silicon content in the material was different. The material compositions of each sample were as follows:
[image: Figure 2]FIGURE 2 | Different XRD patterns of SAPO-34 zeolites synthesized with different silico content when inorganic silicon source (silica sol) and inorganic aluminum source (pseudo boehmite) are used.
1.0 Al2O3:1.0 P2O5:0.1 SiO2:2.0 DEA:50 H2O (SAPO-34-M3).
1.0 Al2O3:1.0 P2O5:0.3 SiO2:2.0 DEA:50 H2O (SAPO-34-M4).
1.0 Al2O3:1.0 P2O5:0.6 SiO2:2.0 DEA:50 H2O (SAPO-34-M2).
1.0 Al2O3:1.0 P2O5:1.0 SiO2:2.0 DEA:50 H2O (SAPO-34-M5).
The calculation shows that the crystallinity of the sample is as follows: SAPO-34-M2 (100%) > B (95%) > A (94%) > D (79%). When the silicon content in the material is small (A and B), the crystallinity of the sample is equivalent to C, and when the silicon content in the material increases to a certain extent, the crystallinity (D) of the sample decreases.
Effects of Different SDA
The type and amount of SDA are crucial to the formation of the crystal structure, because SDA not only guides the formation of the crystal structure, but also controls the distribution of silicon atoms on zeolite skeleton to a certain extent. Li et al. used the mixture of triethylamine (TEA) and DEA as SDA, the crystallinity of synthesized SAPO-34 was lower than that obtained by DEA alone, and the crystallinity of SAPO-34 decreased with the increase in the amount of TEA in the mixed SDA (Li et al., 2005). However, the specific surface area and pore volume of SAPO-34 zeolite synthesized with DEA as SDA alone are lower than those synthesized with TEA as SDA alone. Figure 3 shows the XRD patterns of SAPO-34 zeolite synthesized with DEA (SAPO-34-M2), morpholine (SAPO-34-M6), and TEAOH (SAPO-34-M7) as SDA. It can be seen that when DEA was used as SDA, the crystallinity of the product is the highest. In contrast, the crystallinity of the product decreases when morpholine (MOR) is used as SDA, and when TEAOH is used as SDA, the heterophase of SAPO-5 zeolite appears in the product. Therefore, in this paper, DEA is mainly used as the SDA for the synthesis of SAPO-34 zeolite.
[image: Figure 3]FIGURE 3 | XRD patterns of SAPO-34 samples synthesized with different SDA.
Effect of Crystallization Conditions
The temperature and time of crystallization are important factors affecting the synthesis of all zeolites, because there are obvious differences between the skeletons of different zeolites, and the guiding mechanism of different SDAs is also different. With the increase in crystallization temperature, the induction period in the synthesis of zeolite will be shortened, and the formation and growth of crystals will be accelerated, but excessive crystallization temperature also provides conditions for the formation of the impure phase of zeolite. Figure 4 shows the XRD spectra of samples obtained with silica sol and pseudo boehmite as raw materials and a material ratio of 1.0 Al2O3:1.0 P2O5:0.6 SiO2:2.0 DEA:50 H2O at different crystallization temperatures and times: SAPO-34-M8: 150°C–24 h + 200°C–12 h; SAPO-34-M9: 150°C–24 h + 200°C–12 h; SAPO-34-M10: 170°C–24 h + 200°C–24 h; SAPO-34-M11: 180°C–72 h; SAPO-34-M12: 200°C–24 h; SAPO-34-M13: 200°C–48 h; SAPO-34-M14: 200°C–72 h. It can be seen that when crystallization was conducted in two stages (SAPO-34-M8, SAPO-34-M9, and SAPO-34-M10), the170°C of temperature of pre-crystallization (SAPO-34-M10) was better than 150°C (SAPO-34-M8, SAPO-34-M9), and the24 h of crystallization time for the second stage of crystallization is better (SAPO-34-M9). Moreover, when one-step crystallization is used, the crystallinity of obtained SAPO-34 is very low when the crystallization temperature is 180°C (SAPO-34-M11), so the crystallization temperature was raised to 200°C. The results showed that 48 h of crystallization time (SAPO-34-M13) brought about higher crystallinity than 24 h (SAPO-34-M12), but heterophase of SAPO-5 appeared in the product when the crystallization time is extended to 72 h (SAPO-34-M14). In conclusion, the better crystallization condition is 200°C–48 h (SAPO-34-M13).
[image: Figure 4]FIGURE 4 | The XRD spectra of SAPO-34 samples synthesized at different crystallization temperatures and times.
Given all of those above, the conditions for synthesizing SAPO-34 zeolite with a mesoporous structure are as follows: silica sol and pseudo boehmite are used as inorganic silicon and aluminum sources, phosphoric acid is used as phosphorus source, DEA is used as microporous template, and organosilane DM-3010 is used as mesoporous SDA. The XRD spectra of the obtained HSAPO-34-1 zeolite molecular sieve is shown in Figure 5. It can be seen that the sample HSAPO-34-1 has higher crystallinity compared with the other two samples. It is proven that the addition of mesoporous SDA, namely, DM-3010, does not affect the crystallinity of the product (generally, the addition of mesoporous SDA will affect the formation of the zeolite crystal framework and decrease the crystallinity of the obtained sample, even to an amorphous product). The optimal initial raw material ratios are 1.0 Al2O3:0.6 SiO2:2.0 P2O5:3.1 DEA:90 H2O for HSAPO-34-1, 1.0 Al2O3:1.0 SiO2:1.5 P2O5:2.6 DEA:100 H2O for HSAPO-34-2, and 1.0 Al2O3:0.6 SiO2:1.1 P2O5:2.2 DEA:65 H2O for HSAPO-34-3. The volume ratio of DM-3010 to silica sol was 1:2 for synthesis of all hierarchical porous SAPO-34 zeolites.
[image: Figure 5]FIGURE 5 | The XRD spectra of SAPO-34 samples synthesized with different ratios of materials.
N2 Adsorption–Desorption
The N2 adsorption–desorption results of HSAPO-34-1, HSAPO-34-2, and HSAPO-34-3 indicate that the existence of a mesoporous structure of HSAPO-34 zeolite and the pore size of HSAPO-34 is mainly concentrated at 4 nm, which provides favorable conditions for the catalytic conversion of a bulky organic molecule, such as 4,6-DMDBT, in the pore channel of zeolite. The texture properties of HSAPO-34-1, HSAPO-34-2, and HSAPO-34-3 are listed in Table 1. Compared with HSAPO-34-1, the BET-specific surface area and external surface area of both HSAPO-34-2 and HSAPO-34-3 are almost the same as that of HSAPO-34-1, but the micropore volume and mesopore volume decrease in varying degrees, which may result from the DEA content reduction in raw materials of HSAPO-34-2 and HSAPO-34-3, leading to the decrease in crystallinity and to the decrement of micropore volume of the sample. Besides that, the reduction of silicon content in the raw material reduces the silicon content in zeolite skeleton, which further reduces the interaction of zeolite skeleton and organosilane DM-3010, resulting in the decrement of mesoporous pore volume.
TABLE 1 | The texture properties of HSAPO-34-1, HSAPO-34-2, and HSAPO-34-3.
[image: Table 1]Scanning Electron Microscope
Figure 6 shows the SEM images of HSAPO-34-1, HSAPO-34-2, and HSAPO-34-3. It can be seen that the size of the three samples is uniform, about 2–3 μm. Along with the increase in the mesoporous volume of the samples in the order of HSAPO-34-3, HSAPO-34-2, and HSAPO-34-1, the surface smoothness of the three samples decreases in turn, and the regular cube shape of the samples gradually becomes blurred, which is the result of the increase of mesoporous volume in zeolite skeleton.
[image: Figure 6]FIGURE 6 | SEM images of HSAPO-34-1 (A,B), HSAPO-34-2 (C,D), and HSAPO-34-3 (E,F).
Transmission Electron Microscope
Figure 7 shows the TEM images of HSAPO-34-1. We can see many white small bright spots, that is, the mesoporous channel in HSAPO-34-1 with a size of about 5 nm, which is consistent with the N2 adsorption–desorption results about the pore diameter (4 nm). The TEM images give direct evidence for the existence of a mesoporous structure in HSAPO-34-1.
[image: Figure 7]FIGURE 7 | TEM image of HSAPO-34-1.
Catalytic Performance of Hydrodesulfurization
The aim of the hydrodesulfurization process is to catalyze the sulfur-containing compounds in fuel oil at a certain temperature and pressure to convert them into corresponding hydrocarbons and H2S, so as to reduce the sulfur content in raw materials. The catalyst is the key factor for the efficiency of hydrodesulfurization. At present, Al2O3-supported metals Co and Mo are widely used in the industry to catalyze the conversion of organic sulfides in fuel oil. However, the surface Al2O3 suffers from the reduction of catalytic activity and instability, and it is difficult to treat macromolecular organic sulfides, such as dibenzothiophene (DBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT), to deeply affect hydrogenation. Therefore, it is very important to find a more effective carrier to overcome these weaknesses. In this work, a decahydronaphthalene solution of 4,6-DMDBT was used as simulated fuel oil, HSAPO-34-1 was used as carrier, and quantitative metal Co and Mo were loaded to characterize the hydrodesulfurization performance of HSAPO-34-1 at 5.0 MPa and 290°C and compared with the hydrodesulfurization performance of Al2O3 under the same conditions.
The hydrodesulfurization experiment of 4,6-DMDBT was carried out on a fixed bed. The inner diameter of the reactor was 6.5 nm and the length was 50 cm. After loading the prepared catalyst with a particle size of 0.245–0.350 mm into the reactor, in situ reduction with 10% H2–90% N2 mixture was conducted on a fixed bed. The temperature of the reactor was raised from room temperature to 300°C at a speed of 2°C/min and maintained at 300°C for 2 h, and the gas flow speed is 50 ml/min. Then, the reactor temperature and pressure were adjusted to 290°C and 5.0 MPa, and the inlet flow of reaction liquid and the flow rate of H2 were 5 ml/h and 60 ml/h, respectively. The reaction products took samples every 2 h and were detected using an Agilent 7890A GC with FID detector.
Figure 8 shows the hydrodesulfurization performance of 4,6-DMDBT with HSAPO-34-1 and Al2O3 as carriers, respectively. It can be seen that the hydrodesulfurization conversion of 4,6-DMDBT with Al2O3 is about 64%, while the conversion with HSAPO-34-1 is about 83%. It is nearly 20 percentage points higher, which may be due to the medium-strength acid sites generated by the entry of silicon atoms into the skeleton of hierarchical porous HSAPO-34-1. Moreover, hierarchical porous HSAPO-34-1 not only provides larger mesoporous pore volume and pore diameter, but also has the skeleton structure of microporous zeolite, which can provide more active sites.
[image: Figure 8]FIGURE 8 | The hydrodesulfurization performance of supported HSAPO-34-1 and Al2O3.
CONCLUSION
In this work, the effects of different raw materials, material ratios, SDAs, and crystallization conditions on the synthesis of SAPO-34 zeolite were studied. On this basis, SAPO-34 zeolite with a hierarchical porous structure was characterized by XRD, N2 adsorption–desorption, SEM, and TEM. The obtained results prove that the synthesized SAPO-34 zeolite had good crystallinity and micro-mesoporous properties. Subsequently, the synthesized HSAPO-34 zeolite with a hierarchical porous structure was used as the carrier for catalytic hydrodesulfurization of bulky molecule organic sulfide 4,6-DMDBT, and also showed excellent performance. However, some aspects still need to be improved, such as whether SAPO-34 with a hierarchical porous structure can be synthesized with much cheaper mesoporous SDA. Additionally, the catalytic hydrodesulfurization of bulky molecule organic sulfide and kinetics of hydrodesulfurization with HSAPO-34 supported by different types and amounts of metals still need to be studied in the future.
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Efficient valorization of renewable liquid biomass for biodiesel production using the desirable biomass-based catalysts is being deemed to be an environmentally friendly process. Herein, a highly active biomass-based solid acid catalyst (SiO2@Cs-SO3H) with renewable chitosan as raw material through sulfonation procedure under the relatively mild condition was successfully manufactured. The SiO2@Cs-SO3H catalyst was systematically characterized, especially with a large specific surface area (21.82 m2/g) and acidity (3.47 mmol/g). The catalytic activity of SiO2@Cs-SO3H was evaluated by esterification of oleic acid (OA) and methanol for biodiesel production. The best biodiesel yield was acquired by Response Surface Methodology (RSM). The optimized reaction conditions were temperature of 92°C, time of 4.1 h, catalyst dosage of 6.8 wt%, and methanol to OA molar ratio of 31.4, respectively. In this case, the optimal experimental biodiesel yield was found to be 98.2%, which was close to that of the predicted value of 98.4%, indicating the good reliability of RSM employed in this study. Furthermore, SiO2@Cs-SO3H also exhibited good reusability in terms of five consecutive recycles with 87.0% biodiesel yield. As such, SiO2@Cs-SO3H can be considered and used as a bio-based sustainable catalyst of high-efficiency for biodiesel production.
Keywords: biodiesel, renewable bio-based catalyst, response surface methodology, sulfonation, esterification
1 INTRODUCTION
In today’s society, due to the rapid development of industry, the accompanying sharp increase in the consumption of fossil fuels has led to a series of social problems including energy shortages and environmental pollution (Li et al., 2017; Li et al., 2019; Zhao et al., 2019; Hu et al., 2021). Therefore, it is of great significance to develop the renewable bioenergy of huge potential in terms of green and efficiency, aiming to replace the increasingly scarce traditional fossil energy (Liu et al., 2021; Li et al., 2022). Biodiesel, a kind of green and clean energy with low pollutant emission, non-toxic, good renewability and biodegradability, is regarded as a promising alternative to conventional fossil fuels (Atadashi et al., 2013; Pan et al., 2019; Tan et al., 2021). Biodiesel is mainly composed of various fatty acid alkyl esters, which are related to the composition of raw materials (Pan et al., 2018; Wang et al., 2018; Alagumalai et al., 2021). In general, biodiesel can be produced mainly through the transesterification of triglycerides of edible oil, vegetable oil, and waste edible oil, such as soybean (Hu et al., 2020; Xie et al., 2021b; Zhu et al., 2021), rapeseed (Hájek et al., 2020; Gaidukevič et al., 2021), and Jatropha curcas oil (Gutiérrez-López et al., 2021; Laskar et al., 2021), as well as the esterification of free fatty acids (FFAs) such as oleic acid (OA) with methanol. Recently, on account of the merits of microalgae, biodiesel production directly from microalgae oil has also attracted attention (Zhang et al., 2015; Bauer et al., 2017; Abdala et al., 2020). However, considering the issues of cost, environmental pollution, and food safety, producing biodiesel from waste edible oil has gradually become a research hotspot. It is worth noting that although the use of waste edible oil can reduce the relevant process cost and environmental pollution, the high levels of FFA in waste edible oil make its biodiesel technology difficult (Zhang et al., 2019; Bhatia et al., 2020; Shatesh et al., 2020). Therefore, to solve this problem, it is necessary to design a catalyst that can efficiently transform the high levels of FFA feedstock into biodiesel. Usually, the conventional catalysts used widely for biodiesel production are divided into two types, namely homogeneous and heterogeneous groups. Homogeneous catalysts restrict their further development due to the obvious disadvantages including difficult separation, difficult regeneration, and high requirements on experimental equipment (Guldhe et al., 2017; Negm et al., 2019; Li et al., 2020). Hence, heterogeneous catalysts are being regarded as the more extensive way for biodiesel production using low-quality oil feedstocks.
A negative saponification reaction occurs when biodiesel is produced directly from oil with high FFA content under the catalysis of an alkali catalyst. As such, acid pretreatment via esterification should be required to reduce acid content, and esterification of FFAs is also deemed as an effective manner to produce biodiesel (Zhang et al., 2017; Xie et al., 2021). To this end, it is a good choice to employ heterogeneous acid catalysts that can effectively catalyze the esterification reactions for the preparation of biodiesel. Solid acid catalysts containing sulfonic acid groups generally showed better catalytic activity for biodiesel production, especially in the esterification of FFAs with methanol. This should be attributed to the strong acidity of -SO3H (Liu et al., 2020). Nonetheless, compared with homogeneous catalysts, the heterogeneous acid catalysts usually depict lower catalytic efficiency, of which more stringent reaction conditions are required and the relatively higher catalyst production cost should also be carried out to achieve the desired effect. As a consequence, it is of great importance to developing low-cost and efficient solid acid catalysts that catalyze the esterification of FFAs to produce biodiesel.
With respect to this, biomass-derived catalysts have been widely used in the biodiesel production on account of their advantages of renewability, non-toxic, and environmental protection property. Nevertheless, the common biomass-based catalysts [bagasse (Akinfalabi et al., 2020), rice husk carbon (Chen et al., 2013) and bamboo (Tang and Niu, 2019), etc.] are mainly prepared by carbonization at high temperatures (>300°C) and sulfonation with corrosive sulfuric acid. The as-mentioned protocol usually requires harsh reaction conditions and also brings about pollution to the environment. Consequently, the relatively simple synthesis methods and the more environmentally friendly organic sulfonation reagents should be adopted to manufacture biomass-based catalysts. p-Toluenesulfonic acid, a non-oxidizing strong organic acid (one million times more acidic than benzoic acid), is considered to be a better organic sulfonation reagent (Wang et al., 2015).
Chitosan (Cs), the product of natural polysaccharide chitin after the removal of acetyl group, has demonstrated various attractive advantages such as biodegradability, biocompatibility, and non-toxicity. It is widely applied in many fields such as food additives, environmental protection, cosmetics, antimicrobial agent, drug development, and other daily chemical industry (Liu et al., 2015; Dhakshinamoorthy et al., 2021). Cs, as a weakly alkaline polysaccharide, is rich in -NH2 and -OH functional groups and also shows strong modification potential. Therefore, of particular interest is the rational synthesis of biomass-based catalysts from Cs for biodiesel production. Recently, supported solid acid catalysts have shown great application potential in the production of biodiesel owing to their excellent catalytic performance and strong design ability. With regard to this, nano-SiO2 is considered an excellent carrier because of its large pore size and specific surface area, along with strong stability even in the acidic media.
In this study, a novel biomass-derived solid acid catalytic material SiO2@Cs-SO3H was successfully prepared using p-toluenesulfonic acid as the sulfonation reagent, and nano-SiO2 as the solid support. The synthetic procedure used in this study was simple, mild, and environmentally friendly. Furthermore, the catalytic performance of SiO2@Cs-SO3H was assessed through the esterification of OA and methanol for biodiesel production.
2 MATERIALS AND METHODS
2.1 Materials
Chitosan (>99%, the degree of deacetylation ≥95%), p-toluenesulfonic acid monohydrate (AR, 99%), and methanol (AR, ≥99.7%) were obtained from Chengdu Jinshan Chemical Reagent Co., Ltd. Oleic acid (AR, ≥99%) and nano-SiO2 were bought from Shanghai Macklin Biochemical Co., Ltd. Acetic acid (AR, ≥99.5%) was supplied by Chongqing Chuandong Chemical Co., Ltd. 50% of glutaraldehyde (AR, ≥99%) was purchased from Tianjin Damao Chemical Reagent Factory. Ethanol (AR, ≥99.5%) and petroleum ether (AR, 60–90°C) were obtained from Tianjin Fuyu Fine Chemical Co., Ltd. KOH (AR, ≥85.0%) was purchased from Shanghai Titan Scientific Co., Ltd.
2.2 Catalyst Preparation
The synthesis diagram of biomass-based solid acid catalyst SiO2@Cs-SO3H is shown in Scheme 1.
[image: Scheme 1]SCHEME 1 | Schematic illustration for the synthesis of SiO2@Cs-SO3H.
2.2.1 Sulfonation of Chitosan
0.5 g chitosan was added to 50 ml 1 wt% acetic acid solution and stirred magnetically for 10 min at room temperature. Then, 5.7 g p-toluenesulfonic acid monohydrate was added to the chitosan acetic acid solution and strongly stirred until the solid was dissolved.
2.2.2 Preparation of SiO2 @Cs-SO3H Catalyst
0.1 g SiO2 and 1 ml glutaraldehyde were added to the sulfonated chitosan solution followed by stirring at room temperature for 2 h. The resulting solution was then dried overnight at 80°C, and the as-synthesized solid materials were ground and repeatedly washed with anhydrous ethanol until the filtrate became pH = 7. Finally, the so-called catalyst SiO2@Cs-SO3H was obtained after being dried at 80°C for 4 h.
2.3 Catalyst Characterization
X-ray diffraction (XRD) was measured by Tongda TD-3500 X-ray diffractometer (Cu Kα radiation) to characterize the crystallinity and structure of the catalyst. The functional groups of the catalyst were determined by KBr compression using Nicolet 360 FT-IR (Fourier-transform infrared apparatus). The thermal stability of the catalyst in the nitrogen atmosphere was detected by PerkinElmer TGA 47 thermogravimetric analyzer. The ammonia temperature-programmed desorption (NH3-TPD) measurements were performed on the AutoChem 2920 chemisorption apparatus with a thermal conductivity detector (TCD) to detect the acidity of the catalyst. The Bruner-Emmett-Teller (BET) method and N2 adsorption-desorption apparatus (ASAP 2460, McMerric Instruments Co., Ltd.) were used to check the physical properties of the catalytic material (specific surface area, pore-volume, and pore diameter, respectively).
2.4 Esterification of Oleic Acid With Methanol
The catalytic performance of SiO2@Cs-SO3H was determined by the esterification of oleic acid and methanol for biodiesel synthesis. To be specific, a mixture of 1 g oleic acid (acid value: 200 mg KOH/g), 4.3 ml methanol, and 0.06 g catalyst were added into a 15 ml thick wall pressure tube (Beijing Synthware Glass Instrument Co. Ltd.), and the encapsulated tube was allowed to proceed in an oil bath at 650 rpm using different temperatures for a specific time. After the reaction, petroleum ether was added to extract the reaction products. Finally, the petroleum ether was removed by vacuum distillation. The acid value (AV) of the product was detected by 0.1 M KOH solution titration using phenolphthalein as an indicator (Lin et al., 2021). The yield of biodiesel was determined according to the change of AV before and after oleic acid reaction, and the calculation formula was as follows:
[image: image]
Where AV0 and AV1 are the acid value of oleic acid and products, respectively; The numbers 56.1 and 0.1 in Eq. 1 are the relative molecular mass and solution concentration (0.1 mol/L) of KOH, respectively; VKOH is the volume of KOH titrated; [image: image] is the mass of the product.
2.5 Response Surface Methodology (RSM)
The factors affecting the esterification of oleic acid with methanol were optimized by the Box-Behnken design (BBD) experiment of RSM. In this process, four factors and three levels were adopted to design the experiment, in which the biodiesel yield was regarded as the response value, and the temperature, time, methanol to oleic acid molar ratio, and the catalyst dosage were served as the main four experimental parameters. Accordingly, a total of 29 experiments were designed in a random order manner. The detailed symbols, names of each parameter, and their ranges and levels are shown in Table 1. Moreover, the relationship between response values and parameters was studied by the least square multiple regression method. The second-order polynomial was fitted to establish the model (Kumar and Singh, 2019; Hossain et al., 2021).
[image: image]
Where Y represents the response prediction value, β0 refers the intercept term, β1 to β14 are the linear effect coefficient, the quadratic coefficient of the crossover and square effect, and ε implies the error.
TABLE 1 | Experimental parameters and range of response surface methodology optimization.
[image: Table 1]Analysis of variance (ANOVA) was used to perform statistical analysis on the model, and the influence of independent experimental variables along with their interactions on the response value (biodiesel yield) was also investigated. The p-value plays a decisive role in the probability error of the model and the significance of each variable. When the p-value is below 0.05%, it indicates that the variable has statistical significance. In addition, a response surface diagram was drawn to demonstrate the influence of the interaction between univariate and bivariate on the yield of biodiesel, and the optimal value was also determined accordingly.
2.6 Reusability
The reusability of SiO2@Cs-SO3H was evaluated under the optimal experimental conditions. After the reaction was finished, the catalyst was separated by centrifugation followed by washing with anhydrous ethanol 3 times to remove the impurities attached to the catalyst. After washing, the catalyst was dried in a vacuum drying oven at 80°C for 8 h to remove the solvent. Then, the as-dried recycled catalyst was employed for the next optimization experiment. The recycling process of the catalyst was repeated for five consecutive runs.
3 RESULTS AND DISCUSSION
3.1 Catalyst Characterization
The structure and crystallinity SiO2@Cs-SO3H samples were characterized by XRD. As shown in Figure 1A, SiO2@Cs-SO3H samples showed a broad diffraction peak within the range of 2θ = 10°–30°, corresponding to the characteristic peaks of Cs (Ranjani et al., 2019; Sabar et al., 2020). However, the absorption peak of SiO2 was not highlighted in the figure, which may be due to the amorphous state of nano-SiO2 (Thangaraj et al., 2019). With respect to this, the existence of SiO2 was further proved by FT-IR spectroscopy. Figure 1B shows the FT-IR spectra of SiO2@Cs-SO3H and Cs. The absorption peaks observed in both the two samples at 1,380 cm−1 and 1,598 cm−1 are attributed to the C-O and N-H functional groups, respectively, and these should be typical characteristic peaks of Cs (Saengprachum et al., 2019). The obvious peaks of SiO2@Cs-SO3H at 1,182 cm−1 and 1,035 cm−1 are derived from the stretching vibration of O=S=O, indicating the successful functionalization of the active sulfonic acid group on the Cs (Nata et al., 2017). Meanwhile, the absorption peaks shown at 1,076 cm−1, 795 cm−1, and 680 cm−1 correspond to the anti-symmetrical stretching vibration, symmetrical stretching, and bending of Si-O-Si, respectively (Owoeye et al., 2020). These indicate that the sulfonated chitosan has been successfully coated onto SiO2.
[image: Figure 1]FIGURE 1 | (A) XRD spectrum of SiO2@Cs-SO3H, (B) FI-IR spectra of Cs and SiO2@Cs-SO3H
The thermal stability of the prepared catalyst was studied by TGA analysis. From Figure 2A, it can be observed that the weight loss of SiO2@Cs-SO3H mainly occurs in two stages. When the temperature is below 205°C, the weight loss of the catalyst determined as 6.95 wt% should be ascribed to the loss of water adsorbed on the catalyst. The second peak existing in the range of 205–540°C (weight loss of 42.97 wt%) was related to the polymeric network decomposition and the formation of carbon materials. However, the mass of the catalyst did not decrease significantly after 540°C, indicating that the carbon material produced gradually became stable. In short, the catalyst showed good thermal stability and it can completely meet the demand of catalytic esterification reaction to produce biodiesel.
[image: Figure 2]FIGURE 2 | SiO2@Cs-SO3H catalyst diagram of (A) TGA, (B) NH3-TPD, (C) BET, and (D) pore size distribution.
NH3-TPD was used to investigate the relative acidity density and acidic strength of SiO2@Cs-SO3H. As depicted in Figure 2B, the peaks shown in the profile were derived from the desorption of NH3 at acidic sites on the sample, and the desorption temperature was related to the acid strength of SiO2@Cs-SO3H. As illustrated in Figure 2B, the NH3-TPD profile shows three peaks within the range of 50–600°C. The peaks in the temperature ranges of 110–200°C, 310–400°C, and 450–520°C correspond to the sites of a weak acid (-OH), medium strong acid (-SO3H) and strong acid (-SO3H), respectively. Meanwhile, the measurement result showed that SiO2@Cs-SO3H possessed a higher acid density of 3.47 mmol/g, which were superior to the reported sulfonated solid acid catalysts such as SAC (1.50 mmol/g) (Lathiya et al., 2018), ASHC-SO3H (1.40 mmol/g) (Cao et al., 2021), and PMB-SO3H (1.92 mmol/g) (Quah et al., 2020). The specific surface area, pore size, and pore volume of the SiO2@Cs-SO3H catalyst were measured by BET-BJH, as shown in Figures 2C,D. According to the results, the catalyst exhibited a specific surface area of 21.82 m2/g, a pore volume of 0.022 cm2/g, and a pore size distribution between 2 and 20 nm. Compared with the sulfonated chitosan catalysts that were reported in the previous literature (Wang et al., 2019; Zhang and Sun, 2020), SiO2@Cs-SO3H demonstrated a benign porous structure, implying that SiO2@Cs-SO3H will be conducive to esterification for biodiesel synthesis. It is worth mentioning that when nano-SiO2 with good surface efficiency and large surface area was used as the suitable carrier, of crucial significance was to improve the specific surface area of the catalyst, thus leading to better catalytic performance accordingly.
3.2 Esterification of Oleic Acid to Biodiesel
The prepared SiO2@Cs-SO3H catalyst from sulfonated chitosan was further applied to catalyze the esterification reaction of oleic acid with methanol for the production of biodiesel. The effects of reaction temperature (70–110°C), reaction time (1–5 h), catalyst dosage (0–8 wt%), and the methanol to OA molar ratio (15/1–35/1) on biodiesel yield were studied by single-factor experiments.
3.2.1 Reaction Temperature
Generally, the reaction temperature is a significant variable affecting the reaction rate in the esterification of OA with methanol (Zhang et al., 2018). As shown in Figure 3A, the influence of temperature on the yield of biodiesel was investigated in the temperature range of 70–110°C. It was found that with the temperature rising from 70 to 90°C, the biodiesel yield gradually increased to more than 90%. Subsequently, as the temperature continued to rise, the yield of biodiesel decreased slightly, which may be due to the decrease of methanol feedstock caused by the higher temperature. Therefore, 90°C was selected as the appropriate reaction temperature.
[image: Figure 3]FIGURE 3 | Single-factor optimization of SiO2@Cs-SO3H catalyst for oleic acid esterification reaction: (A) reaction temperature, (B) reaction time, (C) catalyst dosage, and (D) methanol to oleic acid molar ratio.
3.2.2 Reaction Time
The reaction time also has a certain influence on biodiesel yield. From the point of kinetic, the esterification of OA with methanol requires a certain amount of time for mass transfer to reach an equilibrium state (Pan et al., 2017). Figure 3B shows the effect of reaction time on biodiesel yield at 90°C, methanol to OA molar ratio of 30/1, and catalyst dosage of 6 wt%, and the highest yield of 96% was obtained after 4 h of reaction. Thus, 4 h was determined as the optimal reaction time.
3.2.3 Catalyst Dosage
The amount of catalyst is also an important parameter to evaluate its catalytic capacity for OA esterification reaction, wherein the number of active sites is closely related to the yield of biodiesel (Wang et al., 2021). As shown in Figure 3C, only 8.57% of the biodiesel yield was obtained without any catalyst. With the increase of catalyst amount from 0 wt% to 6 wt%, the corresponding biodiesel yield reached over 90%. However, when the catalyst amount exceeded 6 wt%, the biodiesel yield showed a downward trend. This could be explained that since the increase of the catalyst dosage proceeded, the number of catalytic active sites also raised, thus promoting the esterification reaction towards the biodiesel synthesis. It should be noted that too much catalyst would hinder mass transfer between the catalyst and the reactants, slowing down the reaction rate ultimately. Therefore, 6 wt% was selected as the suitable dosage of catalyst.
3.2.4 Methanol to OA Molar Ratio
Apart from the above three factors, the amount of methanol also played a crucial role in the esterification of OA. It is certain that appropriately increasing the amount of alcohol can promote the forward reaction, thus improving the yield of biodiesel accordingly (Xie and Wang, 2021). As shown in Figure 3D, the influence of alcohol dosage on biodiesel yield was studied with different molar ratios (15/1–35/1), while remaining the other variables as the same. It was determined that the biodiesel yield showed an upward trend with the increase of molar ratio, of which the highest yield of 95% was observed at 30/1. However, excessive methanol ultra-dilution the concentration of the reaction system and reduces the chance of OA arriving at the catalytic active site, thus reducing the yield of biodiesel. Thus, 30/1 was determined as the appropriate molar ratio.
3.3 Optimization of Biodiesel Production by RSM
To further optimize the reaction conditions of the SiO2@Cs-SO3H catalyzing oleic acid esterification reaction to obtain the best biodiesel yield, we further employed the response surface method to randomly design 29 sets of experiments on the basis of the single-factor experimental results in the previous section. The obtained results and the corresponding predicted values of the above Eq. 2 are shown in Table 2. The specific second-order polynomial equation of the design model based on the predicted response value of the four parameters is depicted in Eq. 3.
[image: image]
TABLE 2 | Experimental design and results of oleic acid esterification reaction catalyzed by SiO2@Cs-SO3H.
[image: Table 2]Analysis of variance was performed on the experimental design model as exhibited in Table 2, and the corresponding results are presented in Table 3. The F and p-value represent the significance of the entire model and the model term respectively. The larger the F value, the more significant the model and the better the fit. The smaller the p-value, the more important the model term is for the response value. In general, the p-value < 0.05 is highly significant of the model variables (Sulaiman et al., 2017). According to the results in Table 3, it can be observed that the reaction parameters including A, B, C, and D can be determined to be highly significant. Meanwhile, for the high F value (45.57) and low p-value (<0.0001) of the model, it can be seen that the selected quadratic polynomial regression model to optimize the yield of biodiesel is significant. The “Lack of Fit F-value” of 0.47 indicates that lack of fit is not significant compared with the pure error, showing that the model fits the experimental data sufficiently. Furthermore, the coefficient of determination R2 of 97.85% indicates that the obtained model can explain 97.85% of the response variability, indicating that the model has high reliability. The adjusted R2 of 95.71% and the predicted R2 of 91.76% are considered to be reasonably consistent because their difference is less than 0.2. Thus, it can be concluded that the fit of the model is more significant. To explain the reliability and applicability of the model, the experimental real value is compared with the predicted value (Figure 4). There is a low deviation between the predicted value and the real value. Therefore, these have proven that the quadratic polynomial regression model can match the data well, and the system response is generated within the scope of independent variable research.
TABLE 3 | ANOVA on the RSM experimental design data.
[image: Table 3][image: Figure 4]FIGURE 4 | Comparison of experimental and predicted values.
Through the three-dimensional surface graph, the influence of the interaction of any two independent variables on biodiesel yield was studied, while the coding values of the other two parameters were kept at zero, as shown in Figure 5. Figure 5A displays the interaction effect of time and temperature, and catalyst dosage was 6 wt% and methanol to oleic acid molar ratio was 30:1. The extension of reaction time shows no significant impact on the yield of biodiesel in the lower reaction temperature range, which may be that the reaction requires a higher temperature to improve the reaction rate (Wang et al., 2018). However, with the increase of the temperature, it can be found that higher biodiesel yield can be reached in a relatively short time, indicating that the influence of reaction temperature on biodiesel yield was more significant than the reaction time. This can also be observed from the higher F value (120.11) of the reaction temperature. Figure 5B and Figure 5C show the interaction of temperature with catalyst dosage and molar ratio, respectively. For low temperature and catalyst dosage, the biodiesel yield was low. However, when the amount of catalyst and temperature increased, the biodiesel yield gradually moved to the high-value region, and the effect of the catalyst dosage on the yield of biodiesel was greater than that of the reaction temperature. This is attributed to the addition of catalytic active sites that can promote the reaction more effectively and quickly, but a superfluous amount will inversely hinder the mass transfer between substances, slowing down the reaction rate ultimately (Cao et al., 2021). Similarly, Figure 5C shows that the biodiesel yield increases with the increase of reaction temperature and the molar ratio of methanol to oleic acid, but when the molar ratio increases to a certain extent, the biodiesel yield takes on a downtrend. This was because the increase of methanol dosage is conducive to the positive occurrence of the reaction, thus resulting in the improvement of product yield. However, excessive methanol will dilute the concentration of the reaction system, and the inverse reaction rate will be increased with the increase of the number of product esters, both of which are unfavorable for the formation of products (Lim et al., 2020). In addition, compared with the molar ratio, the influence of temperature on the yield of biodiesel was more significant.
[image: Figure 5]FIGURE 5 | Surface response plots of different experimental variables against biodiesel yield. (A) Temperature and time, (B) time and catalyst dosage, (C) methanol to oleic acid molar ratio and temperature, (D) catalyst dosage and methanol to oleic acid molar ratio, (E) catalyst dosage and time, and (F) methanol to oleic acid molar ratio and time.
The conjugate effect of the catalyst amount and methanol/OA molar ratio on biodiesel yield was depicted in Figure 5D. The reaction temperature and time were kept at 90°C and 4 h, respectively. It can be seen from Figure 5D that the yield of biodiesel was constantly increased with the molar ratio of methanol to oleic acid and catalyst dosage increased. In the esterification reaction, the low molar ratio of methanol to oleic acid is adopted, the increase of catalyst dosage demonstrated a weak effect on the improvement of biodiesel yield. This should be due to the fact that the reversibility of the esterification reaction usually requires a higher methanol/OA molar ratio. However, an excessive amount of methanol will dilute the concentration of catalyst in the whole system, resulting in a decrease in the concentration of active center per unit volume (Nongbe et al., 2017). Figure 5E and Figure 5F show the interaction of time with the catalyst amount and the molar ratio of methanol to OA, respectively. As mentioned earlier, the biodiesel yield continues to increase with the increment of time, the amount of catalyst, and the molar ratio.
The experimental parameters were optimized according to the RSM to obtain the best biodiesel yield. The optimum conditions were obtained as follows: reaction temperature of 92°C, reaction time of 4.1 h, catalyst dosage of 6.8 wt%, and methanol to oleic acid molar ratio of 31.4/1. Correspondingly, the predicted biodiesel yield was as high as 98.4%. For the effectiveness of the model, the corresponding experiments were conducted under the predicted conditions, and the experimental biodiesel yield of 98.2% was very close to the predicted value, verifying that the model had certain reliability and effectiveness in predicting the biodiesel yield in this study.
3.4 Reusability of Catalyst
Reusability is considered to be an important guideline to assess the performance of the catalyst, and efficient catalyst recycle can also reduce the biodiesel cost, to some extent (Dai et al., 2021). Therefore, we conducted five consecutive reactions under the optimized experimental conditions to determine the reusability of the SiO2@Cs-SO3H catalyst in oleic acid esterification reaction. The specific steps are as follows: after each reaction, the catalyst obtained through centrifugation was washed 3 times with anhydrous ethanol to remove the impurities attached to the catalyst, and then dried at 80°C to remove the solvent. The dried catalyst was used for the next experiment. The tested results of SiO2@Cs-SO3H catalyst after five recycles are shown in Figure 6A, wherein 87.0% biodiesel yield for the fifth recycle can still be reached, showing the relatively good reusability of SiO2@Cs-SO3H. More importantly, Figure 6B shows the infrared spectra of the catalysts before and after use, whereas the important absorption peak of the sulfonic acid -SO3H group still exists in the reused catalyst. Nonetheless, the intensity of the absorption peak is relatively weak compared with the fresh catalyst, indicating that part of -SO3H was lost in the recycling process, which may be the reason for the decrease of biodiesel yield.
[image: Figure 6]FIGURE 6 | (A) Reusability of SiO2@Cs-SO3H catalyst, (B) FI-IR spectra before and after repeated use of SiO2@Cs-SO3H (Methanol to oleic acid molar ratio of 31.4/1, 6.8 wt% and 92°C for 4.1 h).
4 CONCLUSION
Sulfonated chitosan-derived SiO2@Cs-SO3H solid acid catalyst was synthesized by an easy method at room temperature. The SiO2@Cs-SO3H catalyst exhibited a high acidity (3.47 mmol/g) and large specific surface area (21.82 m2/g), showing high catalytic activity for the esterification of oleic acid and methanol. The reaction temperature, reaction time, catalyst amount, and molar ratio of methanol to oleic acid were optimized and analyzed by RSM to obtain the best biodiesel yield. Accordingly, the ideal reaction conditions were determined: 92°C, 4.1 h, catalyst dosage of 6.8 wt%, and methanol to oleic acid molar ratio of 31.4/1. In this case, the maximum biodiesel yield (98.2%) was obtained. In addition, the catalyst also had good reusability, and the biodiesel yield of 87.0% can still be reached after repeated use of 5 times. In conclusion, the SiO2@Cs-SO3H solid acid catalyst prepared from Cs biomass had excellent catalytic performance for the esterification of FFAs, which shows a good application prospect in the biodiesel production field.
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The potato tuber moth (Phthorimaea operculella) is a major potato pest. Its sex pheromones contain two chemical structures: 4E,7Z-tridecadiene-1-ol acetate (PTM1) and 4E,7Z,10Z-tridecatriene-1-ol acetate (PTM2). Increasing global consciousness of environmental protection is driving widespread attention to the possible use of these pheromones for sustainable pest management. This review summarizes research on the structure confirmation, field application, and chemical synthesis of the sex pheromones of the potato tuber moth. An efficient synthesis strategy of the two sex pheromones is proposed.
Keywords: sex pheromones, potato tuber moth (Phthorimaea operculella), synthesis, biological control, natural products
INTRODUCTION
Insect sex pheromones are used in environmentally friendly pest management. A large number of insect sex pheromones have been isolated and identified to control harmful insects in agriculture, horticulture, forestry, and stored products (Shen et al., 2020; Witzgall et al., 2010). Since the beginning of the 21st century, the attention of this field has increased exponentially, and the number of papers and the frequency of citations have increased yearly (Figure 1I). According to the statistics of Web of Sciences in 2022 (Web of Scienece, 2022), the total number of papers on insect sex pheromones has reached 8,828, the H index has reached 146, and the cumulative citation frequency has reached 213,502 times.
[image: Figure 1]FIGURE 1 | I Statistics of the number of research papers on insect sex pheromone from web of science. II Chemical structure of sex pheromone of potato tuber moth. III Synthesis of sex pheromone analogues of potato tuber moth by Fouda in 1975. IV Roelofs’ synthesis of PTM1 in 1975. V Voerman’s synthesis of PTM1 in 1978. VI Alexakis’s synthesis of PTM1 in 1978. VII Nishiyama’s synthesis of PTM1 in 1984. VIII Yadav’s synthesis of PTM1 in 1986.
Insect sex pheromones have some common characteristics: most of them are aliphatic long-chain olefin compounds that are volatile, they are safe for target organisms and non-target organisms because they have no direct killing effect, and they are mixtures of compounds in specific proportions that show strong specificity and high biological activity.
In China, potatoes play a key role in the national food security strategy and poverty alleviation strategies (Gao et al., 2019b). However, with the continuous expansion of potato planting areas, the occurrence of pests and diseases in production and storage is becoming increasingly severe (Xu et al., 2019). Traditional pests and diseases such as potato bacterial wilt, morning and late blight, and underground pests have been increasing year by year, as have outbreaks of insect pests such as the twenty-eight-star lady beetle (Henosepilachna vigintioctopunctata), potato tuber moth (Phthorimaea operculella), potato golden nematode (Globodera rostochiensis), potato beetle (Leptinotarsa decemlineata) and other pests. Changes in planting structure and scale together with global climate change further cause these hazards to spread. The potato tuber moth has developed into an important pest in China’s main potato producing areas such as Sichuan, Yunnan, and Guizhou.
The female potato tuber moth (also known as the tobacco leaf miner) lays multiple eggs individually on the ground and in soil crevices at the root of potato stems, near the midrib of the dorsal leaf, or between the petioles and axillary buds. For stored potatoes, adults prefer to lay eggs near the bud eye after the potato nubs are unearthed. In the field, the first-instar larvae start spinning silk after the eggs hatch, generally completing their larval stage in the leaves, and the old larvae fall into the soil to pupate. During the storage period, the larvae mostly enter from the bud eye or the cracked skin and gradually penetrate the potato pieces. After spinning silk the larvae form a worm tunnel (Coll and Gavish, 2000) and can consume much if not all of the potato flesh, causing the tubers to rot and lose their planting and edible value (Xie, 2014).
The early prevention and control of potato tuber moth mainly involve cultural control measures such as planting resistant varieties, deep seeding, and irrigation, but chemical control is still the main control method during potato production. Due to over-reliance on chemical pesticides, potato tuber moths have developed different degrees of resistance to pesticides such as organophosphorus and pyrethroids (Xu et al., 2019; Yan and Gao, 2019). With the gradual enhancement of people’s awareness of environmental protection, the research on insect sex pheromones has attracted extensive attention from agricultural biologists and chemists, as they provide a possibility to reduce dependence on chemical pesticides. This field is gradually becoming a hot spot in the field of sustainable plant protection (Wright, 1964).
STRUCTURE IDENTIFICATION OF THE POTATO TUBER MOTH SEX PHEROMONE
Sexually mature female potato tuber moths were first described to use sex pheromones to attract males in the late 1960s (Adeesan et al., 1969; Ono et al., 1972). Compounds with strong attracting effect were first isolated from female potato tuber moths in 1975 (Fouda et al., 1975). Due to the limitations of structural analysis techniques at that time, only chemical tests, gas chromatography, and mass spectrometry were used to preliminarily determine the pheromone’s structure, which was thought to be isomers containing unsaturated double bonds and acetyl ester groups. In the same year, Roelofs (Roelofs et al., 1975) extracted and isolated a compound from the glands of the female potato tuber moth, and its structure (Figure 1II:4E,7Z-tridecadien-1-ol acetate (PTM1)) was determined by fine gas chromatography coupled with mass spectrometry, chemical synthesis, and bioactivity validation. One year later, Yamaoka et al. (1976) isolated the sex pheromones produced by potato tuber moth adults from unmated female moths raised in the laboratory. The results of gas chromatography and mass spectrometry showed that the pheromone was tridecatrienol acetate. They speculated that the pheromone structure was 4,7,10-Tridecatrienoate, but the configuration of its double bond had not been determined. In the same year, Persoons (Persoons et al., 1976) reported the extraction, isolation, structural identification, and field activity of the sex pheromone, and found that it was a mixture of two compounds as shown in Figure 1II. These compounds are 4E,7Z-tridecadien-1-ol acetate (PTM1) and 4E,7Z,10Z-tridecatrien-1-ol acetate (PTM2).
Voerman (Voerman et al., 1977) summarized a review on these sex pheromones and the two compounds are mixed in a certain proportion to exert the induction effect.
FIELD APPLICATION OF POTATO TUBER MOTH SEX PHEROMONE
Used in the field for more than 50 years, a variety of effective methods have been developed to measure the population size of potato tuber moths and control their damage to potato crops using sexual inducement technology.
Bacon (Bacon et al., 1976) used eight kinds of tridecene and tridecen-1-ol acetate monomers (including PTM1) or their mixtures to carry out chemical trapping experiments of potato tuber moths in the field, and found that PTM1 obtained the highest number of catches. Persoons (Persoons et al., 1976) found that the mixture of PTM1 and PTM2 had a synergistic effect in a field trapping experiment using mixing ratios from 4:1 to 1:4, but the use of any one of the monomers alone had almost no activity. In 1980, Ei-Garhy (1980) used a mixture of PTM1 and PTM2 sex pheromones smeared on a rubber lure core to capture male potato tuber moths in the field, and found that the environmental temperature and relative humidity had a very significant effect on trapping efficiency. Raman (1982); Raman (1984); Raman (1988) conducted a large number of field trapping activity experiments using PTM1 and PTM2, and found that the mixture of PTM1 and PTM2 was more attractive than PTM1 alone. In 1982, the research group used a mixture of PTM1 and PTM2 in eight different ratio formulations to conduct capture tests and found that the highest capture rate was initially obtained when the ratio of PTM1 to PTM2 was 9:1, 3:1, or 1:1.5. However, after 90 days in the field, the attractiveness of the 9:1 ratio mixture decreased, while the 1:1.5 ratio remained attractive after 90 days. Storage at −5°C for 2 months did not reduce the attractiveness of the mixture. Toth (Toth et al., 1984) studied the response of male potato tuber moths to two sex pheromone components and female crude extracts and found that in wind tunnels and fields, compared with compounds composed of trienes alone, males were better able to localize by a mixture of PTM1 and PTM2 (1:1). The addition of PTM1 reduced the time male moths spent near the pheromone source and the pheromone itself compared to PTM2 alone, also increasing the average number of visits to the source; and male potato tuber moths were also found to have behavioral responses to a mixture of PTM1 and PTM2 (1:1) similar to those elicited by the female crude extract. From 1972 to 2016, Ono (1993); Ono (1994); Ono et al. (1997); Ono and Orita (1986) and Tejima et al. (2013); Tejima et al. (2016) carried out systematic research on the structure and properties of potato tuber moth sex pheromones. In 1986, they found that the ratio of the sex pheromones was affected by temperature. As the feeding temperature increased, PTM2 gradually decreased, but the total amount of sex pheromones did not change. The pupal stage was the most sensitive to temperature changes. Kroschel and Zegarra (Kroschel and Zegarra, 2010; Kroschel and Zegarra, 2013) studied the use of the potato tuber moth pheromones and a single structural pheromone of Symmetrischema tangolias combined with the insecticide cyfluthrin to form an attract-kill system, which resulted in 100% mortality in males under laboratory conditions. In field and storage conditions, the trapping method was very effective against potato tuber moths and represents a low-cost control method inducible under storage conditions that can be effectively integrated into potato pest control programs, especially in tropical and subtropical small farming systems. From 2018 to 2019, Gao et al. (2018); Gao et al. (2019a) developed a “comprehensive green control technology for potato tuber moths based on sexual attractants”, which integrates a number of prevention and control measures for different stages of potato tuber moth. The application of sexual attractant technology interferes with the normal mating of female adults in the field, and the lack of mating leads to an increase in unviable eggs. After the technology was applied in Qujing, Yunnan, for one to 2 years, the number of potato tuber moths was greatly reduced, and the damage was alleviated.
SYNTHESIS OF POTATO TUBER MOTH SEX PHEROMONE BY PREDECESSORS
So far, the source of potato tuber moth sex pheromone mainly relies on extraction from female insects. Due to the low content in the insect source glands, the separation efficiency is not high, and this source cannot meet the needs of a wide range of field applications. Since the structures of the potato tuber moth sex pheromones (PTM1 and PTM2) were first reported, their structural specificity and remarkable sex-inducing activity have attracted many chemists to attempt the chemical synthesis of these two molecules.
As shown in Figure 1III, Fouda et al. (1975) used commercially available tetrahydropyran-protected 6-chloro-1-hexanol as the starting material, and then reacted it with ethynyl lithium to generate compound 4, which was coupled with n-hexene to obtain intermediate 5. Then the elimination reaction took place under the action of phosphorus oxychloride to obtain intermediate 6. The target product 7 (7Z, 9E/Z-tridec-dien-1-ol acetate) was then obtained by catalytic hydrogenation with Pd/C, and the alkyne bond was reduced in parallel with liquid sodium ammonia to obtain the target compound 8 of E-configured olefin (7E, 9E/Z-tridec-dien-1-ol acetate).
In the same year, Roelofs et al. (1975) started their synthesis with a coupling reaction between 4-pentyn-1-ol and vinyl ethyl ether to obtain acetal 9, and propynyl alcohol 10 was gained by reaction with paraformaldehyde and n-BuLi. Followed by reduction with LiAlH4, hydroxychlorination under the combined action of MsCl/LiCl/2,4,6-trimethylpyridine to obtain Chloride 11, as illustrated in Figure 1IV. Coupling with alkynyl Grignard reagent under the action of CuCl gave compound 12, the protecting group is subsequently removed and alkyne bond was reduced by Lindlar catalyzed stereoselective hydrogenation to obtain Z-configuration double bond. Finally, the terminal primary alcohol hydroxyl group is acetylated to obtain the target compound PTM1.
In 1978, Voerman and Rothschild (1978) used 3-bromo-1-propanol as the starting material, first protected the alcoholic hydroxyl group under the action of dihydropyran to obtain intermediate 14, and then reduced it with propargyl alcohol by Birch to generate alkyne alcohol 15. Then, with p-toluenesulfonyl chloride as the halogen source and n-butyllithium as the strong base, hydroxychlorination occured to obtain the alkene halogen compound 17, which was then coupled with the alkynyl Grignard reagent to remove the protective group with cuprous chloride to obtain compound 18, as shown in Figure 1V. Finally, the target compound PTM1 was obtained by hydroxyacetylation and Raney nickel-catalyzed hydrogenation to reduce the alkynyl group.
The same year, Alexakis et al. (1978) reported the total synthesis route of PTM1. The key step is the ring-opening coupling reaction between an organocopper reagent and an allyl epoxy compound, as illustrated in Figure 1VI. This route uses lithium dipentyl ketone as the starting material. First, the key E, Z diene compound 19 is prepared by addition coupling and conjugated ring opening, and then the intermediate 21 is obtained by hydroxy chlorination and alkylation. This is followed by ester reduction and hydroxyacetylation to give the pheromone PTM1.
In 1984, Nishiyama et al. (1984) used the silicon-guided Beckmann fragmentation strategy to develop several new methods for the stereo-controlled synthesis of insect sex pheromones. The key is to construct the E-type double bond through the trimethylsilyl auxiliary region and the stereo-controlled Beckmann rearrangement reaction. This route uses 2-cyclopentenone as the starting material, reacts with trimethylsilyllithium and n-tributyltin hydride in turn, and then reacts with octynyl bromide to obtain compound 22, which is hydrogenated by Lindlar catalyzed to obtain Z-configuration alkene 23, as shown in Figure 1VII. Subsequently, it was reacted with hydroxylamine hydrochloride to form oxime acyl ester 24, and then the diene cyano compound 25 was obtained by silicon-promoted Beckmann fragmentation reaction under the action of TMSOTf silicon reagent, and finally potato Tuber moth sex pheromone PTM1 was obtained through two reductions and hydroxyacetylation.
In 1986, Yadav and Reddy (1986), using Z-alkene-1-ol as the starting material, first obtained Z-form alkene chloride 27 by hydroxychlorination, and then reacted with Grignard reagent for carbon chain growth and coupling reaction to obtain alkene benzyl ether 28, as illustrated in Figure 1VIII. Subsequent Birch reduction to remove the benzyl group and hydroxy bromination in two steps produced intermediate 29, which was reacted with 4-pentyn-1-ol prepared with tetrahydrofuroyl chloride through a diionic reaction to obtain primary alkenyl alkyne primary alcohol 30. Finally, Birch reduction of the alkynyl group and primary alcohol hydroxyacetylation completed the total synthesis of PTM1.
In 1990, Nonoshita et al. (1990) developed the use of bulky, sterically hindered diarylmethylaluminum as a key reducing agent for Claisen rearrangement to construct E-form double bonds with high selectivity, as shown in Figure 2I. Using 1-heptyne as the starting material, the rearranged precursor allyl vinyl ether 31 was obtained through SN2 reaction, Lindlar reduction, deacetalization, and Grignard reagent coupling and substitution. The Claisen rearrangement reaction occurred under the action of large sterically hindered diarylmethylaluminum 37, and the diene aldehyde with the E configuration was obtained with high stereoselectivity. Finally, the target product PTM1 was obtained through two-step conversion of aldehyde group reduction and primary alcohol acetylation.
[image: Figure 2]FIGURE 2 | I Nonashita’s synthesis of PTM1 via Claisen rearrangement in 1990. II Hutzinger’s synthesis of PTM1 in1995. III Vasil’ev’s synthesis of PTM1 in 1996. IV Odiokov’s synthesis of PTM1 in 1997. V Vakhidov’s synthesis of PTM1 in 2007. VI Voerman’s synthesis of PTM2 in 1978. VII Fukami’s synthesis of PTM2 in 1978. VIII Our group’s synthesis of PTM1 and PTM2 via Stille coupling in 2021.
In 1995, Hutzinger and Oehlschlager (1995) developed a method for the stereoselective synthesis of Z, E- and 1Z, 4Z-dienes by cross-coupling of allyl substrates with vinyl organometallic reagents, and used this method to synthesize PTM1. The synthetic route uses 3-pentyn-1-ol as the starting material, obtains 4-pentyn-1-ol through the Zipper reaction, and then protects the hydroxyl group to obtain compound 39. The E-configuration olefin 41 was obtained under the action of an organocopper reagent, as illustrated in Figure 2II. This is then coupled with allyl chloride under the action of lithium 2-thiophene cyanoate to obtain diolefin 42, and finally the hydroxy THP protecting group is removed and acetylated to obtain the target compound PTM1.
One year later, Vasil’ev and Serebryakov (1996) used 2E, 4E-nonadienal and vinylmagnesium bromide as starting materials, and obtained triene secondary alcohol 33 through the Grignard reaction, and then 1,4-selective reduction of conjugated olefins took place under the action of the aromatic chromium tricarbonyl to generate Z-type olefins 45, as illustrated in Figure 2III. Subsequently, Claisen-Johnson rearrangement occurred in the presence of trimethyl orthoacetate and a small amount of propionic acid to obtain (4E, 7Z)-configured diene 46, and finally ester reduction and hydroxyacetylation occurred to obtain the target compound PTM1.
In 1997, Odinokov et al. (1997) started their synthesis with a coupling reaction between propargyl alcohol and 1-bromopentane to build alkynol compounds. Then, under the action of phosphorus tribromide, hydroxy bromination occured to obtain propargyl bromide, which was then prepared into propargyl magnesium bromide Grignard reagent, and a Grignard addition reaction occured with acrolein to obtain the key intermediate 50, as illustrated in Figure 2IV. Subsequent intramolecular Claisen rearrangement under the action of triethyl orthoate generated compound 51. Finally, through Raney-Ni catalyzed hydrogenation reduction to 7Z double bond, ester reduction to alcohol, and hydroxyacetylation, two simple transformations achieved the total synthesis of the target PTM1.
In 2007, Vakhidov and Musina (2007) reported a new method for the synthesis of PTM1 using the Claisen rearrangement reaction and the Wittig reaction, as shown in Figure 2V. Using acrolein and 2-bromoethanol as starting materials, hydroxyaldehyde 53 was first prepared by Grignard reaction, and then intramolecular Claisen rearrangement occurred in the presence of triethyl orthoacetate as THP was simultaneously removed to generate E-form olefin carboxylate 54, followed by PCC oxidation and Wittig reaction to give 55, and finally ester reduction and hydroxyacetylation to achieve the synthesis of PTM1.
There are relatively few synthetic examples of PTM2, with only two cases reported. In 1978, Voerman and Rothschild (1978) completed the synthesis PTM2 adopting the same strategy as shown in Figure 2VI. After allyl chloride 60 is prepared, it is coupled with diacetylene under the catalysis of cuprous chloride to obtain 4E-7,10-diacetylene 61, followed by Raney-Ni catalytic hydrogenation to obtain 4E-7Z,10Z-trien-1-ol, and finally acetylation to obtain the target compound PTM2.
That same year, Fukami et al. (1978) used dihydropyran-protected as the starting material, and obtained allyl chloride 64 through chain extension, acetylenic bond reduction, and hydroxyl halogenation, as shown in Figure 2VII. This was coupled with a dialkynyl Grignard reagent to obtain 4E-7,10-dialkyne 65, followed by replacement of the hydroxyl protecting group, and finally the synthesis of the potato tuber moth sex pheromone PTM2 by Lindlar hydrogenation reduction.
SYNTHESIS OF POTATO TUBER MOTH SEX PHEROMONE BY OUR GROUP
The difficulty and challenge for PTM1 and PTM2 lie in the high stereoselectivity construction of the double bonds. In the early reports of sporadic synthesis methods, the construction of E and Z double bonds mainly included Grignard reagent coupling, Wittig reaction, etc., but these methods have the defects of low yield and vague selectivity. Based on this, our research group has carried out research on the synthesis of the potato tuber moth sex pheromones PTM1 and PTM2, as shown in Figure 2VIII. The goal was to use Lindlar-catalyzed hydrogenation and Stille coupling as key reactions to realize the construction of Z and E double bonds with high selectivity and yield.
This scheme uses commercial tert-butyldimethyl (2-propynyloxy) silane as the starting material, first reacting it with 1-bromo-2-pentyne and removing the TBS protecting group to give the bisalkynyl compound 70 by TBAF. At the same time, using 2-octyn-1-ol as the starting material, the key intermediates 67 and 70 were obtained by the catalytic hydrogenation of Lindlar and the protection of the primary alcohol by the acetyl group. Subsequently, the construction of the E-type double bond was achieved by Stille coupling under the action of tris(dibenzylideneacetone)dipalladium. Finally, the primary alcohol was acetylated to obtain the target compounds PTM1 and PTM2, with the overall yields of 67 and 42% (Gao et al., 2018).
SUMMARY
Potatoes are harmed by various pests such as potato tuber moth, and the average yield loss can reach 40–45%. However, the acquisition of the sex pheromone of potato tuber moth is mainly obtained from the glands of female moths. This method is inefficient and not enough to support the application of field experiments. The new method developed by our group has low cost, and has important scientific significance and application prospect for realizing the technological production of potato tuber moth sex pheromone.
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Allelochemicals are secondary metabolites produced from plants and used to prevent and control the invasion of other plants and microorganisms, with broad application prospects in crop protection. Structurally, momilactones belong to 9β-H pimarane diterpenoids, one of rice’s significant allelochemicals with anti-weeds and antibacterial activity. Rare studies have been reported with the synthesis challenges of the unique 9β-H pimarane skeleton. Hence, synthetic strategies of momilactones and related 9β-H pimarane skeleton are reviewed from 1984 to 2021.
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INTRODUCTION
Modern genetic evidence and recent studies have shown that momilactones are among the most active allelochemicals (Lin et al., 2019) and play a key role in allelopathy and resistance induction in rice (Okada et al., 2016). In 1973, momilactone A (1) and momilactone B (2) were isolated from Oryza sativa L. by Kato (Kato et al., 1973), firstly identified as new growth inhibitors. They have significant bioactivities, including weeds elimination in paddy fields and antimicrobial activity, especially toward Pyricularia oryzae Cav. (Jiang et al., 2016). However, the natural content of momilactones could not meet further research needs. Synthetic approaches to yield these natural products seem to attract synthetic chemists (Mohan et al., 1996). Kato (Kato et al., 1977) determined the stereochemical configuration of momilactone A by X-ray single-crystal diffraction as 9β-H. Momilactone A has continuous chiral centers with a trans-syn-cis tricyclic skeleton named 9β-H pimaranes, as shown in Figure 1, characterized in the family compounds (Zhao et al., 2018). Moreover, the trans-syn-cis tricyclic ring and the stereochemistry at C-9 led to significant challenges in synthesizing these molecules. In the early stage (Deslongchamps and Germain, 1999), the construction of the 9β-H-pimarane skeleton commonly had drawn the attention of scientists devoted to the synthesis of momilactones and related diterpenoids.
[image: Figure 1]FIGURE 1 | 9β-H-Pimarane related diterpenoids and the 9β-H pimarane skeleton.
9β-H-pimarane diterpenoids are featured with the trans-syn-cis tricyclic skeleton and β-configuration of the proton at C-9. Such studies have been reported to investigate their abundant biological activities (Xu et al., 2021). Figure 1 shows that the known (9β-H)-pimarane related diterpenoids can be classified into (9β-H)-pimarane (1–4, 6–18), 16-nor-(9β-H)-pimarane (28), 17-nor-(9β-H)-pimarane (19–27), 19-nor-(9β-H)-pimarane (5), and 15,16,17-trinor-(9β-H)-pimarane derivatives (29–33). Among the momilactone family, momilactones A and B were obtained from moss Hypnum plumaeforme by Nozaki (Nozaki et al., 2007). Momilactones C (3), F (4), and E (5) were found from the hulls (Liu et al., 2012), leaves, and roots of rice (Cho et al., 2015). Strictly speaking, momilactone E belongs to 19-nor-(9β-H)-pimarane, and momilactone D possesses the 9β-OH, which could not be classified as (9β-H)-pimarane. These natural products exhibited inhibition of weeds and antibacterial activities (Tsunakawa et al., 1976). Momilactone B had the most efficient, currently known bioactivity (Dayan et al., 2009).
For example, (9β-H)-pimaranes, 4,6-epoxy-3β-hydroxy-9β-pimara-7,15-diene (7), and 9β-H-pimara-7,15-diene-3β,6β,19-triol (6) (Horie et al., 2015) were isolated from the rice husks of Oryza sativa L. The anti-fungal activities on Magnaporthe grisea (Li et al., 2014) have been investigated. Icacinlactone M (8), 14α-methoxyhumirianthol (16), and annonalide (17) were found from Icacina oliviformis (Zhao et al., 2015a) for the first time (Sun et al., 2021). Besides (Graebner et al., 2000), humirianthol (12) (Li et al., 2020), icacinol (14), 17-hydroxyicacinol (15), 14α-methoxyhumirianthol (16), and annonalide (17) showed cytotoxic activities (Onakpa et al., 2014) toward human cancer cell lines. These compounds were also obtained from the tuber of Icacina oliviformis (Zhou et al., 2020). Cytotoxic humirianthone (18) and 15R-humirianthol (13) were found from the lianas in the Suriname rainforest (Adou et al., 2005). The 17-nor-(9β-H)-pimarane derivates (Zhao et al., 2015b), humirianthenolide C (23), 2β-hydroxyhumirianthenolide C (24), icacenone (21), 7α-hydroxyicacenone (22), and icacinlactone E-J (19, 20, 25, 26) with cytotoxic activities (Guo et al., 2016) were isolated from the tubers of Icacina trichantha (Zhao et al., 2015a). 7α-Hydroxyicacenone (22), icacenone (21), and trichanthol B (27) (Xu et al., 2021) might also be considered for antimicrobial activities (On'Okoko et al., 1985). Humirianthenolides A, B, D, E, and F (29–33) were separated from the tuber of Humirianthera rupestris, known as the 15,16,17-trinor-(9β-H)-pimarane derivates (Zoghbi et al., 1981). Oxidized annonalide (28) was identified as 16-nor-(9β-H)-pimarane derivates. Most of the above compounds exhibited biological activities such as plant growth inhibition, anti-fungal activity (Shen et al., 2020), and cytotoxicity (Zhou et al., 2020). Given the broad biological activities, the chemical syntheses of 9β-H-pimarane diterpenoids are significant, although there was only one total synthesis of (±)-momilactone A reported by Germain and Deslongchamps Germain and Deslongchamps (2002). This review covers the recent synthetic approaches to momilactones and related 9β-H-pimarane skeleton.
SYNTHETIC STUDIES TOWARD 9Β-H PIMARANE SKELETON DITERPENOIDS
A few synthetic strategies about 9β-H-pimarane skeleton molecules had been described for the challenging framework, especially the continuous chiral centers. It would be difficult to accomplish the trans-syn-cis tricyclic with stereoselectivity.
In 1984, Sicherer-Roetman (Sicherer-Roetman et al., 1984) described the synthesis of model compound (±)-4,4-dinor-(9β-H)-pimara-7,15-diene 42, possessing the trans-syn-cis skeleton and α-methyl and β-vinyl groups at C-13. The transannular Diels–Alder strategy had been used to construct the core tricyclic system, as shown in Scheme 1. Product 36 was obtained by the Diels–Alder reaction of ketone formaldehyde 34 and o-diolefin 35 under the catalysis of ZnCl2; the step provided that cis-adduct 36 was deformylated in the presence of triton B and then hydrogenated with LiAl(OtBu)3H to obtain sole reduction product 37. From this point on, compound 42 could be provided by two different strategies. First, compound 37 was dehydrated in POCl3 and pyridine to yield dienolsilane 38. Then, dithioacetal 39 was obtained with 2-ethoxy-1,3-dithiolan, and cis-β-hydroxyaldehyde 40 was afforded by reduction and hydrolysis. They got β-vinyl product 41 through a Wittig reaction of compound 40. Considerable epimerization occurred at C-12 and C-13, a handful of the α-vinyl product was detected. Finally, oxidation of 41 and Wolff–Kishner reduction of the carbonyl gave compound 42 at 47% yield. The second approach protected the hydroxyl group to afford acetyl ester 43. Alkene intermediate 45 was afforded through the alkylation, hydrolyzation, and dehydration, followed by reduction and hydrolyzation. With compound 46 in hand, epimerization also occurred, resulting in a single β-vinyl product. The target compound 42 is finally transformed under the same conditions as the first route.
[image: Scheme 1]SCHEME 1 | De Groot’s first synthesis of (±)-4,4-dinor-(9β-H)-pimara-7,15-diene in 1984.
The stereoselective synthesis of (±)-4,4-dinor-9β-H-pimara-7,15-diene (42) was accomplished by Sicherer-Roetman Sicherer-Roetman et al. (1985). Initially Meyer (Meyer et al. 1975) formed the trans-syn-cis tricyclic product 50 with formyl enone 34 and tert-butyl 3-oxopentanoate 49 (Scheme 2A). Formylation and dehydrogenation of decalone 47 provided the starting compound 34. To investigate the alkylation of 50 and get β-vinyl group at C-13, they prepared trimethylsilyl enol ether 53 after reduction, but product 53 would hydrolyze rapidly. Then they obtained 54 from 50 with the presence of NaBH4. Product 54 could be treated through hydrogenation and elimination to get 56. Elimination of 55 only provided the Δ7,8-olefin in 43% yield. Another approach was based on the Diels–Alder reaction. They obtained regiospecific silyl enol ether 36 and provided the desired stereochemistry at C-9. Deformylation of product 36 and reduction with lithium tri-tert-butoxy aluminum hydride gave alcohol 37. Then, product 37 was converted into model compound (±)-4,4-dinor-(9β-H)-pimara-7,15-diene (42) via several transformations (Scheme 2B). These conversions were reported in 1984 by Sicherer-Roetman (Sicherer-Roetman et al., 1984).
[image: Scheme 2]SCHEME 2 | De Groot’s second synthesis of (±)-4,4-dinor-(9β-H)-pimara-7,15-diene in 1985.
(±)-9β-H-pimara-7,19-diene (64) was seen as one of the intermediates in the biosynthesis of photoalexines in rice. It possessed the A, B, C ring system of momilactones. In 1989, Jansen (Jansen et al., 1989) reported the synthesis of (±)-9β-H-pimara-7,19-diene (64). They followed their previous syntheses to carry out a Diels–Alder reaction between enone aldehyde 57 and 2-(tert-butyldimethylsilyloxy)-3-methyl-1,3-butadiene 35. Through deformylation and hydrogenation, with the hydroxyl group being protected, 7α-acetoxy compound 60 was provided. Stereoselective alkylation of the silyl enol ether 60 with CH2CHClSPh, followed by oxidation and elimination of the sulfoxide group, gained the desired vinyl product 62. The carbonyl was removed during the Wolff–Kishner reduction of 62. Finally, (±)-9β-H-pimara-7,19-diene (64) gave a 28% overall yield (Scheme 3).
[image: Scheme 3]SCHEME 3 | De Groot’s synthesis of (±)-(9β-H)-pimara-7,19-diene in 1989.
The synthetic challenge of 9β-H pimarane skeleton could be to create the 9,10-syn configuration (Feilner et al., 2021). Several synthetic approaches have been accomplished (Feilner et al., 2020) to construct the stereochemistry at C-9,10 by Michael addition, lithium-ammonia reduction (Yu and Yu, 2015), and Diels–Alder reaction (Deslongchamps et al., 2014). Some of these strategies would gain the 9,10-trans products, inconsistent with the desired goal. In 1992, the 9,10-syn stereochemistry was accomplished via catechol borane reduction by Coates (Chu and Coates, 1992). As shown in Scheme 4, the unsaturated compound 66 was obtained from 65 by isomerization to its Δ8 isomer with HC1/CHC13. Regioselective allylic oxidation of 66 provided ketene 67. It was refluxed with p-toluene sulfonyl hydrazine in ethanol to obtain tosylhydrazone 68 and treated with catechol borane and sodium acetate. Double bond isomerization rearrangement was used, and Δ7,8-olefin 69 was obtained. Subsequently, the 4α-ester group of compound 69 was reduced by lithium aluminum-hydrogen to yield primary alcohol, and hydroxyl was protected after removing the methyl sulfonyl and fulguration. Finally, the target product (−)-(9β-H)-pimara-7,15-diene (64) was obtained by desulphurization with liquid lithium ammonia.
[image: Scheme 4]SCHEME 4 | Coates’s synthesis of (−)-(9β-H)-pimara-7,15-diene in 1992.
Yajiama (Yajiama et al., 2011) investigated the synthesis of (±)-3β-hydroxy-9β-pimara-7,15-diene (75). The core skeleton was constructed via Hutchins allyldiazene rearrangement (Chu and Coates, 1992). In Scheme 5, the approach started from the known ketone (±)−70, and 71 was gained via several transformations in good yield. Then, the hydroxyl group was oxidized. After the Witting olefination and deprotection, vinyl product 72 was obtained. The hydroxyl group of 72 was removed to get the desired derivative 73. It possesses β-vinyl groups at C-13. After reducing 74 by catechol borane, under the presence of sodium acetate, the desired 9,10-syn tricyclic compound (±)−3α-hydroxy-9β-pimara-7,15-diene (75) was provided, which was considered a putative intermediate of momilactones and other diterpene phytoalexins in rice. It can be converted into 76 and momillactone A (1). In these syntheses, it furnished the configuration of the C-13 quaternary center using a stereoselective approach, and 9,10-syn tricyclic skeleton was constructed via rearrangement. This methodology would also apply to the synthesis of 9β-H pimaranes.
[image: Scheme 5]SCHEME 5 | Yajiama’s synthesis of (±)-3β-hydroxy-9β-pimara-7,15-diene in 2011.
Yee and Coates (Yee and Coates, 1992) accomplished the synthesis of 9,10-syn-Copalol (86). In Scheme 6, the approach was started from 77 via Riley oxidation and Sharpless epoxidation under the presence of TiCl4. A conversion was performed to remove the hydroxyl group with LiBEt3H. Then, 82 was provided via lithiation and alkylation with (E, Z)-8-bromo-9-(trimethylsilyl) geranyl benzyl ethers (81a). Selective reductive cleavage of the toluenesulfonyl and protected benzyl group produced the tandem cyclization precursor 83. Lewis acid treatment (TiCl4) of 83 afforded the stereorandom bicyclizations 84 and its diastereoisomers. Then, mixtures were oxidized and separated to get 85. (+)-9,10-syn-copalol (86) was offered through the reduction with catecholborane. It could be converted to (9β-H)-pimaran-7,19-diene 64) via another tandem cyclization.
[image: Scheme 6]SCHEME 6 | Coates’s synthesis of (+)-9,10-syn-copalol in 1992.
Fusidane triterpenes are a relatively small family of natural steroidal antibiotics, including fusidine, helvolic acid, and fusidic acid. These compounds have a unique chair-boat-chair ABC tricyclic ring system seen as a sort of 9β-pimara skeleton (Caron and Deslongchamps, 2010). In 2014, the intermolecular/transannular Michael reaction was first applied to the synthesis of ABC-ring in fusidane triterpenes by Fujii and Nakada (Fujii and Nakada, 2014). In Scheme 7, they developed the stereoselective intramolecular Michael reaction of compound 87 with L-Selectride to provide compound 88 (Scheme 7). Compound 88 was performed with benzyl thiol and potassium carbonate affording the benzyl thioester 89. It was then converted to aldehyde 90 by Fukuyama reduction. Enone 91 was prepared via HWE reaction of aldehyde 90 and keto phosphonate 92. The dimethyl acetal 93 was afforded from 91, followed by reduction, and Dess–Martin oxidation gave aldehyde 94. The intramolecular Cr-mediated reaction of compound 94 was optimized when the reaction was performed in THF/DMF mixture, offering sole product 95 (70%). After that, oxidation of compound 95 provided the bis-enone 96, the substrate for intermolecular/transannular Michael reaction cascade. Then, they carried out the reaction of compound 96 under several conditions. Annulation product 97 was formed when thiophenol and DBU were used in methanol at 0 °C in a 73% yield.
[image: Scheme 7]SCHEME 7 | Nakada’s stereoselective approach to tran-syn-cis tricyclic system in 2014.
Germain and Deslongchamps (Germain and Deslongchamps, 2002) accomplished the first total synthesis of (±)-momilactone A (1) via a Diels–Alder reaction (Germain and Deslongchamps, 1999). Scheme 8 shows that the condensation was accomplished from conjugated olefins 98 and vinylaldehydes 99 with 88% yield to give diethylisomers 100. Subsequently, MOM ether was obtained from 100 via the protection, followed by selective desilication of primary hydroxyl ether to obtain compound 102. Trans-syn-trans tricyclic compound 103 was offered by Diels–Alder reaction with stereoselectivity under reflux in cesium carbonate acetonitrile solution. In a word, a series of conversions of 100 provided the diastereoisomer 103 in the chair-boat-chair configuration, which is consistent with (±)-momilactone A (1). The target product was obtained through linear strategy transformation starting from intermediate 103. Malonate compound 103 underwent partial hydrolysis and several functional group transformations to afford intermediate 104. Then, the double bond addition was performed under the action of NBS and silver acetate to obtain bromoacetate 109 with high stereoselectivity, followed by the Dess–Martin oxidation and Wittig reaction to obtain the alkenone. Under the condition of acetic acid-water, intramolecular esterification was performed. Moreover, the hydrolysis of acetyl ester was carried out to obtain hydroxylolactone 111. Then, the target product (±)-momilactone A (1) was obtained by the carbonyl α-methylation and dehydration of lactone.
[image: Scheme 8]SCHEME 8 | Deslongchamps’s total synthesis of (±)-momilactone A in 2002.
SUMMARY AND FURTHER PROSPECTS
Some synthetic strategies have been reported about the construction of the 9β-H piamarane skeleton, such as Diels–Alder reaction, Michael addition, and catechol borane reduction. They carried out the syntheses of the skeleton and the intermediates in natural products using simple procedures. The asymmetric totals synthesis of 9β-H piamaranes has not been reported so far. A new approach must be applied to the natural products in 9β-H pimaranes.
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An unprecedented inactivation process of the indanol-derived NHC catalysts bearing N-C6F5 groups is reported. An unexpected multi-cyclic complex product is obtained from the 3-component reaction with the 1-methylcyclopropyl-carbaldehyde, the 2,2,2-trifluoroacetophenone and the NHC catalyst. The absolute structure of the inactivation product is unambiguously assigned via X-ray analysis on its single crystals. The formation of the structurally complex product is rationalized through a multi-step cascade cyclization process.
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INTRODUCTION
Ever since the first report from Ukai and co-workers on the thiazolium salt promoted benzoin reaction in 1943 (Ukai et al., 1943), N-heterocyclic carbene (NHC) has been developed and used as robust organic catalyst for more than 70 years (Breslow, 1958; Sheehan and Hunneman, 1966; Enders et al., 1995; Rovis et al., 2002). Especially, NHC organocatalysis has seen fantastic development within the past two decades (Enders et al., 2007; Lupton et al., 2013; Glorius et al., 2014; Mahatthananchai and Bode, 2014; Nair et al., 2015; Rovis et al., 2015; Scheidt et al., 2018; Chi et al., 2020; Chi et al., 2021; Wang et al., 2017). Numerous catalytic activation modes have been established within this highly active research field with a huge number of reactions realized for quick and selective access to functional molecules with interesting synthetic or biological applications. Functional molecules such as aldehydes, carboxylic acids and their derivatives, imines, ketenes, and activated ketones can be efficiently activated by NHC organic catalysts via formation of (aza)-Breslow intermediates and go through addition reactions with various electrophiles or nucleophiles through electron-pair-transfer processes (Gu et al., 2017; Yao et al., 2019; Chen et al., 2020; Yao et al., 2020; Fu et al., 2021; Xue and Zheng, 2021). Due to the rich electron densities of the Breslow intermediates formed from the NHC catalysts and the aldehyde substrates, they can be selectively oxidized by external oxidants through single-electron-transfer (SET) processes and furnished radical reactions in both enantioselective and non-chiral fashion. Recently, a couple of carbon- and heteroatom-centered nucleophiles were found to be activated by chiral NHC catalysts via non-covalent interactions and smoothly participate in the enantioselective addition reactions with a diversity of electrophiles (Van Halbeek and Poppe, 1991; Enders et al., 1995; Regitz, 1996; Enders, 2003; Bastin et al., 2019). In all the NHC-catalyzed synthetic transformations we mentioned above, mechanistic studies via both experimental and computational methods have played critical roles in the development and innovations of the activation modes. Therefore, the observation and characterization of the critical intermediates and/or side reaction products to provide evidence for mechanistic studies are of great significance.
Investigations into the cross-interactions between the NHC organic catalysts and the reaction substrates are one of the effective approaches for the mechanistic studies in NHC organocatalytic reactions. Continuous endeavour has been made by organic chemists towards the isolation and characterization of the most basic Breslow intermediates since it was hypothesized by Breslow in 1958 (Breslow, 1958) (Figure 1A). For example, Berkessel and co-workers reported in 2010 the full NMR spectra analysis of the ketone form of the Breslow intermediate generated from the triazolium salt-derived NHC catalyst and the propionic aldehyde (Berkessel et al., 2010). They successfully isolated the crystals of the typical Breslow intermediate from an imidazolium-typed NHC catalyst and the benzaldehyde and obtained its X-ray analytical spectrum in 2012 (Berkessel et al., 2012). An advanced reaction intermediate between the α,β-unsaturated Breslow intermediate and the chalcone substrate could also be isolated as stable crystals and their structures were unambiguously assigned via X-ray analysis in 2015 (Berkessel et al., 2015). The single crystals of the aza-analogues of the Breslow intermediate were obtained by Rovis and co-workers from a chiral indanol-derived NHC catalyst and an iminium salt in 2012 (Rovis et al., 2012). They can also apply the aza-Breslow intermediate analogues as the NHC catalyst precursors to promote an intramolecular Stetter reaction in enantioselective fashion.
[image: Figure 1]FIGURE 1 | Isolation and characterization of NHC-bounded intermediates and products. (A) Isolable breslow intermediates with full characterizations. (B) Stable NHC-bounded products from NHCs and electrophiles.
The isolation and characterization of the NHC-bounded reaction products from the inactivation of the NHC catalysts in the reaction system can also provide significant information on the cross interactions between the NHC catalysts and the reaction substrates. Although the formation of the NHC-bounded side reaction products might be sometimes observed during the investigations of various NHC organocatalytic transformations, to the best of our knowledge, there has been very limited reports on the characterization of those NHC-bounded reaction products (Berkessel et al., 2013; Berden et al., 2021). A representative study was from Rovis and co-workers in 2013, when they reported a cascade cyclization reaction between the triazolium NHC catalyst bearing an N-pentafluorophenyl (N-C6F5) group and the isatin-derived α,β-unsaturated ester substrate (Rovis et al., 2013) (Figure 1B). The spirocyclic product was characterized via X-ray analysis on the product crystals.
We have previously reported an NHC-catalyzed asymmetric (4 + 2) cycloaddition reaction between 1-methylcyclopropyl-carbaldehyde 1 (Chi et al., 2011; Mu et al., 2020; Tong et al., 2021; Wang et al., 2021) and the cyclic sulfonimides 2 (Xu et al., 2013; Wang et al., 2020a; Wang et al., 2020b; Liu et al., 2021) to give a variety of multi-functionalized fused cyclic products 3 in moderate to good yields with generally excellent enantio- and diastereoselectivities (Lv et al., 2021) (Figure 2A). Indanol-derived NHC catalysts bearing electron-deficient N-substituents were found effective for this transformation. However, during the evaluations of different chiral NHC catalysts, we noticed that switching the indanol-derived NHC catalyst A (Rovis et al., 2012) to the NHC catalyst B (Enders and Balensiefer, 2004) bearing an N-C6F5 group resulted in a significant drop of the product yields (from 72% with A to 36% with B), with multiple unidentifiable by-products formed in low yields.
[image: Figure 2]FIGURE 2 | Our studies on 1-methylcyclopropylcarbaldehyde activations with NHC organic catalysts. (A) Our previous work of the NHC-catalyzed (4 + 2) cycloaddition. (B) This work—inactivation of the NHC catalyst.
After completion of our studies on the chiral NHC-catalyzed [4 + 2] cycloaddition reactions. We continue to focus on the side products formed with the NHC catalyst B bearing an N-C6F5 group (Figure 2B). To our delight, a crystalline product could be isolated from the reaction system consisted of the 1-methylcyclopropyl-carbaldehyde 1, the 2,2,2-trifluoroaceto-phenone 4 (Su et al., 2017) and the NHC catalyst B. An unexpected crystal structure of 5 was assigned by X-ray analysis, with all the three components combined within one molecule.
RESULTS AND DISCUSSION
Having obtained the crystal structure of the NHC-bounded compound 5, we went on to optimize the reaction condition in order to improve the yield of the structural complex product 5 (Table 1). The raw materials of the 1-methylcyclopropyl-carbaldehyde 1, the 2,2,2-trifluoroacetophenone 4 and the NHC catalyst B were initially stirred in THF at room temperature in the presence of a stoichiometric amout of Et3N, with the product of 5 obtained in 12% yield (Table 1, entry 1). The yield of the target product 5 could be improved when switching Et3N in to stronger bases such as DBU and Cs2CO3 (entries 2-3). Solvents other than THF we tested were not effective for this transformation (e.g., entries 4-6). The attempts to improve the reaction yield by adding more or less amount of basic additives were failed (entries 7-8). Further increasing the reaction temperature resulted in the formation of the target product with the same yield.
TABLE 1 | Optimization of reaction conditionsa.
[image: Table 1][image: FX 1]
The formation of the structurally complex product 5 is rationalized through a multi-step cascade cyclization process among the three components of the 1-methylcyclopropyl-carbaldehyde 1, the 2,2,2-trifluoroacetophenone 4 and the NHC catalyst B (Figure 3). After deprotonation of the NHC pre-catalyst, the free NHC B can attack the aldehyde 1 to give the adduct I, which can isomerize to give the Breslow intermediate II via an intramolecular proton shift process. The Breslow intermediate II can go through a ring-opening process to give the zwitter ionic intermediate III that is in equilibrium with the intermediate IV through intramolecular proton transfer processes. The oxide anion of the intermediate IV can attack the electron-deficient pentafluorophenyl group to form a 6-membered ring via an intramolecular O-addition/elimination (SNAr) process to give the intermediate V. The intermediate V bears an α,β-unsaturated iminium ion moiety that can easily be deprotonated by the F− anion to form the dienamine intermediate VI. A dienamine aldol reaction between the intermediate VI and the 2,2,2-trifluoroacetophenone 4 gives the adduct VII, which can further cyclize to afford the final product 5 via an intramolecular oxa-Mannich reaction process.
[image: Figure 3]FIGURE 3 | Proposed reaction mechanism for the formation of the product 5.
It is worth noting that the formation of the structurally complex compound 5 is a highly stereospecific process. Only one diastereomer is observed in all the experiments we carried out. This is probably due to the steric match/mismatch effects provided by the chiral NHC scaffold we used in this transformation.
CONCLUSION
In summary, we have disclosed an unprecedented inactivation process of NHC organic catalysts bearing N-C6F5 groups. A structurally complex multi-cyclic compound was obtained from the 3-component reaction of the 1-methylcyclopropyl-carbaldehyde, the 2,2,2-trifluoroacetophenone and the NHC catalyst bearing an N-C6F5 group. The absolute structure of the complex product was unambiguously assigned via X-ray analysis on its single crystals. The current study can provide novel inspections into the possible pathways that are taking place in the reactions promoted by NHC catalysts bearing N-C6F5 groups. Further investigations into the interactions between the NHC organic catalysts and various reaction substrates are in progress in our laboratories.
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A series of composite catalysts with different Fe-based load amounts were prepared and applied to the experiment of biomass gasification assisted by steam. The structure of the catalyst was analyzed by XRD, SEM, TEM, N2 adsorption-desorption, and H2-TPR. The effect of the change of Fe load amounts on the catalytic activity was studied, and the optimal conditions of the gasification reaction were selected. The relationship between catalyst structure and catalytic capacity was clarified. The results showed that under the optimal reaction conditions, the catalyst showed better catalytic activity when Fe load amounts were 10%. The proportion of hydrogen in the gasification gas is as high as 42.2% and the hydrogen production is 27.65 g/kg. The tar content reaches the lowest value of 34.07g/Nm3.
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1 INTRODUCTION
At present, global warming and energy supply security have become major strategic issues of common concern all over the world (United Nations, 2020). With the rapid and sustained growth of China’s economy, energy, resources, and environment have become serious constraints affecting future development. Vigorously developing renewable energy has important strategic significance (Wu et al., 2020; Huang et al., 2022). As a renewable energy, biomass is an important energy resource in China. It has played an important role in meeting energy demand, improving energy structure, reducing environmental pollution, and promoting economic and social development (Zhang et al., 2019a; Zhou et al., 2020). China is a largely agricultural country, which contains a lot of biomass energy, such as sawdust, straw, and firewood. Therefore, the development of biomass energy has broad prospects (Zhang et al., 2019b; Wu et al., 2021a; Choi et al., 2022).
Hydrogen energy has high combustion heat, no pollution, and wide sources, which are unmatched by traditional energy such as coal, oil, and natural gas (Ortiz and Gorri, 2021; Wu et al., 2021b). Gasification of biomass with the assistance of steam can produce hydrogen rich gas, which can be further processed and transformed to obtain chemical raw materials in short supply in China (Yang et al., 2020). In the gasification reaction, if there is a suitable gasification catalyst, it can not only improve the yield of hydrogen but also reduce the yield of tar produced by biomass gasification (Cortazar et al., 2021).
Common biomass gasification catalysts include Ni-based, alkali metal, mineral, and Fe-based catalysts (Demirba, 2002). Although the catalytic activity of Fe-based catalyst is not as good as that of Ni-based catalyst, its cracking ability of tar is comparable to that of calcined dolomite (Nordgreen et al., 2006). In addition, Fe-based catalysts have the advantages of low price, wide sources, and non-toxicity, which should be widely used. The oxidation states of Fe-based catalysts under different conditions are diverse, and Fe-based catalysts under different oxidation states have potential catalytic activity for biomass gasification.
Industrial wastes such as red mud, phosphogypsum, and coal gangue have almost no cost. Even after certain pretreatment, their price is much lower than that of traditional catalysts. In the field of biomass gasification, some scholars have studied red mud as a possible catalyst carrier (Wang et al., 2008; Li et al., 2021; Sun et al., 2021). Udomsirichakorn et al. (2013) applied quicklime (CaO) to steam gasification of pine sawdust in bubbling sludge bed and found that CaO has strong advantages in tar reforming and CO2 capture. Madhukar and maharishi (Mahishi and Goswami, 2007) studied that in a simple batch gasifier, CaO is used to increase H2 in the biomass gasification process and reduce CO2 content in the gas. In recent years, several studies have shown that when CaO is applied to biomass gasification experiments, it plays not only the role of carbon dioxide adsorbent but also the role of gasification catalyst (Tang et al., 2015; Zhou et al., 2019).
Therefore, in this study, the corresponding composites were prepared from industrial waste residue red mud, phosphogypsum, coal gangue, and CaO, and then the composites were modified with Fe salt to produce a series of catalysts with different Fe loading. The catalyst showed good catalytic activity in the process of biomass catalytic gasification to produce hydrogen rich gas. Combined with multiple detection methods, the effect of the change of Fe content in Fe-based composite catalyst on the catalyst activity was studied, and the optimal conditions of the gasification reaction were selected.
2 EXPERIMENT
2.1 Reagents and Instruments
The biomass raw material used in this experiment is pine sawdust, which comes from the Earth transportation mineral products processing plant in Lingshou County, China. Before the experiment, the biomass raw materials were dried at 105°C for 5 h. Before the gasification experiment, the biomass is mixed with the corresponding catalyst, a certain amount of sodium silicate solution is added, extruded, and granulated into particles <0.5, 0.5–1.0, and 1.0–1.5 mm. The industrial analysis and elemental analysis of pine sawdust are shown in Supplementary Table S1. Red mud comes from Guizhou Chinalco Group Co., Ltd., phosphogypsum from Guizhou kaiphosphorus Group Co., Ltd., and coal gangue from saping coal mine, Xiuwen County, Guizhou. Other reagents are analytical pure and purchased from Aladdin reagent company.
The instruments used in this experiment mainly include: collector constant temperature heating magnetic stirrer (DF-101s); Full automatic industrial analyzer (KDGF-8000A); Element analyzer (Elemental vario El/micro cube); X-ray fluorescence spectrometer (Bruker SRS3400); Gas chromatograph (Zhongke spectrum SP-7820); X-ray diffractometer (Rigaku Smart Lab); SEM (Tescan mira lms); TEM (FEI Tecnai G2 F20); Automatic specific surface and pore size distribution analyzer (Quantachrome Autosorb-iQ); Temperature programmed adsorption instrument (FINESORB 3010A).
2.2 Gasification Unit
The fluidized bed equipment (Figure 1) used in this gasification experiment is self-assembled and built. The experimental system is a circulating system (a large amount of inert gas is filled as circulating gas before work), which is mainly composed of three small systems: gasification system, purification system, and gas storage system from left to right.
[image: Figure 1]FIGURE 1 | Fluidized bed biomass steam gasification system. 1) Biomass hopper; 2) Stepping feeder; 3) Thermocouple; 4) Heater; 5) Gasifier; 6) Ash hopper; 7) Mass flowmeter; 8) Boiler; 9) Primary cyclone separator; 10) Secondary cyclone separator; 11) Scrubber; 12) Filter tower; 13) Gas collection device.
2.3 Analysis of Products
2.3.1 Qualitative and Quantitative of Gas Components
The volume of non-condensable gas is quantified by a wet flowmeter and then collected by a gas collection bag. The main components are H2, CO, CH4, CO2 which are analyzed by gas chromatography.
2.3.2 Collect and Weigh the Tar and Char Produced in the Gasification
Use the reagent bottle containing acetone to recover the tar discharged from the lower part of the scrubber. After collection, mix excess anhydrous copper sulfate into the mixture and filter it to remove the water in the mixture. Pour the mixture into a 500 ml conical bottle and put it in a constant temperature water bath heater at 70°C until the acetone volatilizes completely and the residue is tar. The mass of tar is the mass of the heated conical bottle minus the mass of the empty bottle, which is calculated by the difference method.
Collect the solid produced in the experiment from the ash hopper and secondary cyclone separator. After deducting the amount of added catalyst, the remaining solid is weighed and marked as char.
2.4 Preparation of Fe Based Composite Catalyst
The chemical composition of red mud, phosphogypsum, and coal gangue is determined by the X-ray fluorescence spectrum. The chemical composition analysis is shown in Table 1.
TABLE 1 | The chemical composition of industrial wastes (wt%).
[image: Table 1]2.4.1 Preparation Method of Fe Based Catalyst

1) Preparation of red mud phosphogypsum slurry.
Dry, crush and grind the red mud and phosphogypsum respectively, screen and select 100 mesh raw materials. Weigh a certain amount of phosphogypsum and red mud respectively, and the mass ratio of the two is 3:7 for use. Phosphogypsum is mixed with water to form a suspension, and red mud is gradually added to make it a uniformly mixed slurry.
2) Preparation of composites.
Weigh according to the ratio of slurry (dry basis mass)/CaO mass ratio of 7/3. Weigh the crushed coal gangue (100 mesh), and its mass is 10% of the dry basis mass of the slurry. Weigh sodium carbonate, and the mass is 3% of the total mass of the first several compounds (dry basis). Mix the weighed slurry with crushed CaO and coal gangue evenly. Use a certain amount of sodium carbonate dissolved in water as the foaming agent, add it to the mixed raw materials, add water and stir evenly, put it into a 100°C oven for constant temperature drying for 24 h, remove the water, put it in a muffle furnace, calcine at 1,000°C for 5 h. And then it is broken and passed through a 100 mesh sieve to obtain particles for the next step.
3) Preparation of Fe based composite catalysts.
In order to make the loading amount (weight percentage) of Fe in the composite catalyst 5%, 10%, and 15% respectively, the amount of Fe (NO3)3·9H2O is calculated by using the mass of <0.5 mm composite particles prepared in the previous step. Weigh an appropriate amount of Fe (NO3)3·9H2O, prepare a solution with deionized water into a certain concentration, transfer the corresponding FeNO3 solution, soak the particles prepared in the previous step, stand for 24 h, and put it into a 100°C oven for constant temperature drying for 24 h to evaporate the water. Then put the dried mixture into the muffle furnace, calcine it at 1,000°C for 5 h. Let it cool naturally in the muffle furnace, take it out, break it and screen it into particles less than 100 mesh for use, named catalyst a, b and c respectively.
2.5 Catalyst Performance Evaluation
Gas yield, tar yield, char yield, tar content, gas composition H2, CO2, CO, CH4, and H2 production are used as the criteria for evaluating the activity of the catalysts. The relevant calculation formula is as follows:
① Tar yield = tar mass/added absolute dry biomass raw material mass × 100%.
② Char yield = char quality/added absolute dry biomass raw material mass × 100%.
③ Gas yield = 100-Tar yield-Char yield.
④ Tar content (g/Nm3) = tar quality (g)/dry gas volume (Nm3).
⑤ H2 production (g/kg) = weight of H2 (g)/weight of biomass raw material (kg).
3 RESULTS AND DISCUSSION
Biomass gasification process is complex. The reaction process is different with the different process flow, reaction conditions, gasification medium, raw material properties, and other conditions. However, the basic reactions of these processes include biomass gasification reaction, reduction reaction, tar conversion reaction, and so on.
Biomass→Tar + Char + Gas (H2、CO、CO2、CH4、CnHm)                      (R1)
Tar → CH4+H2O + CmHn + H2             (R2)
CH4 + H2O → CO + 3H2              (R3)
CnHm + nH2O → nCO+(n + m/2) H2         (R4)
CnHm + nCO2 → 2nCO+(m/2) H2        (R5)
C + CO2 → 2CO                (R6)
C + H2O → CO + H2              (R7)
C+2H2O → CO2+2H2              (R8)
CO + H2O → CO2+H2                 (R9)
CaO + CO2 → CaCO3             (R10)
3.1 Effect of Catalysts With Different Fe Load Amounts on Gasification Reaction
The Fe-based composite catalyst can effectively catalyze the gasification reaction of pine sawdust. When the mass fraction of Fe load amounts are 0%, 5%, 10%, and 15% respectively, the activity evaluation results of the prepared Fe-based composite catalyst are shown in Figure 2. Other conditions of the reaction are as follows: the mass ratio of catalyst to biomass (CBR) is 1.2, the gasification reaction temperature is 650°C, the particle size of biomass is less than 0.5 mm, and the mass ratio of steam to biomass (SBR) is 1.0.
[image: Figure 2]FIGURE 2 | Effect of Fe load amounts on product yields and tar content.
It can be seen from Figure 2 that with the increase of Fe load amounts, the gas yield increases gradually, and the yields of tar and char also change. When the mass fraction of Fe is 10%, the gas yield is reaching 60.4%, and the yields of tar and char are 2.5% and 37.1% respectively.
Compared with composites with 0% Fe load and catalyst a, when the load amounts are low, the yields of tar and char are high. The reason is that the addition of the Fe base is conducive to tar reforming and char gasification. As the Fe load amounts increased to 15%, the percentage of H2 in Figure 3 did not increase, but decreased to 41.3%, so that the output of H2 also decreased. It does not seem that the higher the Fe load amounts, the better the catalytic efficiency. There is an optimal value in the experiment. The catalytic activities of catalysts a and c are significantly lower than those of catalyst b. Considering the catalytic efficiency and economic factors, the Fe-based loading of 10% is the most appropriate.
[image: Figure 3]FIGURE 3 | Effect of Fe load amounts on gas composition and hydrogen production.
3.2 Characterization of Fe Based Composite Catalysts
3.2.1 XRD Characterization
Figure 4 shows the wide-angle XRD spectrum of Fe-based composite catalysts a, b and c. There are many diffraction peaks in the figure, indicating that the crystal form in the sample is relatively complex, and its main chemical components are CaSO4, SiO2, Ca3Al2O6, CaFe2O4, and so on. Among the catalysts prepared by the impregnation method, the diffraction peak intensity of CaFe2O4 particles in catalyst a is the lowest. When the load amounts of Fe element increases to 15%, the intensity of CaFe2O4 diffraction peak increases, and the peak width narrows, indicating that CaFe2O4 particles increase with the increase of load amounts, dispersion of particles decreases, aggregation occurs and the reaction activity becomes worse. The diffraction peak intensity of catalyst b is weaker than that of catalyst c, indicating that the supported Fe-based compounds are better dispersed on the composites. It can be seen that the catalytic activity of Fe-based composite catalyst is b > c > a, which is in a certain compliance relationship with the diffraction peak intensity of CaFe2O4.
[image: Figure 4]FIGURE 4 | XRD spectra of Fe based composite catalysts with different Fe load amounts.
3.2.2 SEM Analysis
The working principle of SEM is to use the electron beam generated by cold field emission to scan the material surface, detect the secondary electrons and backscattered electrons generated by the electron beam excited surface, and determine the micromorphology of the sample surface. For the complex and rough sample surface, a clear image can be obtained. The structure and morphology of the prepared 10% Fe-loaded catalyst b were analyzed by scanning electron microscope. Figure 5A is an enlarged picture of 2000 times. The figure shows that the catalyst is a nanomaterial with a diameter of about 200–500 nm, which is united and gathered by many irregular particles. This nanoscale structure makes the solid catalyst generally have a large specific surface area so that the active sites of the reaction can be fully exposed, which is conducive to improving the catalytic activity of the catalyst. Figure 5B shows the image with a higher magnification of 10,000 times. At the same time, it can be observed that there are many small sheets with irregular shapes in the sample, which are bonded layer by layer to form relatively dense particles.
[image: Figure 5]FIGURE 5 | SEM of catalyst b: (A) magnified 2000 times (B) magnified 10,000 times.
3.2.3 TEM Analysis
In order to further study the surface microstructure of catalyst b and verify the existence of its porous structure, catalyst b was characterized by TEM. The results are shown in Figure 6A (500 nm scale). It can be clearly observed that catalyst b is formed by stacking and agglomeration of crystal particles with different sizes and shapes. When further enlarged, as shown in Figure 6B (200 nm scale), it can be more clearly observed that the catalyst presents a vermicular disordered mesoporous structure. This porous structure may come from the ordered aggregation of materials. In addition, these connected holes are randomly connected, not orderly and regular linear shapes.
[image: Figure 6]FIGURE 6 | TEM of catalyst b: (A) 500 nm scale (B) 200 nm scale.
3.2.4 BET Analysis
The surface characteristics of Fe-based composite catalysts a, b and c were evaluated by the N2 adsorption-desorption method. The results are listed in Table 2. It shows that the composite catalyst has a quite good specific surface area and pore structure. The high specific surface area and pore structure indicate that it may have good catalytic activity and the feasibility of being a high-efficiency catalyst. With the increase of Fe load amounts, the average pore size and pore volume of catalysts a, b and c have a downward trend. It is speculated that Fe-based species are mainly successfully attached to the pore surface of the composite, which is more conducive to full contact with reactants and has the potential characteristics of excellent catalysts. At the same time, it can be seen that the Fe load amounts increase, the pores become smaller, and the Fe-based species agglomerate. These phenomena show that too much load amounts are not conducive to the catalytic activity.
TABLE 2 | Surface characteristics of Fe based composite catalyst.
[image: Table 2]3.2.5 TPR Characterization
Figure 7 shows the TPR curves of Fe-based composite catalysts a, b and c. The three composite catalysts have multiple H2 reduction peaks. The reduction peak between 640°C, 661°C, 707°C can be attributed to the reduction of CaFe2O4 → Fe3O4 in the sample. The high-temperature reduction peak is between 712°C, 719°C, 721°C, which can be attributed to the continuous reduction of Fe3O4 → FeO/Fe (Cabello et al., 2014a; Cabello et al., 2014b). By comparing the TPR curves of Fe based composite catalysts with different Fe load amounts, it can be seen that the high-temperature peak of the sample with large Fe loading moves to the low-temperature direction, which is due to the simple substance formed after the metal oxide in the catalyst is reduced, hydrogen is adsorbed on the surface, and the activated hydrogen species reach the surface of the composite catalyst through overflow, It promotes the reduction of various metal elements in the sample at a lower temperature.
[image: Figure 7]FIGURE 7 | H2-TPR characterization.
3.3 Effect of Mass Ratio of Catalyst b to Biomass (CBR) on Gasification
The selection of CBR is very important to the gasification process. The gasification conditions were selected as follows: catalyst b, reaction temperature 650°C, biomass particle size <0.5 mm, and SBR = 1.0. The gasification effects of CBR 0.8, 1.0, 1.2, and 1.4 were investigated.
Figure 8 shows the effect of CBR on each product component and tar content. During the increase of CBR from 0.8 to 1.4, the percentage of gas increases significantly, while tar and char are gradually decreasing. The higher the CBR value, the higher the gas yield. This phenomenon can be explained that the reaction R10 is an exothermic reaction. When CaO captures CO2, it will release heat, which may increase the temperature around biomass. This higher temperature is also conducive to the increase of tar cracking and char conversion. For the above reasons, when CBR = 1.2, the tar content reaches the lowest value of 34.07 g/Nm3.
[image: Figure 8]FIGURE 8 | Effect of CBR on product yields and tar content.
Figure 9 shows the effect of CBR on gas composition and H2 production. When CBR increases from 0.8 to 1.2, the volume fraction of H2 increases rapidly from 38.3% to 42.2%, and the volume fraction of CO decreases from 23.8% to 22.5%. CO2 also shows a decreasing trend, and the volume fraction decreases from 17.4% to 16.4%. The volume fractions of CH4 were relatively stable, maintained at about 16.5%. The increase of CBR increases the amount of H2 and decreases the amount of CO. it can be explained that according to le Chatelier’s principle if the partial pressure of the product is less than that of the reactant, the reaction will move forward. The catalyst b contains CaO, which can absorb CO2 and produce CaCO3. The occurrence of reaction R10 will promote the positive movement of reaction R9, so it consumes CO and produces more H2. If the CBR continues to increase from 1.2 to 1.4, the change tends to be gentle. It may be that the excess catalyst b fails to contact biomass particles, so it does not play a corresponding role. Therefore, there is an optimal value of 1.2 for the mass ratio of catalyst to biomass.
[image: Figure 9]FIGURE 9 | Effect of CBR on gas composition and hydrogen production.
3.4 Effect of Temperature on Gasification
The selection of reaction temperature is very important to the gasification process. The gasification conditions are as follows: the CBR of catalyst b is 1.2, the particle size of biomass is less than 0.5 mm and the SBR is 1.0. The yield of each product (gas, tar, and char) and its effect on gas components were investigated when the reaction temperatures are 550, 600, 650, and 700°C respectively.
Figure 10 shows the effect of reaction temperature on the components of each product and tar content. When the reaction temperature is 550°C, the proportion of gas in the product is 46.8%. When the temperature rises, the percentage of gas increases, and the peak value reaches 65.9% when the temperature rises to 700°C. This is because the increase of reaction temperature is conducive to biomass pyrolysis, gasification, and gas catalytic reforming, resulting in increased gas production. The yield of tar and char has the opposite trend with temperature because at higher furnace temperature, tar cracking and transfer reaction will take place further reactions, such as R2, R7, and R8, resulting in more non-condensable gas, which is consistent with the research results of Li et al. (Li et al., 2007). Therefore, as the temperature increases from 550 to 700°C, the total output of gas products increases significantly.
[image: Figure 10]FIGURE 10 | Effect of temperature on product yields and tar content.
The effect of reaction temperature on gas composition and H2 production is shown in Figure 11. The reaction temperature increases from 550 to 650°C, and the volume fraction of H2 increases from 36.5% to 42.2%. CO decreased from 27.6% to 22.5% and the volume fraction of CH4 decreased slightly from 18.6% to 15.8%. This is because when water vapor is introduced, the temperature rise is conducive to some reactions related to water vapor in the process of biomass catalytic reforming, such as hydrocarbon conversion reactions R4 and R5, water vapor conversion reactions R7, and R8, and carbon monoxide conversion reaction R9 in the direction of H2 generation. Therefore, with the increase of temperature, the content of H2 in the gas increases rapidly. The carbon monoxide shift reaction R9 will also proceed violently in the direction of generating H2. While the H2 content increases rapidly, the fraction of CO decreases with the increase of temperature, and the content of CO2 increases with the increase of temperature, from 15.2% to 16.4% gradually. However, the increase of temperature also promotes the reverse reaction of carbon dioxide reduction reaction R6 and reaction R10. Under the joint action of the three reactions, the increase of CO2 is small. When the temperature continues to rise to 700°C, the high temperature further intensifies the reverse reaction of R10, further increases the content of CO2 sharply, and even reduces the volume fraction of H2 in the gas. Considering comprehensively, it is most suitable to set the reaction temperature at 650°C and the production of hydrogen has reached 27.65 g/kg.
[image: Figure 11]FIGURE 11 | Effect of temperature on gas composition and hydrogen production.
3.5 Effect of Water Vapor/Biomass Ratio (SBR) on Gasification
Steam is also an important variable of biomass catalytic gasification. Using catalyst b as the catalyst, CBR is 1.2, the gasification reaction temperature is 650°C, biomass particle size <0.5 mm, the effects of steam/biomass ratio (SBR) of 0.6, 0.8, 1.0, and 1.2 on gasification results were studied.
Figure 12 depicts the effect of steam/biomass ratio (SBR) on the yield of pyrolysis reaction products and tar content. When SBR is less than 1.0, the gas yield increases with the increase of SBR, while the yield of tar and char shows the opposite trend. Wei et al. (Wei et al., 2007) found the same trend. This phenomenon can be attributed to the increased SBR, which provides more favorable conditions for tar cracking and carbon gasification. When SBR increased from 0.6 to 1.0, the gas yield increased from 49.7% to 60.4%, and the yields of tar and char decreased from 3.2% to 2.5% and 47.1.% to 37.1% respectively. These trends are highly consistent with other reports by researchers (Zhou et al., 2018). However, when too much steam is introduced and SBR is 1.2, the gas production rate decreases, which may be caused by the decrease of temperature in the furnace caused by the heat absorbed by excess water.
[image: Figure 12]FIGURE 12 | Effect of SBR on product yields and tar content.
As can be seen from Figure 13, when SBR increases from 0.4 to 0.8, the H2 content increases significantly, because the introduction of water vapor is conducive to tar cracking and char gasification, resulting in higher H2 production. According to Le Chatelier’s principle, the introduction of steam in the system will move the reactions R7, R8, and R9 in the positive direction to produce more hydrogen. When SBR is less than 1.0, the CO content decreases with the increase of water vapor, which is the direction of hydrocarbon conversion reactions R5 and R6, water vapor conversion reactions R8 and R9 to generate H2 and reduce CH4 and other hydrocarbons. At the same time, in the carbon monoxide shift reaction R9, due to the increase of the amount of water vapor and the acceleration of the positive reaction speed, the content of CO2 will increase, while the increased carbon dioxide will be absorbed by CaO in the catalyst. Therefore, in the process of increasing SBR, the content of CO2 will decrease, which is also confirmed by Acharya’s research (Acharya et al., 2010). It can be seen from Figure 13 that the addition of an appropriate amount of steam can improve the yield and quality of gas, but when the steam is excessive, the quality of gas begins to decline. There is an optimal value of SBR, which is 1.0 in this experimental study.
[image: Figure 13]FIGURE 13 | Effect of SBR on gas composition and hydrogen production.
3.6 Effect of Biomass Particle Size on Gasification
Using catalyst b as the catalyst, CBR was 1.2, the gasification reaction temperature was 650°C and SBR was 1.0. The effects of biomass particle size <0.5, 0.5–1, and 1.0–1.5 mm on gasification results were studied. Figure 14 depicts the effect of biomass particle size on the yield of gasification products and tar content. As expected, with the increase of particle size, the gas yield decreases, while the yield of tar and char shows the opposite trend. These results are consistent with those obtained by Mohammed et al. (Mohammed et al., 2011). With the decrease of particle size, the surface area of biomass particles increases, which improves the heating rate of biomass particles and promotes the pyrolysis reaction of biomass. With the increase of biomass particle size, the heat transfer resistance increases, resulting in incomplete gasification and coking. Another reason is that the size of biomass particles affects the fluidization state in the gasifier. Under the same conditions, the pyrolysis diffusion of biomass particles is mainly controlled by the diffusion of a gas. Due to its large weight, larger particles are often difficult to diffuse and cannot effectively contact the catalyst, resulting in insufficient reaction R1 and low gasification degree (Zhang et al., 2007).
[image: Figure 14]FIGURE 14 | Effect of particle size on product yields and tar content.
Figure 15 shows the effect of biomass particle size on gas composition and H2 production. It can be seen that when the particle size decreases, the content of H2, CO, and CH4 increases, while the content of CO2 decreases. When the biomass particle size decreases, it is conducive to the full contact between biomass and water vapor, and the reactions R7 and R8 are enhanced. More CO2 is produced in the reaction process. Due to the existence of CaO in the catalyst, the biomass particles are small and in closer contact with the catalyst, which promotes the progress of reaction R10 and absorbs CO2 more fully. In general, the particle size of biomass material has a certain impact on the gas production characteristics of steam catalytic gasification. As the particle size of the material decreases, the H2 content in the generated gas increases. Compared with the influence of temperature and steam flux, the influence of material particle size is not very significant.
[image: Figure 15]FIGURE 15 | Effect of particle size on gas composition and hydrogen production.
4 CONCLUSION
1) Three kinds of Fe-based composite catalysts with different loading were prepared. The analysis of catalytic activity for hydrogen production from biomass steam gasification showed that catalyst b with 10% Fe loading showed better activity than the other two catalysts.
2) XRD characterization shows that when the mass fraction of loading is 10%, Fe species are well dispersed on the carrier; N2 adsorption and desorption showed that catalyst b had a large specific surface area and pore structure; The TPR analysis of catalyst b shows that Fe species are successfully loaded on the composites. Several characterization methods show that catalyst b has the potential for high catalytic activity.
3) By changing the reaction conditions, the optimal reaction conditions were selected, CBR = 1.2, temperature 650°C, SBR = 1.0, particle size <0.5 mm. Under these conditions, the gas yield reached 60.4%, and the tar yield and char yield decreased to 2.5% and 37.1% respectively. The proportion of hydrogen in the gas composition has also reached a high level of 42.2% and the production of hydrogen has reached 27.65 g/kg. The tar content reaches the lowest value of 34.07 g/Nm3.
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The adoption of plant-derived natural products to synthesize metal nanoparticles and their complexes has the advantages of mild reaction conditions, environmental protection, sustainability and simple operation compared with traditional physical or chemical synthesis methods. Herein, silver nanoparticles (AgNPs) were in situ synthesized on the surface of graphene oxide (GO) by a “one-pot reaction” to prepare graphene oxide-silver nanoparticles composite (GO-AgNPs) based on using AgNO3 as the precursor of AgNPs and gallic acid (GA) as the reducing agent and stabilizer. The size and morphology of GO-AgNPs were characterized by ultraviolet-visible spectrophotometer (Uv-vis), Fourier transform infrared spectroscopy (FT-IR), transmission electron microscope (TEM), X-ray diffractometer (XRD) and dynamic light scattering (DLS). The effects of pH, temperature, time and material ratio on the synthesis of GO-AgNPs were investigated experimentally. The results showed that ideal GO-AgNPs could be prepared under the conditions of pH = 9, 45°C, 2 h and the 2:1 of molar ratio of AgNO3 to GA. The AgNPs within GO-AgNPs are highly crystalline spherical particles with moderate density on the surface of GO, and the size of AgNPs is relatively uniform and determined to be about 8.19 ± 4.21 nm. The research results will provide new ideas and references for the green synthesis of metal nanoparticles and their complexes using plant-derived natural products as the reducing agent and stabilizer.
Keywords: green synthesis, gallic acid, silver nanoparticles, graphene oxide, natural products
1 INTRODUCTION
In the past few decades, green chemistry has been greatly developed in many fields, especially in the field of green synthesis of metal nanoparticles and their complexes based on using natural plant products (Tortella et al., 2021). Due to the mild reducibility of some plant-derived natural products, some metal ions can be reduced to corresponding metal nanoparticles. And at the same time, the metal nanoparticles can be protected from oxidation. This kind of synthesis reaction also has the advantages of mild reaction conditions, environmental protection, sustainable and easily operation (Lee and Park, 2020). Therefore, the green synthesis of metal nanoparticles and their complexes using plant-derived natural products as the reducing agent and stabilizer has attracted much attention (Veisi et al., 2019).
Graphene oxide-silver nanoparticles composites (GO-AgNPs), as silver nanoparticles (AgNPs)-based composites, have excellent antibacterial, antifungal, catalytic, electrical and sensing properties, and have been widely used in biological pollution control, plant protection, dye degradation, super capacitor and biosensors (Li and Liu, 2010; Liu, et al., 2016; He, et al., 2018). The combination of AgNPs and graphene oxide (GO), the hydrophilicity and stability of GO can effectively hinder the aggregation and dissociation of AgNPs (Jakhar and Sharma, 2020; Rohaizad, et al., 2020). According to existing research reports, in addition to using GO as a platform for AgNPs, there are polymers such as cellulose, lignin, and chitosan that are used to bind AgNPs, but their stability and hydrophilicity are not as good as GO (Pang, et al., 2021; Affes, et al., 2020; Yu, et al., 2020).
The current preparation methods of GO-AgNPs mainly include step-by-step deposition method and in-situ reduction method. Graphene oxide (GO) and AgNPs need to be synthesized separately when using the step-by-step deposition method. Generally, methods such as mechanical grinding, laser ablation, and thermal decomposition are used to reduce the size of bulk silver to obtain AgNPs (Meyers, et al., 2006), and then AgNPs are deposited on the GO sheet through interactions such as physical adsorption or electrostatic bonding (Karuppiah, et al., 2015; Pratheesya, et al., 2019; Liu, et al., 2020). The step-by-step deposition method has certain advantages in controlling the size and shape of AgNPs, but the operation is complicated, time-consuming, costly and generally requires expensive specialized equipment (Wang, et al., 2012; Stadler, et al., 2018).
Compared with the step-by-step deposition method, the in-situ reduction method has been widely adopted due to its simplicity and high efficiency (Wang, et al., 2016; Mariadoss, et al., 2020; Rohaizad, et al., 2020; Shubhadarshinee, et al., 2022). The synthesis of GO-AgNPs by in situ reduction method generally includes silver salts that are reduced to AgNPs by a reducing agent in a GO solution and directly adsorbed on the surface of GO. In situ reduction method is usually divided into chemical reduction method and biological reduction method based on the stabilizers and reductants. For GO-AgNPs synthesis, the chemical reduction method generally adopts polyvinylpyrrolidone (PVP), dimethylformamide (DMF) and Tween 80 as stabilizers, and uses aniline, sodium borohydride, hydration hydrazine and formaldehyde as reducing agents (Bao, et al., 2021; Darabdhara, et al., 2019; Kausar, et al., 2018), which are cumbersome and not environmentally friendly. These methods are cumbersome, not environmentally friendly, and generally have toxic substances adsorbed on the products, which limit the biomedical application of GO-AgNPs (Veisi, et al., 2019). Biosynthesis of AgNPs generally uses plant-derived natural products or microorganisms as stabilizers and reducing agents, wherein AgNPs are synthesized on the surface of GO. The biosynthesis method has received much attention owing to the advantages of high efficiency, convenience and environmental protection (Sahu, et al., 2019; Veisi, et al., 2019).
Gallic acid (3,4,5-trihydroxybenzoic acid, GA), a natural low-molecular-weight phenolic compound, exists in a variety of plants or fruits (such as tea, grapes, and gallnuts), and has a variety of biological activities including antibacterial, anticancer and antioxidant (Motloung, et al., 2020; Yetissin and Kurt, 2020). In addition, GA has the potential to be applied in the synthesis of certain metal nanoparticles (such as AgNPs and gold nanoparticles) due to its mild reducibility, in which GA acts as reducing agent and stabilizer (Ahani and Khatibzadeh, 2021; Jing, et al., 2021).
In the process of GA interacting with metal ions, GA is oxidized by losing two electrons and protons to form the corresponding quinone, and the metal ion is reduced to the corresponding metal nanoparticles. The formed metal nanoparticles achieve dispersion stability by continuing to interact with GA (Yoosaf, et al., 2007). However, the use of GA to in situ synthesize AgNPs on the surface of GO to prepare GO-AgNPs is rarely reported.
In this study, GA was used as the reducing agent and stabilizer for the synthesis of GO-AgNPs. AgNPs were in situ synthesized on the surface of GO by a “one-pot reaction” to prepare GO-AgNPs. Reaction parameters including pH of the synthesis mixtures, temperature, material ratio and time were investigated by orthogonal experiments. At the same time, the size and morphology of GO-AgNPs were characterized by ultraviolet-visible spectrophotometer (Uv-vis), transmission electron microscope (TEM), X-ray diffractometer (XRD) and dynamic light scattering (DLS).
2 MATERIALS AND METHODS
2.1 Materials
Graphite powder, sulfuric acid and potassium permanganate were obtained from Sigma-Aldrich (St. Louis, MO, United States). Hydrochloric acid was purchased from Titan (Shanghai, China). AgNO3, gallic acid, sodium hydroxide and other reagents are purchased from Macklin (Shanghai, China). All aqueous solutions were prepared with deionized (DI) water from Milli-Q-Water (Heal Force, China).
2.2 The Preparation of GO and GO-AgNPs
GO was synthesized according to the modified Hummers method (Hummers and Offeman, 1958), and the whole synthesis process was divided into two parts: pre-oxidation and oxidation. Briefly, the graphite powder is first oxidized with K2S2O8 and P2O5 in concentrated H2SO4, and the pre-oxidized graphite powder is obtained after post-treatment. Next, the graphite powder was re-oxidized with KMnO4 in concentrated H2SO4, then the reaction was terminated with hydrogen peroxide, and finally the GO solution was prepared by washing, ultrasonication and dialysis, and stored at 4°C for later use.
Synthesis of GO-AgNPs: Take 3.4 ml of 1 mg/ml GO in a beaker, add 3.4 ml of 10 mM AgNO3 and 3.2 ml of DI water after sonication for 15 min, and add 10 ml of 2 mM GA dropwise after mixing evenly. The pH of the solution was adjusted with 1 mol/L NaOH and 1 mol/L HCl, and the reaction temperature and time were controlled. After the completion of the reaction, the samples were centrifuged at 5,500 r/min for 10 min, washed with DI water for three times, and then resuspended GO- AgNPs with DI water.
Optimization of reaction pH: keep other reaction conditions unchanged, set up six groups of experiments, and use 1 mol/L NaOH and 1 mol/L HCl to adjust the pH of the reaction solution to 3, 5, 7, 9, 11, and 13, respectively.
Optimization of reaction temperature: under the optimum reaction pH condition, keep other reaction conditions unchanged. Five groups of experiments were set up, and the reaction temperature was adjusted to 5, 25, 45, 65, and 85°C respectively.
Optimization of reaction time: under the optimum reaction pH and temperature conditions, keep other reaction conditions unchanged. Six groups of experiments were set up, and the reaction times were adjusted to 5, 15, 30 min, 1, 2 and 4 h.
Optimization of reaction material ratio: under the optimum reaction pH, temperature and time conditions, keep other reaction conditions unchanged. Set up six groups of experiments, and adjust the material ratio of AgNO3 and GA to 1:4, 1:2, 1:1, 2:1, 4:1 and 8:1.
Synthesis of GO-AgNPs under optimal conditions: Keeping other reaction conditions unchanged, GO-AgNPs was synthesized again under the conditions of reaction pH of 9, temperature of 45°C, time of 2 h and the ratio of AgNO3 to GA of 2:1.
2.3 Characterizations
The morphology of the GO-AgNPs was characterized by transmission electron microscopy (TEM, JEM-2100F, JEOL, Japan). The structure of the GO-AgNPs and GO was measured by Uv-vis spectrophotometer (Evolution 220, Thermofisher, United States), FTIR spectrophotometer (Nicolet iS10, Thermofisher, United States) and X-ray diffraction spectra (XRD, Bruker D8 Advance, Germany). The thickness and size of GO were characterized by atomic force microscopy (AFM, Multimode Nanoscope VIII Instrument Bruker, United States). The Zeta potential and average particle size of the GO-AgNPs was measured by Dynamic Light Scattering (DLS, ZS-90, Malvern, United Kingdom).
3 RESULTS AND DISCUSSION
3.1 The Synthesis of GO and GO-AgNPs
In this study, GO was first prepared by the modified Hummers method. By observing Supplementary Figure S1, it can be found that GO is a single-layer structure with a thickness of about 1 nm, and the size is concentrated between 0.3 and 3 μm. After preparing the GO, based on the mild reducibility of GA, GA was used as reducing agent and stabilizer, and AgNO3 was used as the precursor of AgNPs. As a precursor, GO-AgNPs were prepared by in-situ synthesis of AgNPs on the surface of GO by a “one-pot method” (Figure 1). In this process, Ag+ is reduced to AgNPs, and GA is oxidized. At the same time, orthogonal experiments were designed to study the effects of pH, temperature, time and material ratio of the synthesis reaction on the synthesis of GO-AgNPs, so as to determine the optimal reaction conditions for the synthesis of GO-AgNPs using GA.
[image: Figure 1]FIGURE 1 | Schematic diagram of the synthesis of GO-AgNPs.
3.2 Effects of Different Reaction Conditions on the Synthesis of GO-AgNPs
3.2.1 Reaction pH
Due to the surface plasmon resonance (SPR) of the AgNPs, corresponding characteristic absorption peaks appear in the Uv-vis spectrum. According to the Mie theory: The larger the particle size of the metal nanoparticles, the red-shift the absorption peak wavelength. The smaller the particle size, the blue-shift of the absorption peak wavelength, and the width of the half-peak of the absorption peak corresponds to the more concentrated or dispersed particle size distribution of the metal nanoparticles. In addition, the strength of the absorption peak represents the more or less the number of nanoparticles (Luo, et al., 2018). Therefore, the size, shape and number of AgNPs in GO-AgNPs can be preliminarily determined according to the shape of the Uv-vis characteristic absorption peak of AgNPs.
In the process of synthesizing metal nanoparticles by reduction method, the reaction pH has a crucial influence on the synthesis success or failure of metal nanoparticles (Wu, et al., 2021). To explore the effect of reaction pH on the number and morphology of AgNPs in GO-AgNPs, we synthesized GO-AgNPs at reaction pH of 3, 5, 7, 9, 11, and 13, respectively, and subjected them to Uv-vis characterization analysis. By observing Figure 2A, it can be found that when the reaction pH is 3, there is no obvious AgNPs characteristic absorption peak in the Uv-vis spectrum of GO-AgNPs, indicating that almost no GO-AgNPs are generated in the reaction system at this time. When the reaction pH is 5–13, the characteristic absorption peaks of AgNPs in the figure are concentrated in the interval of 396–418 nm, indicating that spherical AgNPs is formed in the reaction system (Zhang, et al., 2014). When the reaction pH is 9, the characteristic absorption peak intensity of AgNPs in the figure is the highest, and the half-peak width is narrow, indicating that the number of AgNPs in GO-AgNPs is large and the particle size distribution is relatively concentrated. When the reaction pH is 13, the characteristic absorption peak intensity of AgNPs in the figure is low and the half-peak width is wide, indicating that the number of AgNPs in GO-AgNPs is small and the particle size distribution is relatively dispersed. Based on the UV-vis spectra of GO-AgNPs analysis, we can preliminarily determine that the optimal reaction pH for the synthesis of GO-AgNPs is 9.
[image: Figure 2]FIGURE 2 | Optimization of reaction pH, UV-vis spectra of GO-AgNPs under different reaction pH conditions (A), TEM image of GO-AgNPs at reaction pH = 3 (B), pH = 9 (C), pH = 13 (D), panels (E,F) are the particle size distributions of AgNPs in panels (C,D), respectively.
In order to further confirm that the optimal reaction pH for the synthesis of GO-AgNPs is 9, we also used TEM to characterize and analyze GO-AgNPs. Through the TEM images of GO-AgNPs, the size, shape and density degree of AgNPs in GO-AgNPs can be visually observed. By observing Figure 2B, it can be found that when the reaction pH is 3, there are no AgNPs in the corresponding TEM image, but irregular impurities around 300 nm appear in the picture, which may be the agglomerates of GO in the reaction system. By observing Figure 2C, we can find that when the reaction pH is 9, a large number of spherical AgNPs appear in the corresponding TEM image, and the sizes are relatively concentrated, and the average particle size of AgNPs is 11.68 ± 4.11 nm (Figure 2E). By observing Figure 2D, we can find that when the reaction pH is 13, a small amount of spherical AgNPs appear in the corresponding TEM image, and the sizes are relatively dispersed, and the average particle size of AgNPs is 10.53 ± 7.83 nm (Figure 2F). Based on the above TEM characterization results of GO-AgNPs, it can be found that the optimal reaction pH for the synthesis of GO-AgNPs is 9, which is consistent with the Uv-vis characterization results of GO-AgNPs above.
3.2.2 Reaction Temperature
Similarly, in the process of synthesizing metal nanoparticles by reduction method, the reaction temperature has a crucial effect on the synthesis rate of metal nanoparticles (Stavinskaya, et al., 2019). After determining the optimal reaction pH for the synthesis of GO-AgNPs using GA is 9, in order to explore the effect of reaction temperature on the number and morphology of AgNPs in GO-AgNPs. GO-AgNPs were synthesized under the conditions of temperature at 5, 25, 45, 65, and 85°C, respectively, and Uv-vis characterization analysis of GO-AgNPs was carried out. By observing Figure 3A, it can be found that when the reaction temperature is 5°C, in the Uv-vis spectrum of GO-AgNPs, the characteristic absorption peak of AgNPs has low intensity and wide half-peak width, indicating that the number of AgNPs in the GO-AgNPs is small and the particle size distribution is relatively dispersed. When the reaction temperature was 45°C, the characteristic absorption peak intensity of AgNPs in the figure was the largest, and the half-peak width was narrow, indicating that the number of AgNPs in GO-AgNPs was large and the particle size distribution was relatively concentrated. When the reaction temperature was 85°C, the characteristic absorption peak intensity of AgNPs in the figure was low and the half-peak width was wide, indicating that the number of AgNPs in GO-AgNPs was small and the particle size distribution was relatively dispersed. Based on the above analysis, we can preliminarily determine that the optimal reaction temperature for the synthesis of GO-AgNPs is 45°C.
[image: Figure 3]FIGURE 3 | Optimization of reaction temperatures, UV-vis spectra of GO-AgNPs under different reaction temperatures conditions (A), TEM image of GO-AgNPs at reaction temperature T = 5°C (B), T = 45°C (C), and T = 85°C (D), panel (E) is the particle size distributions of AgNPs in panels (C)
In order to further confirm that the optimal reaction temperature for the synthesis of GO-AgNPs is 45°C, we also used TEM to characterize and analyze the GO-AgNPs. The size, shape, and density of AgNPs in GO-AgNPs can be intuitively reflected by TEM images. By observing Figure 3B, it can be found that there are almost no AgNPs in the corresponding TEM image when the reaction temperature is 5°C. By observing Figure 3C, we can find that when the reaction temperature is 45°C, a large number of spherical AgNPs appear in the corresponding TEM image, and the size distribution is relatively concentrated, and the average particle size of AgNPs is 9.42 ± 4.59 nm (Figure 3E). By observing Figure 3D, we can find that there are almost no AgNPs in the corresponding TEM image when the reaction temperature is 85°C. Based on the above TEM and Uv-vis characterization results of GO-AgNPs, it can be determined that the optimal reaction temperature for the synthesis of GO-AgNPs is 45°C.
3.2.3 Reaction Time
Generally, in the process of synthesizing metal nanoparticles by reduction method, the length of reaction time will affect the synthesis amount and particle size distribution of metal nanoparticles (Khan, et al., 2022). After determining the optimal reaction pH and temperature for synthesizing GO-AgNPs using GA at 9 and 45°C, in order to explore the effect of reaction time on the number and morphology of AgNPs in GO-AgNPs. GO-AgNPs were synthesized under the reaction time of 5, 15, 30 min, 1, 2 and 4 h, respectively, and Uv-vis characterization analysis was performed on GO-AgNPs. By observing Figure 5A, it can be found that when the reaction time was 5 min, the characteristic absorption peak of AgNPs in the Uv-vis spectrum of GO-AgNPs has a low intensity and a wide half-peak width, indicating that the number of AgNPs in GO-AgNPs is small and the particle size distribution is relatively dispersed. When the reaction time was 2 h, the characteristic absorption peak intensity of AgNPs in the figure was the highest, and the half-peak width was narrower, indicating that the number of AgNPs in GO-AgNPs was large and the particle size distribution was relatively concentrated. When the reaction time was 4 h, the characteristic absorption peak intensity of AgNPs in the figure was lower and the half-peak width was wider, indicating that the number of AgNPs in GO-AgNPs was small and the particle size distribution was relatively dispersed. Based on the above analysis, we can preliminarily determine that the optimal reaction time for the synthesis of GO-AgNPs is 2 h.
In order to further confirm that the optimal reaction time for the synthesis of GO-AgNPs is 2 h, we also used TEM to characterize and analyze GO-AgNPs, and used TEM images to visually observe the size, shape and density of AgNPs in GO-AgNPs. By observing Figure 5B, it can be found that when the reaction time is 5 min, the AgNPs in the corresponding TEM image are seriously aggregated and the particle size distribution is relatively dispersed, and the average particle size of AgNPs is 11.2 ± 4.59 nm (Figure 5E). By observing Figure 5C, we can find that when the reaction time is 2 h, there are more spherical AgNPs in the corresponding TEM image, and the sizes are relatively concentrated, and the average particle size of AgNPs is 11.28 ± 5.42 nm (Figure 5F).
According to existing literature reports, the formation of AgNPs from Ag+ can be roughly divided into two stages (Figure 4). On the one hand, Ag+ is chelated with GA in the solution and further reduced to silver nuclei (Mafuné, et al., 2003). With the prolongation of the reaction time, the amount of silver nuclei gradually increases. The silver nuclei aggregated and formed small silver nanoclusters. At the same time, Ag+ continues to aggregate on the surface of silver nanoclusters and is further reduced to Ag0 through charge transfer, which causes the particle size of silver nanoclusters to increase and grow into larger silver nanoparticles. On the other hand, GA in the solvent also acts as a stabilizer, GA interacts with silver nanoclusters to achieve regulation of the growth and stability of silver nanoclusters (Henglein and Giersig, 1999; Pillai and Kamat, 2004; Wang, et al., 2010; Thanh, et al., 2014).
[image: Figure 4]FIGURE 4 | Schematic diagram of the growth of AgNPs.
By observing Figure 5D, we can find that when the reaction time is 4 h, the number of AgNPs in the corresponding TEM image is less, and the large particles are more, this is because the second stage of AgNPs growth will last longer with the extension of time. After a long time, the obtained AgNPs have larger particle size (Figure 4). Based on the above TEM characterization analysis results of GO-AgNPs, combined with the Uv-vis characterization analysis results of GO-AgNPs above, it can be determined that the optimal reaction time for the synthesis of GO-AgNPs is 2 h.
[image: Figure 5]FIGURE 5 | Optimization of reaction time, UV-vis spectra of GO-AgNPs under different reaction times conditions (A), TEM image of GO-AgNPs at reaction time t = 5 min (B), t = 2 h (C), t = 4 h (D), panels (E,F) are the particle size distributions of AgNPs in panels (B,C), respectively.
3.2.4 Reaction Material Ratio
In addtion, in the process of synthesizing metal nanoparticles by reduction method, the molar ratio of metal ions to reducing agent has an important influence on the synthesis success or failure of metal nanoparticles and the particle size (Mittal, et al., 2014). After determining that the optimal reaction pH for synthesizing GO-AgNPs from GA is 9, the temperature is 45°C and the time is 2 h, in order to explore the effect of the molar ratio of AgNO3 to GA (MAgNO3:MGA) in the reaction system on GO-AgNPs. To investigate the effect of the number and morphology of AgNPs, we synthesized GO-AgNPs under the conditions of MAgNO3:MGA at 1:4, 1:2, 1:1, 2:1, 4:1, and 8:1, respectively, and the GO-AgNPs was subjected to Uv-vis characterization analysis. By observing Figure 6A, it can be found that when MAgNO3:MGA is 1:4, there is no obvious AgNPs characteristic absorption peak in the Uv-vis spectrum of GO-AgNPs, indicating that almost no GO-AgNPs was synthesized at this time. When the ratio of MAgNO3:MGA is 2:1, the characteristic absorption peak intensity of AgNPs in the figure is higher, and the half-peak width is narrower, indicating that the number of AgNPs in GO-AgNPs is large and the particle size distribution is relatively concentrated. When MAgNO3:MGA is 8:1, the characteristic absorption peak intensity of AgNPs in the figure is higher, but the half-peak width is wider, indicating that the number of AgNPs in GO-AgNPs at this time is quite large but the particle size distribution is relatively dispersed.
[image: Figure 6]FIGURE 6 | Optimization of reaction material ratio, UV-vis spectra of GO-AgNPs under different reaction material ratio conditions (A), TEM image of GO-AgNPs at reaction material ratio MAgNO3:MGA = 1:4 (B), MAgNO3:MGA = 2:1 (C), MAgNO3:MGA = 8:1 (D), panels (E,F) are the particle size distributions of AgNPs in panels (C,D), respectively.
In order to further determine the optimal material ratio for the synthesis of GO-AgNPs, we also used TEM to characterize and analyze the GO-AgNPs. The size, shape, and density of AgNPs in GO-AgNPs can be visually observed by using TEM images. By observing Figure 6B, it can be found that when the ratio of MAgNO3:MGA is 1:4, there are almost no AgNPs in the corresponding TEM image, and only some agglomerate impurities exist. By observing Figure 6C, we can find that when MAgNO3:MGA is 2:1, there are more spherical AgNPs in the corresponding TEM image, and the size distribution is relatively concentrated, and the average particle size of AgNPs is 10.45 ± 4.22 nm (Figure 6E). By observing Figure 6D, we can find that when the MAgNO3:MGA ratio is 8:1, the corresponding TEM image has a large number of AgNPs, but the particle size distribution is relatively dispersed, and the average particle size of AgNPs is 7.82 ± 4.25 nm (Figure 6F). Based on the above TEM characterization analysis results of GO-AgNPs, combined with the Uv-vis characterization analysis results of GO-AgNPs above, it can be determined that the optimal MAgNO3:MGA for the synthesis of GO-AgNPs is 2:1.
3.3 Preparation and Characterization of GO-AgNPs Under Optimal Conditions
3.3.1 Uv-Vis Spectral Analysis
In order to verify the scientificity and reliability of the optimal synthesis conditions for GO-AgNPs in the previous article, we re-prepared GO-AgNPs under the optimal synthesis conditions. The GO-AgNPs were systematically analyzed by Uv-vis, FT-IR, XRD, and TEM. First, the GO-AgNPs were characterized by Uv-vis (Figure 7A), and GO was introduced as a control. It was found that the Uv-vis spectrum of GO has an obvious absorption peak at 230 nm, representing the π→π* transition of the C-C bond in GO (Sahu, et al., 2019). The Uv-vis spectra of GO-AgNPs have characteristic peaks at 230 and 410 nm, the former is the characteristic peak of GO, and the latter is the surface plasmon resonance peak of AgNPs. By comparing and analyzing the Uv-vis spectra of GO and GO-AgNPs, we can preliminarily prove the successful synthesis of AgNPs in GO-AgNPs.
[image: Figure 7]FIGURE 7 | Uv-vis spectra (A), XRD patterns (B) and FT-IR spectra (C) of GO and GO-AgNPs synthesized under optimal conditions.
3.3.2 X-Ray Diffraction Analysis
To further confirm the successful synthesis of GO-AgNPs, we performed X-ray diffraction analysis of GO-AgNPs and added GO as a control, and the results are shown in Figure 7B. In the figure, GO has an obvious characteristic peak at 2θ = 9.5°, which corresponding to the (001) typical diffraction peak of GO (Zhang, et al., 2017). In the figure, GO-AgNPs showed obvious characteristic peaks at 2θ = 38.06°, 44.26°, 64.38°, 77.34°, and 81.5°, which corresponds to face-centered cubic (FCC) AgNPs (JCPDS No.04-0783) crystal structures of (111), (200), (220), (222), and (311) crystal planes (Chunfa, et al., 2018). At the same time, there are no other obvious impurity diffraction peaks in the spectrum, so it can be inferred that the prepared AgNPs particles are relatively pure and have few impurity particles. In addition, the diffraction peaks of GO-AgNPs are quite sharp, which indicates the good crystallinity of AgNPs in GO-AgNPs. It is worth noting that the peak of GO at 9.5° almost completely disappeared after binding with AgNPs. One possible reason is that the strong signal of AgNPs masks the signal of GO, and the other possible reason is the high degree of the exfoliation of GO after loading AgNPs. There is a large space between the lamellae, so there is no longer a corresponding diffraction peak (Yang, et al., 2011; Chen, et al., 2016; Liu, et al., 2020).
3.3.3 FT-IR Spectral Analysis
In order to demonstrate the synthesis of GO-AgNPs from multiple perspectives, we used FT-IR to analyze the GO-AgNPs by infrared spectroscopy and added GO as a control, and the results are shown in Figure 7C. It is well known that GO contains various oxygen functional groups, such as epoxy, hydroxyl, carbonyl, and carboxyl groups, and the characteristic vibrations of these groups can be clearly observed in the infrared spectrum of GO, with a wide range of 3,200 cm−1–3,600 cm−1. The peaks are formed by O-H stretching vibrations in alcohol and carboxylic acid functional groups (Liu, et al., 2020). The peaks corresponding to 2,918 cm−1 and 2,849 cm−1 represent weak stretching vibrations of C-H in the alkyl group at the margin of GO (Yang, et al., 2011). The two peaks at 1734 cm−1 and 1,597 cm−1 represent the asymmetric stretching vibration of the carboxyl group in GO and the stretching vibration of C=C (Sedki, et al., 2015). In contrast, the peak intensity of GO-AgNPs nanocomposites decreased at 1734 cm−1 and increased at 1,639 cm−1, indicating that the connection between AgNPs and GO was via electrostatic attraction (Liu, et al., 2020). In addition, the peak at 1,384 cm−1 represents the stretching vibration of NO3−, and the presence of NO3− may be related to the addition of nitrate during the synthesis of GO and GO-AgNPs (Sundriyal and Bhattacharya, 2017).
3.3.4 TEM Analysis
In order to visually observe the morphology of GO-AgNPs, we used TEM to characterize and analyze GO-AgNPs. Since GO has a single-layer carbon atomic structure, it is difficult to observe in TEM images, but AgNPs on GO sheets are easy to observe (Figures 8A,B). It can be indicated a strong interaction between AgNPs and GO (Liu, et al., 2020). The high-resolution TEM (HRTEM) image of GO-AgNPs is shown in Figure 8C. Through the measurement, the interplanar spacing of AgNPs is 0.239 nm, which is consistent with the (111) interplanar spacing of metallic silver FCC phase, which is 0.23 nm. It is proved that the black dots in the figure are AgNPs particles. In addition, we also counted the particle size distribution of 452 AgNPs particles through TEM images (Figure 8D) and calculated that the average particle size of AgNPs is 8.19 ± 4.21 nm.
[image: Figure 8]FIGURE 8 | Characterization data of GO-AgNPs synthesized under optimal conditions, TEM images (A,B), B is the local magnification of A, HRTEM image (C), particle size distribution of AgNPs (D), particle size distribution of GO-AgNPs (E), Zeta potential of GO-AgNPs (F).
3.3.5 DLS Analysis
Zeta potential is the potential generated by the distributed charges around the nanoparticle, and the Zeta potential of the nanoparticle is an vital indicator of its stability, and its numerical value directly shows the stability of the nanoparticle in colloidal suspension (Sahu, et al., 2019). The GO-AgNPs were characterized by DLS and the Zeta potential of the GO-AgNPs was measured to be −16.8 mV (Figure 8F). In terms of Zeta potential alone, it does not mean that GO-AgNPs have excellent stability, but apart from that, GO contains abundant oxygen-containing functional groups, has good hydrophilicity and stability, and can effectively hinder the aggregation precipitation of GO-AgNPs, bringing good stability to GO-AgNPs. In addition, by DLS characterization analysis, we also measured the average hydrated particle size of GO-AgNPs to be 455.9 ± 84.42 nm (Figure 8E).
4 CONCLUSION
In this study, GO-AgNPs was prepared by a “one-pot” reaction on the surface of GO, in which GA was adopted as reducing agent and stabilizer for the in situ green synthesis of AgNPs due to its mild reducibility and stability to metal nanoparticles. The effects of reaction pH, temperature, time and material ratio on the synthesis of GO-AgNPs were investigated by orthogonal experiments. Combined with the characterization results of Uv-vis, FT-IR, TEM, XRD and DLS on GO-AgNPs, it was determined that the conditions of pH = 9, 45°C, 2 h and 2:1 of molar ratio of AgNO3 to GA were the optimal reaction conditions for the synthesis of GO-AgNPs with using GA as reducing agent and stabilizer. The as-prepared AgNPs in GO-AgNPs were spherical particles with highly crystalline, and the spherical particles were moderately densely distributed on the surface of GO with a size of 8.19 ± 4.21 nm and a high particle size uniformity. The research results can provide a potential theoretical reference for the in situ green synthesis of metal nanoparticles and their complexes using plant-derived natural products as reducing agent and stabilizer.
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In this study, a novel sulfonic acid-modified catalyst for MOFs (UIO-66-SO3H) was synthesized using chlorosulfonic acid as a sulfonating reagent and first used as efficient heterogeneous catalysts for the one-pot conversion of fructose into biofuel 5-ethoxymethylfurfural (EMF) in a cosolvent free system. The physicochemical properties of this catalyst were characterized by Fourier transform infrared spectroscopy (FT-IR), transmission electron microscopy (TEM), and powder X-ray diffraction (XRD). The characterization demonstrated that the sulfonic acid group was successfully grafted onto the MOF material and did not cause significant changes to its morphology and structure. Furthermore, the effects of catalyst acid amount, reaction temperature, reaction time, and catalyst dosage on reaction results were investigated. The results showed that the conversion of fructose was 99.7% within 1 h at 140°C, while the EMF yield reached 80.4%. This work provides a viable strategy by application of sulfonic acid-based MOFs for the efficient synthesis of potential liquid fuel EMF from renewable biomass.
Keywords: biomass, fructose, 5-ethoxymethylfurfural, catalysis, one-step conversion
INTRODUCTION
As the only renewable carbon resource with extensive distribution and abundant reserves in nature, biomass has become the most attractive potential energy to replace fossil fuels (Hu et al., 2015; Tang et al., 2019; Guo D. et al., 2020), especially in recent years, with the shortage of fossil resources and the environmental problems brought by the applications, the development of new methods for the conversion of biomass and its platform molecules into fuels and chemicals is a current priority (Liu et al., 2016; Venkata Mohan et al., 2016).
The products gained from biomass conversion mainly include polyols, furans, organic acids and their ester derivatives, short-chain alkanes, and other basic platform chemicals and new fuels. The large-scale utilization of these biomass conversion products will play a significant leading role in sustainable and healthy socio-economic development (Hommes et al., 2019; He 2021; Hoang and Pham, 2021). The acid-catalyzed conversion of biomass to biomass platform molecule 5-hydroxymethylfurfural (HMF) has been previously reported in some research and progress (Zhao et al., 2007; Guo H. et al., 2020; Liu et al., 2021; Yin et al., 2021), and its derivative 5-ethoxymethylfurfural (EMF) is also a potential fuel or fuel additive with excellent properties such as high energy density and low toxicity, with energy density up to 8.7 kWh/L, even higher than ethanol (6.1 kWh/L), and has good oxidation properties when used as a fuel (Chen et al., 2019a; Guo D. et al., 2020). Currently, the main synthesis pathway of EMF is based on biomass sugar compounds (e.g., glucose, fructose, and cellulose), which are converted to EMF in an ethanol system through acid catalysis (Chen et al., 2019b; Dai et al., 2019; Zhang et al., 2020). Among them, fructose exists in large quantities in the free state in the pulp of fruits and honey and is a common biomass raw material. As a reaction substrate for the generation of EMF, unlike glucose and cellulose, fructose has a strong crystal structure, is easily soluble in conventional organic solvents, and has a higher yield than glucose and cellulose (Zhang et al., 2019). Meanwhile, the acidic catalyst has a crucial role in the synthesis of the EMF reaction, making the conversion process more complete and efficient. The catalysts reported in previous studies are zeolite catalysts, sulfonic acid-type solid acid catalysts, and heteropolyacids (Li et al., 2016; Liu et al., 2016; Kumari et al., 2019; Xiang et al., 2021). In particular, sulfonic acid-type catalysts have high protonic acid strength, which is beneficial for the synthesis of EMF. For instance, Zhang et al (2018) reported sulfonated organic hyper-cross-linked polymer (HCP)-based carbohydrate catalysts to yield 78.9% EMF, 15.4% HMF, and 4.6% ethyl levulinate (EL) in an ethanol-dimethyl sulfoxide system with fructose as feedstock. Yan et al (2022) found sulfonic acid-based annealed functionally biobased carbon microspheres loading polytetrafluoroethylene (A-BCMSs-SO3H@PTFE) catalyst applied to the acid-catalyzed synthesis of liquid EMF. The yield of EMF could reach more than 36.6% after 72 h of the acid-catalyzed reaction. Manjunathan et al (2021) used the sulfonated hydrophobic mesoporous organic polymer (MOP-SO3H) in the production of EMF by the one-pot method using fructose in an ethanol solvent. The conversion of fructose was 99.3%, and the EMF yield reached 72.2% at 100°C for 5 h. These results show that loading acid-functionalized sulfonic acid groups onto the carrier can produce sulfonic acid-based solid acid catalysts to improve the efficiency of fructose conversion to EMF (Nakajima and Hara 2012). Therefore, finding a suitable, modified as well as stable performance carrier is a prerequisite for successful catalyst preparation.
Metal–organic framework (MOF) materials, developed rapidly in the last two decades, have a large ordered specific surface area, adjustable pore size, customizable functions, and a large number of active junctions (Herbst and Janiak 2017; Lv et al., 2019). As a new type of MOFs, UIO-66 has great stability and can exist stably in an acidic environment, and UIO-66 is a hydrophobic material with the molecular formula [Zr6(OH)4O4(BDC)6], which is a Zr6-cluster as the central structural unit and 12 terephthalic acid (H2BDC) as the ligand to form a three-dimensional topology of metal–organic backbone materials with the structure shown in Figure 1 (Guillerm et al., 2012; Olorunyomi et al., 2021). Also, UIO-66 is a hydrophobic material which is well suited for the conversion of biobased feedstock (Lv et al., 2019; Oozeerally et al., 2021). It also inherits the characteristics of ordinary MOF materials such as large specific surface area, adjustable pore size, and easy modification, which is a good catalyst supporter.
[image: Figure 1]FIGURE 1 | Structure of UIO-66 (Guillerm et al., 2012; Olorunyomi et al., 2021). Gray and red balls represent carbon and oxygen atoms, respectively. Zirconium octahedral is in green. Hydrogen atoms are omitted for clarity.
Based on the aforementioned details, in this study, we report a sulfonic acid-functionalized UIO-66-type MOFs (UIO-66-SO3H) prepared under mild conditions. The catalytic performance of these catalysts was investigated for selective preparation of EMF from fructose in the one-pot strategy. Also, the effects of reaction temperature, reaction time, catalyst dosage, and acid amount on the yield of EMF were also evaluated. In addition, the morphology and physicochemical properties of the catalysts were characterized and discussed.
EXPERIMENTAL
Materials
Terephthalic acid was purchased from Aladdin Industrial Corporation. 5-Hydroxymethylfurfural (HMF, 98%), 5-ethoxymethylfurfural (EMF, 97%), ethyl levulinate (EL, 99%), and zirconium octahydrate oxychloride were purchased from Macklin Biochemical Co., Ltd. Ethanol (≥99.8%), glacial acetic acid, N, N-dimethylformamide (DMF), and methylene chloride were obtained from Sinopharm Chemical Reagent Co., Ltd. Chlorosulfonic acid was purchased from Shanghai Jiuding Chemical Reagent Co., Ltd.
Catalyst Preparation
In a 100-ml round-bottom flask, 4.8 g ZrOCl2·8H2O (15 mmol), 2.4 g terephthalic acid (15 mmol), 50 ml DMF, and 6 ml acetic acid was mixed, and the mixture was then treated with ultrasound for 30 min. After that, the resultant mixture was kept under constant stirring at 120°C for 24 h, and the obtained white precipitate was washed with methanol and DMF several times. After drying, the mashy white solids were calcined in a muffle furnace to give UIO-66 (Ragon et al., 2014).
The as-prepared UIO-66 (1 g) was dispersed in 40 ml CH2Cl2 and stirred at 0°C for 30 min. Under vigorous magnetic stirring, ClSO3H x mL in 10 ml CH2Cl2 was slowly added to the mixture. After the reaction continued for 4 h, the produced solid was filtered and washed with ethanol and then with deionized water and dried in a vacuum oven. The prepared catalysts are designated as UIO-66-SO3H-x (x = 0.3, 0.5, 0.8, and 1.0 ml), and x represents the volume of chlorosulfonic acid added.
Fructose Degradation
The catalytic upgrading of fructose was carried out in a 50-ml autoclave with a Teflon liner. Typically, the Teflon liner was loaded with fructose (1 mmol, 0.180 g), ethanol (5 ml) as the reactant and solvent, and the UIO-66-SO3H catalyst. Then, the reaction mixture was heated to the prescribed temperature for a desired reaction time with stirring. After finishing the reaction, the reactor was given an ice bath for rapid cooling to room temperature.
Then, the mixture products were diluted and filtered using a 0.22-μm syringe filter. The fructose and the formed products were analyzed using an Agilent 1260 HPLC chromatograph equipped with refractive index and UV detectors. The external standard method was used to analyze the substrate conversion rate and selectivity of each product, and the calculation equation is as follows:
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RESULTS AND DISCUSSION
Catalyst Characterization
The FT-IR spectra of the metal–organic framework material UIO-66 and catalyst UIO-66-SO3H are shown in Figure 2, in which 1,585 cm−1 is the benzene ring skeleton stretching vibration peak; 1,504 cm−1 and 1,401 cm−1 are the absorption peaks corresponding to the structural unit (Zr6O4)(OH)4(CO2)n formed by coordination of terephthalic acid with zirconium nodes (Zaboon et al., 2018). The fingerprint region 745 cm−1 is the out-of-plane bending vibration of C-H; an absorption peak can be seen at 554 cm−1, which is the Zr-O bond stretching vibration peak in the metal–organic skeleton. In the IR curve of UIO-66-SO3H, 1,283 cm−1 and 1,090 cm−1 belong to the O=S=O symmetric stretching vibration peak and S-O stretching vibration peak, respectively; 628 cm−1 is the stretching vibration peak of the C-S bond (Chen T.-F. et al., 2019). Thus, the presence of sulfonic acid groups in the UIO-66-SO3H catalyst was confirmed, indicating the successful preparation of sulfonic acid-functionalized materials.
[image: Figure 2]FIGURE 2 | FT-IR spectra of UIO-66 and UIO-66-SO3H.
The XRD spectra of UIO-66 and UIO-66-SO3H are shown in Figure 3, in which the XRD spectrum of UIO-66 is consistent with that in the literature. Some XRD peaks of the UIO-66-SO3H catalyst were shifted, and the intensity of the peaks was significantly weakened compared with the UIO-66 sample, which is similar to the literature report. This was because during the introduction of strong Brønsted acidity into UIO-66, the chlorosulphonic acid impaired its crystallinity as well as the stability of the framework (Hu et al., 2016).
[image: Figure 3]FIGURE 3 | XRD patterns of UIO-66 and UIO-66-SO3H.
Figure 4 presents the transmission electron microscopy images of the samples, from which it can be observed that the morphology of both materials is similar and consist of particles of relatively uniform size. However, they are also in a more agglomerated state, which can be attributed to the particle size of the samples being around 50 nm, resulting in strong surface forces and agglomeration. The result of transmission electron microscopy revealed that the morphological characteristics of the UIO-66 material were hardly affected by the presence of the sulfonic acid group during the preparation of the catalyst.
[image: Figure 4]FIGURE 4 | TEM image of UIO-66 (A) and UIO-66-SO3H (B).
Catalytic Performance
In this study, ethanol was used as the reactant and reaction medium, and the reaction was carried out in the order of fructose dehydration to produce HMF and ethyl alcohol etherification to produce EMF, and the ring-opening by-product EL was also generated (Figure 5).
[image: Figure 5]FIGURE 5 | Synthesis of EMF from fructose.
For the sulfonation of the prepared metal–organic framework UIO-66, the same mass of UIO-66 added with different amounts of the sulfonating agent resulted in different acid amounts of UIO-66-SO3H catalysts as listed in Table 1. The UIO-66 (1 g) added with the volume of chlorosulfonic acid increased from 0.3 to 1.0 ml, and the acid amount of the catalytic material showed a roughly increasing trend. The highest acid amount of the catalyst was measured at 0.8 ml of chlorosulfonic acid, and the best catalytic effect was achieved with UIO-66-SO3H showing a maximum acid amount of 1.46 mmol/g. To some extent, the acid amount of the catalyst increased with increasing concentration of the sulfonating agent. However, due to the gradual increase of the spatial site resistance and the damage to the catalyst structure caused by the addition of too much chlorosulfonic acid, further increase of the sulfonating agent did not increase the amount of acid, while the sulfonated materials were all effective in catalyzing the conversion of fructose to EMF. Accordingly, the effect of the acid amount of the catalyst on the catalytic activity is reflected in Figure 6. If the catalyst material was used without sulfonic acid groups, the target product is almost absent in the reaction solution, while the sulfonated materials were all effective in catalyzing the conversion of fructose to EMF. Thus, it is evident that the acidity of the catalyst is crucial for this reaction. With the increase of the acid amount, the conversion of fructose gradually increased, and the yield of EMF also showed an increasing trend, and it can be concluded that the acid amount is closely related to the synthesis of the target product EMF yield. Based on the aforementioned conclusions, the effect of factors such as reaction temperature, time, and catalyst amount on fructose alcoholysis of UIO-66-SO3H was further investigated systematically in this article.
TABLE 1 | Acid content of UIO-66-SO3H with different dosages of ClSO3H.
[image: Table 1][image: Figure 6]FIGURE 6 | Results of alcoholysis of fructose catalyzed by UIO-66-SO3H with different acidity. Reaction conditions: 1 mmol fructose, 5 ml ethanol, 30 mg catalyst, 1 h, and 140°C.
The effect of reaction temperature in the range of 110–150°C on the conversion of fructose to EMF was investigated using UIO-66-SO3H-0.8 as the catalyst, and the results are shown in Figure 7. As the reaction temperature was 110°C, the yield of both EMF and HMF was low, and a trace amount of EL was detected. With the increase in the reaction temperature, the fructose was gradually converted from 88.7% to complete conversion, indicating that the dehydration of fructose required higher temperature, and the etherification of HMF was easier than the dehydration of fructose into HMF. The yield of EMF increased significantly from 9.6 to 80.4% with the increase from 110 to 140°C, the yield of the intermediate product HMF decreased, and the byproduct EL showed a gradual increase. However, when the temperature was increased to 150°C, the yield of the target product EMF decreased due to the ring opening of the side reaction EMF, which might be due to the instability of EMF at higher reaction temperatures under acidic conditions, resulting in the generation of more ring-opening product EL. The increase in temperature was favorable to the conversion of fructose, and too high temperature promoted the decomposition of EMF into other products. Therefore, the optimal reaction temperature for this experiment was 140°C.
[image: Figure 7]FIGURE 7 | Effect of reaction temperature on the alcoholysis of fructose. Reaction conditions: 1 mmol fructose, 5 ml ethanol, 30 mg catalyst, and 1 h.
Figure 8 shows the effect of the reaction time of UIO-66-SO3H-0.8 as a catalyst on the synthesis of EMF from fructose in the ethanol system at a reaction temperature of 140°C. It can be seen that the target product EMF yield increased relatively fast at the beginning of the reaction stage, reaching 69% within 30 min, and as the reaction time continued to extend, the yield of EMF reached the best yield of 80.4% at 1 h, followed by a slight decrease in the yield of EMF. The content of HMF gradually decreased with the extension of time and was gradually converted into EMF, while the yield of EL gradually increased. This result indicates that fructose conversion is a typical continuous reaction in the ethanol reaction system. The longer reaction time allowed the conversion of EMF to its byproduct EL. Since the long time was not favorable for the production of EMF, a reaction time of 1 h was chosen for the subsequent reaction.
[image: Figure 8]FIGURE 8 | Effect of reaction time on the alcoholysis of fructose. Reaction conditions: 1 mmol fructose, 5 ml ethanol, 30 mg catalyst, and 140°C.
Under the conditions of 180 mg of substrate, 140°C of reaction temperature, and 1 h of reaction time, the effects of catalyst dosages of 10 mg, 20 mg, 30 mg, 40 mg, and 50 mg on the conversion of fructose to synthesize EMF were investigated. As seen in Figure 9, under the condition of 10 mg catalyst dosage, the fructose was almost completely converted, and the EMF yield was 36.1%. It can be observed in the figures that the increase of catalyst dosage from 10 to 20 mg increased the yield of EMF by about double, which was 72.5%. The highest EMF yield was obtained when the catalyst dosage was 30 mg, while the yield decreased slightly when the catalyst dosage was 40 mg and more. Therefore, 30 mg was chosen as the best catalyst dosage.
[image: Figure 9]FIGURE 9 | Effect of catalyst dosage on the alcoholysis of fructose. Reaction conditions: 1 mmol fructose, 5 ml ethanol, 1 h, and 140°C.
In addition, the possible mechanism for catalyzed conversion of fructose to EMF is shown in Figure 10. Fructose is dehydrated, dehydrogenated, and dehydrated to produce HMF under acidic conditions. Then, the acid site on the catalyst surface protonated with hydroxyl oxygen in HMF to form carbocation, followed by ethanol attack on carbocation, and finally formed EMF after proton migration (Amarasekara et al., 2008; Ohara et al., 2010; Yan et al., 2022).
[image: Figure 10]FIGURE 10 | Possible reaction mechanism for the conversion of fructose to EMF in ethanol catalyzed by UIO-66-SO3H(Amarasekara et al., 2008; Ohara et al., 2010; Yan et al., 2022).
Comparison With Reported Catalysts
The literature related to the one-step conversion of fructose to EMF is presented in Table 2, which compares the catalytic activity of the catalyst prepared in this study, UIO-66-SO3H, with other catalysts. For example, Dai et al. (2019) reported a solid organocatalyst, double hydrogen-bonded sulfonated polymer catalyst (D-SPC), to convert fructose to EMF in 18 h at 140°C with a maximum yield of 68.8%. Manjunathan et al., (2021) found a catalyst consisting of divinylbenzene (DVB) and sodium p-styrenesulfonate (SPSS) copolymerized with a sulfonated hydrophobic mesoporous organic polymer (MOP-SO3H) catalyst, which was able to achieve an EMF yield of 72.2% under the conditions of a bulk catalyst-catalyzed reaction. Bharath et al., (2021) immobilized the ultra-small Pd–Ru nanoparticles on the surface of 2D MXene nanosheets to produce a catalyst (Pd-Ru/MXene), which was reacted at 120°C for 2.5 h and was able to obtain a final EMF yield of 82%. Compared with the previous two catalysts, the catalyst prepared in this study has good catalytic effect. Meanwhile, the UIO-66-SO3H catalyst catalyzed the conversion of fructose to EMF in this experiment under lower conditions that were easily satisfied, and the reaction time was greatly reduced to achieve high catalytic effect.
TABLE 2 | Catalytic performance of UIO-66-SO3H compared to reported solid acid catalysts for the EMF synthesis from fructose.
[image: Table 2]CONCLUSION
In summary, we prepared the MOF material UIO-66 and functionalized it using chlorosulfonic acid under mild conditions to produce a series of sulfonic acid-functionalized MOF-based solid catalysts (UIO-66-SO3H). The catalyst was characterized, and the corresponding results showed that the sulphonic acid group was successfully bonded to the benzene ring on the metal–organic framework. In addition, the acid amount of the catalyst could be adjusted by changing the amount of chlorosulfonic acid, and the highest acidity of the catalyst reached 1.46 mmol/g. The as-prepared heterogeneous catalyst UIO-66-SO3H showed efficient catalytic performance for the one-pot conversion of fructose to biofuel EMF under cosolvent-free conditions. The effect of different reaction conditions on the catalytic reaction was systematically investigated, and the EMF yield of 80.4% could be obtained under the optimum reaction conditions. Compared with those previously reported, the catalyst prepared in this work has the advantages of easy preparation, mild reaction conditions, and a good catalytic effect. It is expected that our catalytic system can be further applied for the efficient production of biofuel EMF in industrial applications.
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5-Hydroxymethylfurfural (5-HMF) as a triply catalytic product is a value-added refining chemical in industry production. 5-HMF as biomass feedstock enables to be transformed into other high-value industrial compounds, such as 2,5-furandicarboxylic acid (FDCA), 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), 5-formyl-2-furancarboxylic acid (FFCA), 2,5-diformylfuran (DFF), 2,5-bis(aminomethyl)furan (BAMF), and 2,5-dimethylfuran (DMF). Hence, catalytic conversion of biomass into 5-HMF has been given much more attention by chemists. In this review, some latest studies about the conversion of cellulose to 5-HMF have been introduced systematically. Solid acids such as heterogeneous catalysts have been widely applied in the conversion of cellulose into 5-HMF. Therefore, some novel solid acids with Brønsted and/or Lewis acidic sites, such as sulfonated solid acids, carbon-based acids, and zeolite particles employed for biomass conversions are listed.
Keywords: 5-Hydroxymethylfurfural, cellulose, biomass resources, solid acids, selective conversion, heterogeneous acid catalysis
1 INTRODUCTION
With the progressive increase in consumption of unsustainable resources (e.g., crude oil, coal, and natural gas), the global energy crisis has been much of an emergency (Kittner et al., 2017; Wang et al., 2018; Sadhukhan et al., 2018; Ng et al., 2021). Many fossil fuels are exhausting rapidly with high emission of exhaust gases (e.g., carbon dioxide, sulfur dioxide, and nitric oxides); simultaneously, social and environmental problems such as acid rain and greenhouse effect are becoming more and more serious (Zhang et al., 2015; Venkata Mohan et al., 2016; Zhao et al., 2018; Li et al., 2020). At present, the promising strategy for improving the current issues of multicarbon energy via developing and searching for an alternative to fossil-based fuels has garnered much attention (Li et al., 2019a; Li et al., 2019b; Zhang H. et al., 2019; Nabil et al., 2021; Meng et al., 2022). Bioorganic carbon substances acting as sustainable and renewable biomass resources have a promising prospect for constructing a carbon-neutral society because of their abundance and wide existence in biological organisms, including straw, wood, and cotton as agroforestry biomass (Tan J. et al., 2021; De et al., 2020; Danish and Ahmad., 2018; Gazi, 2019; Zhang et al., 2021). In recent decades, biomass resources have been validated to be used as renewable and sustainable biomass materials, which are capable of being a pioneer in the field of alleviating resource shortage (Li et al., 2013; Li et al., 2014; Liu et al., 2015; Tareen et al., 2019; Kang et al., 2020). Lignocellulosic biomass is the most abundant content of renewable and sustainable biomass materials, considering further a building block for biomass resources (Tian et al., 2018; Mahajan et al., 2020). Because of its abundance, diversity, and inexpressiveness in merits, lignocellulosic biomass has a promising prospect for replacing fossil-based fuels in refining industrial production (Sánchez et al., 2019; Shen et al., 2020; Haldar et al., 2021). In essence, lignocellulosic biomass is a complicated bio-based substance including cellulose (30–50 wt%), hemicelluloses (20–40 wt%), and lignin (10–20 wt%) (Figure 1) (Sarip et al., 2016; Silva et al., 2018; Zhao et al., 2020). Cellulose is a polymer of glucose with varying degrees of polymerization; hemicellulose is a heteropolymer of pentose and glucose linked by β-1, 4-glycosidic bonds; lignin mainly consists of amorphous aromatic macromolecules (Cao et al., 2019; Mansora et al., 2019; Yang et al., 2020). In recent years, tremendous practical applications for cellulose converted selectively into some high value-added chemicals through multistep promotions have been focused (Li et al., 2017; Li X. et al., 2018; Wang H. et al., 2019; Slak et al., 2022), for instance, the efficient conversion of cellulose into levulinic acid by using cellulase-mimetic mesoporous solid acid (Shen et al., 2017), selective conversion of bio-based hemicellulose prehydrolysate to high-value succinic acid (Dalli et al., 2017), one-pot chemoenzymatic transformation of furfuryl alcohol from biomass (Qin and He., 2020), catalytic pyrolysis of cellulose into furan by solid acid catalysts (Nb2O5, γ-Al2O3, ZSM-5, and TS-1) (Zhu et al., 2021; Huang X. et al., 2022), and one-pot production of 5-hydroxymethylfurfural from cellulose using Brønsted-type catalysts (Al-SBA-15) (Shirai et al., 2017). Moreover, in pharmaceutical preparation, microcrystalline cellulose is a commonly used drug excipient, which is good for active drug molecules to be absorbed in the small intestine (Gadge, 2020; Benabbas et al., 2021). So, cellulose is a well-recognized commercial chemical.
[image: Figure 1]FIGURE 1 | Compositions of lignocellulosic biomass.
More significantly, 5-hydroxymethylfurfural (5-HMF), a high value-added chemical, is a selective dehydration product of monosaccharides (e.g., glucose and fructose) or acid-catalyzed dehydration/hydrolysis of cellulose, which can become a versatile bio-carbon platform compound for upgrading other valuable refining industrial chemicals (Heo et al., 2021; Meng et al., 2022). 5-HMF is essentially a furfural derivative bearing hydroxymethyl (–CH2OH) and aldehyde group (CH = O) distributed at 1, 4-positions of the furan ring, which can be responsible for upgrading 5-HMF into value-added chemicals via oxidation and/or reduction. In the commercial survey, the 5-HMF’s market share will be predicted to reach up to EUR 55 million in 2024 (MarketWatch, 2019). Hence, 5-HMF as a refining chemical product devotes a great contribution to sustainable biorefinery, and 5-HMF as a core stock presents a powerful tool in the synthesis of antihypertensive, antidepressant, antianxiety, and anti-inflammatory drugs (Espro et al., 2021).
For the past few years, selectively catalytic conversions of cellulose into refining high-value chemical of 5-HMF over various potent solid acids have been paid much more attention (Flores-Velázquez et al., 2020; Liu G. et al., 2022; Liu S. et al., 2022). Many efficient solid acids as catalysts with novel carbon frameworks have been developed and utilized in selective biomass conversions. The related investigations on some protocols for cellulose converted into 5-HMF loading heterogeneous solid acids have been only briefly documented and discussed in previous published reviews (Shen et al., 2020; Xu et al., 2020; Tempelman et al., 2021; Slak et al., 2022). In this review, numerous recent applications of the selective conversions for cellulose into 5-HMF as a high value-added industrial chemical are emphasized via heterogeneous catalysis. Moreover, solid acids as potent heterogeneous catalysts comprising Brønsted and/or Lewis acidic sites are discussed in affecting the selective conversion of cellulose into 5-HMF. Therefore, summarizing heterogeneous solid acid catalysts with novel frameworks enables us to further understand their role in the selective conversion of cellulose.
2 CELLULOSE BIOMASS
Cellulose, one of the major components of lignocellulosic biomass, is composed of D-glucose linked by β-1,4-glycosidic bonds, having 30–50 wt% in quantity (Qi et al., 2018; Zhao et al., 2020; Vanderfleet et al., 2021). Conventionally, cellulose has both microcrystalline and amorphous forms (Haan et al., 2007; Wang et al., 2021). Microcrystalline cellulose as a stable carbohydrate with a robust crystalline structure is not sensitive to acidic conditions, as compared to amorphous cellulose without a densely packed region that can form an ordered matrix. Herein, it is worthy to be noted that the formation of the ordered matrix for polysaccharides can effectively inhibit the contact of acids with 1, 4-glycosidic bonds in the bulk phase (Heinze, 2015; Tkachenko et al., 2021). For instance, the hydrolysis of microcrystalline cellulose into glucose in the presence of solid acids (e.g., sulfonated active carbon (AC-SO3H), magnetic solid acid (Fe3O4-SBA-SO3H), and macroporous resin Amberlyst 15) was just tolerated to be 40.5, 21, and 15% in yields of glucose, respectively (Onda et al., 2009; Lai et al., 2011). To the best of our knowledge, D-glucose is a product of complete hydrolysis of cellulose; additional hydrolysates of cellobiose and cellotriose are products of partially hydrolyzed cellulose (Guo et al., 2019; Lehrhofer et al., 2022). They are usually utilized as the main feedstock for the preparation of high value-added industrial chemicals because of multiple hydroxyl groups present in their molecular skeletons. These hydroxyl groups are reckoned as efficient reaction sites that enable interaction with Brønsted/Lewis acidic sites originating from potent solid acid catalysts (Figure 2). Therefore, the interaction between cellulose/cellobiose/cellotriose/D-glucose and acid catalysts is beneficial for the 1, 4-glycosidic bond/C-O bond to be broken down and hydroxyl groups to be dehydrated in biomass conversions.
[image: Figure 2]FIGURE 2 | General route to selective biomass conversions of cellulose to glucose.
3 5-HYDROXYMETHYLFURFURAL AND ITS REACTIVITY
3.1 Overview of 5-Hydroxymethylfurfural
5-HMF is a selective transformation product of cellulose (polysaccharide) through consecutive acidic hydrolysis, isomerization, and dehydration, which, at the same time, has been awarded to be the promising candidate of the “top 10 + 4” bio-based key platform compounds by the U.S. Department of Energy because it is capable of being a bridge between biomass feedstock and value-added industrial chemicals (Hu et al., 2020; Thoma et al., 2020). 5-HMF is a five-membered heterocyclic compound comprising one furan ring as the parental skeleton and one hydroxymethyl and aldehyde group located at 2, 5 positions that is permitted to be converted efficiently into various high-quality fuels and value-added chemicals by the oxidation and/or reduction reactions for the hydroxymethyl and/or aldehyde group(s).
3.2 Reactivity of 5-Hydroxymethylfurfural
The oxidation/reduction of 5-HMF can yield furanic derivatives such as 2, 5-furandicarboxylic acid (FDCA), 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), 5-formyl-2-furancarboxylic acid (FFCA), 2, 5-diformylfuran (DFF), 2, 5-bis(aminomethyl)furan (BAMF), (tetrahydrofuran-2, 5-diyl)dimethanol (THFDM), 2, 5-dimethyl furan (DMF), and 5-methylfuran-2-carbaldehyde (MFC), which undergo oxidation/reduction of formyl and/or hydroxymethyl group(s) of 5-HMF to various extents (Figure 3).
[image: Figure 3]FIGURE 3 | Transformation of 5-HMF into its derivatives.
3.2.1 Reactivity for Oxidation
As taken, for example, the refining chemical of HMFCA was afforded through the selective aerobic oxidation for the formyl moiety of 5-HMF in the presence of Ag/ZrO2 catalysts, with more than 98% in yield (Schade et al., 2018). In the preparation of FFCA oxidized selectively from 5-HMF, CuO-CeO2, Ru/Al2O3, and MnO2–NaHCO3 mixed oxides were, respectively, used as a cheap and stable catalyst for catalytic conversion of 5-HMF into FFCA, and with the aid of diatomic oxygen as the oxidant in aqueous solution; the selectivity and conversion for FFCA showed good performance through the selective chemical oxidation (Ventura et al., 2016; Danielli da Fonseca Ferreira et al., 2018; Hayashi et al., 2019). Furthermore, the accessible approach to the selective oxidation of 5-HMF into DFF proceeded well by means of a Mn-based heterogeneous catalyst, with >99% selectivity and 100% conversion (Chen et al., 2019; Ke et al., 2019). As well, the photosensitive catalyst of WO3/g-C3N4 used as an electronic donator under visible light illumination could initiate catalytic oxidation of the 5-HFM solution at a certain concentration, retaining 87% in the selectivity of DFF (Wu et al., 2017). With a similar effect to photochemical oxidation, electrochemical oxidation becomes another available access from 5-HMF to FDCA. Bimetallic NiFe-layered double-hydroxide nanosheets loaded on carbon fiber paper and nickel boride decorated on the surface of Ni foam as electrodes were, respectively, testified to be potent in the electrochemical oxidation of 5-HMF into FDCA, with the yields of 99 and 98%, and excellent selectivity and conversions (Barwe et al., 2018; Liu et al., 2018). Based on the aforementioned experimental facts, it is definitely confirmed that the chemical oxidation of 5-HMF is indeed an effective gateway to the synthesis of further valuable refining chemicals in industrial production.
3.2.2 Reactivity for Reduction
In terms of reduction for 5-HMF, the promising green solvent of DMF used as a “second-generation biofuel” is obtained by catalytic hydrogenation of 5-HMF (Rothamer and Jennings, 2012; Nishimura et al., 2014). In the investigation of direct hydrogenation of 5-HMF to DMF, a series of noble (Ru-, Pt-, and Pd-based) and non-noble (Ni- and Co-based) metal complexes are usually utilized to be potent Lewis acid sites in designing novel solid acids. In 2019, the reduction of 5-HMF into DMF was smoothly promoted by non-/noble metal-based solid acids, assisting hydrogen gas as a hydrogen source (Wang X. et al., 2019). In the same year, the Co-based metal catalyst of Co-(ZnO-ZnAl2O4) gave a 74% yield of DMF converted from 5-HMF (An S. et al., 2019). Simultaneously, the developed Co–graphene nanoparticle employed in the hydrogenation of 5-HMF to DMF was estimated definitely to be validated in the conversion of 5-HMF into DMF (Yang et al., 2019). Excitingly, 97% conversion of 5-HMF and 93% selectivity of DMF were successfully achieved by the utilization of the bimetallic Cu–Fe complex as a non-noble metal catalyst (Solanki and Rode, 2019). Significantly, the application of a non-noble bimetallic Cu–Ni electrode for the electrocatalytic reduction of 5-HMF into DMF was also in effect with the achievement of 91% conversion and 88% Faradic efficiency (Zhang Y. R. et al., 2019). Moreover, the commercial and valuable chemical BAMF prepared from 5-HMF as a feedstock was smooth to be on the run through the application of the combination of Ru/Nb2O5 and [Ru(CO)ClH(PPh3)3]/xantphos system (Komanoya et al., 2017). Afterward, the heterogeneous Ru-based catalyst reported by Pingen et al. was utilized for the one-pot amination of HMF to BAMF, exhibiting to be potent solid acid, with a 90% in yield of BAMF (Pingen et al., 2018).
All in all, the refining chemical of 5-HMF is a crucial building block for the synthesis of deeply high value-added chemicals in industry production and is also a significant selective catalyzed hydrolysis/dehydration product of cellulose. In recent years, the merits of 5-HMF as a feedstock utilized for upgrading high value-added industrial chemicals have appeared obviously in biomass conversions. However, the difficulty of selective conversion of cellulose into 5-HMF is still a necessity to be overcome, especially for the development of highly efficient catalysts for large-scale productions.
4 THE GENERAL PATHWAY FOR CONVERSION OF CELLULOSE INTO 5-HYDROXYMETHYLFURFURAL BY ACID CATALYSTS
With the microcrystalline or amorphous form of cellulose coming up, it is usually utilized as a biomass raw material for the synthesis of various refining chemicals such as glucose, fructose, and 5-HMF. The selective conversion of cellulose into D-glucose is essentially a crucial step for other high valuable refining chemicals obtained from lignocellulosic biomass (Inoue et al., 2021; Yao, 2022). D-glucose as the complete hydrolysate of cellulose, with a six-membered ring framework, is flexible to be isomerized into a five-membered ring skeleton of fructose under acidic conditions. The intermediate of fructose bearing five hydroxyl groups in the conversion of cellulose can be transformed readily to 5-HMF by autocatalytic systems under heating surroundings. Certainly, the autocatalytic system in determining the conversion and selectivity of 5-HMF is closely related to the reaction temperature, being in direct proportion at a certain range. Nevertheless, the excessive temperature limits the conversion and selectivity of 5-HMF (Bocanegra et al., 2021; Lyu et al., 2022).
Catalysis is an effective strategy for producing refining industrial chemicals from biomass feedstock, which is able to lower the active energy of the reaction system and improve reaction conditions, as well as promote conversion and selectivity (Lange, 2021; Witzel et al., 2021). Catalysts acting as initiators of catalysis can be divided into homogeneous and heterogeneous coordinators (Bai et al., 2021; Taipabu et al., 2021). In the conversion of cellulose into 5-HMF, although homogeneous acid catalysts such as enzymes, mineral salts or acids, and supercritical water can overcome the resistance to degradation of cellulose for preparation of high-value chemicals, serious drawbacks for product separation, corrosion hazard, waste fluids, and severe reacting conditions are emerged obviously (Güell et al., 2015; Wang et al., 2021a; Chai et al., 2021). As compared to homogeneous acid catalysts, heterogeneous acid catalysts showing many merits, such as efficient conversion and selectivity, flexible separation, and low toxicity, have been extensively and popularly applied to industrial production and scientific research (Huo et al., 2015; Sun et al., 2016; Tan X. et al., 2021). To further understand the role of a heterogeneous acid catalyst in biomass conversions, exploring the mechanism of product 5-HMF converted from cellulose is favorable for novel catalyst design and improvement of hydrothermal conversion for biomass. As far as we know, a number of acid catalysts promoting the conversion of biomass are being on the same catalytic pathway involving Brønsted acid catalysis and Lewis acid catalysis (Scheme 1).
[image: Scheme 1]SCHEME 1 | Plausible pathway of 5-HMF converted from cellulose by solid acids.
4.1 Brønsted Acid Catalysis
In Brønsted acid catalysis, Brønsted acids are often considered to be potential catalysts in catalysis because of enabling the release of hydrogen ions (H+) in an aqueous solution via dissociation. H+ can protonate oxygen atom(s) in the 1, 4-glycosidic bond and/or pyranose ring. Subsequently, by undergoing the half-chair conformational isomerization of the oxygen atom neighboring C1 position of the anhydroglucose unit, it can bring about the formation of carbenium ion, presenting the cleavage of the C-O bond. Finally, in the presence of a water molecule, the carbenium ion interacted with the water molecule, enabling to reconstruct of the anomeric center to form D-glucose. After the formation of D-glucose, the isomerization of D-glucose into fructose occurs successively in acidic surroundings (Scheme 2) (Rinaldi and Schüth, 2009; Van Putten et al., 2013; Yamabe et al., 2013; Kang et al., 2018; Zhao et al., 2021). In this process, the critical intermediate of 1, 2-enediol is formed via a 1, 2-hydride shift that occurred in glucose. And then, as following steps of two 1, 2-eliminations, one 1, 4-elimination, and a ring closure in 1, 2-enediol, the promising production of 5-HMF is converted successfully from cellulose. Totally, the aforementioned pathway of 5-HMF converted from cellulose can be summarized by the following steps: 1) the protonation of oxygen atoms in the 1, 4-glycosidic bond and/or pyranose ring; 2) the cleavage of carbon–oxygen bond; 3) nucleophilic attack of water; 4) isomerization of glucose into fructose; and 5) successive dehydration (Zhao et al., 2021).
[image: Scheme 2]SCHEME 2 | Brønsted acid-catalyzed hydrolysis mechanism of cellulose into 5-HMF.
4.2 Lewis Acid Catalysis
In comparison with Lewis acid catalysis, Lewis acids inhering empty orbits can accept electron pairs in chemical concepts (Marqués et al., 2021). In other words, acidic sites of Lewis acids are capable of being transformed into Brønsted acidic sites by combination with pairs of electrons donated from protic solvent, which can be responsible for the isomerization of glucose into fructose (Delidovich and Palkovits., 2015; Xu et al., 2017). In previous research studies, Lewis acidic sites of catalysts utilized for the aldose–ketose isomerization were conducted well because they could effectively promote the formation of enol intermediates (Charmot and Katz, 2010; Choudhary et al., 2013). Therefore, the general mechanism for Lewis acid-catalyzed isomerization can be summarized in two steps: one is the enolization of aldose, and the other is the 1, 2-hydride shift, both of which favor the isomerization of aldose into ketose. Moreover, in terms of glucose–fructose isomerization with Lewis acid, the isomerization promoted by Lewis acid (MxLy) should first follow the interaction of L of MxLy with H of hydroxyl groups attached to the glucose skeleton. Afterward, under heating conditions, the formation of the five-membered complex occurs immediately, resulting from the coordination between M (Lewis acidic site) and two oxygen atoms (electron donors) in glucose. Then, the complex is authorized to be transformed into the corresponding enol intermediate through undergoing ring opening, which is subsequently isomerized into fructose. Eventually, as for the step of 5-HMF converted from fructose as an isomer of glucose, fructose is permitted to be directly dehydrated into 5-HMF with the assistance of the Brønsted acidic site (Scheme 3) (Hu et al., 2009; Zhao et al., 2021).
[image: Scheme 3]SCHEME 3 | Lewis acid-catalyzed hydrolysis mechanism of cellulose into 5-HMF.
5 APPLICATIONS OF ACID CATALYSTS TO CONVERSIONS OF CELLULOSE BIOMASS INTO 5-HYDROXYMETHYLFURFURAL
Based on the aforementioned propositions of general pathways for conversions of cellulose into 5-HMF by Brønsted and Lewis acids, numerous heterogeneous acid catalysts with novel frameworks incorporating Brønsted and/or Lewis acidic sites have been emerging consecutively, such as sulfonated solid acid catalysts (Brønsted acidic sites), carbon-based acid catalysts (Brønsted acidic sites), M-zeolite acid catalysts (Lewis acidic sites), and heteropoly acid catalysts (Brønsted and/or Lewis acidic sites). Simultaneously, numerous achievements regarding biomass conversions have adequately convinced us that heterogeneous novel acid catalysts have a good promising prospect in biomass conversions.
5.1 Resin-Based Sulfonated Solid Acid Catalysts
Resin-based sulfonated solid acids as potent heterogeneous catalysts have achieved good results in biomass conversions, resulting from the presence of sulfonic groups (-SO3H) on the frameworks of catalysts. The sulfonic groups are essentially Brønsted acidic sites, with strong acidity. In recent years, some novel resin-based sulfonated acid catalysts have been reported in the application of biomass conversions to high-value chemicals, with good results. The novel Cl-containing resin-based solid acid catalyst (Cl0.3-S-R) bearing with -Cl and -SO3H was synthesized by a simple hydrothermal method through the polymerization of o-chlorophenol and p-hydroxybenzenesulfonic with formaldehyde. Sulfonated solid acid with 1.47 mmol/g SO3H density on the external surface was thought to be an effective catalyst for corn stover conversion to 5-HMF and furfural production. Notably, cellulose is a major component of corn stover. In experimental results, the Cl-containing sulfonated acid catalyst exhibited a superior catalytic activity in the catalytic transformation of corn stover to 5-HMF in a 1,4-dioxane/H2O biphasic system, yielding a product of 5-HMF in a yield of 43.8% and the by-product of furfural in a yield of 38.1% (Figure 4) (Yang et al., 2021).
[image: Figure 4]FIGURE 4 | Route of cellulose converted into 5-HMF promoted by a solid acid catalyst (Cl0.3-S-R).
Afterward, with the assistance of microwave irradiation, employment of the catalyst SC-FAR-800 to the selective conversions of fructose, glucose, cellobiose, and cellulose into 5-HMF was exhibited to be in effect to varying extent, with the yields of 5-HMF being on 89.35, 38.17, 42.6, and 14.73%, respectively, indicating that fructose is a more appropriate feedstock for the synthesis of 5-HMF (Figure 5) (Huang T. et al., 2022). Moreover, the SC-FAR-800 is a furfuryl alcohol resin-based sulfonated acid catalyst, containing multiple sulfonic acid moieties with an acid density of 3.43 mmol/g. Moreover, by the techniques of SEM and BET, the irregular mesoporous structure of the sulfonated solid acid SC-FAR-800 was observed to be a specific surface area of 32.56 m2/g, an average pore size of 0.018 cm3/g, and a pore volume of 3.25 nm, which could be accountable for the efficient conversions of biomass.
[image: Figure 5]FIGURE 5 | Catalyst SC-FAR-800 employed for biomass conversions into 5-HMF, with the assistance of microwave irradiation.
5.2 Carbon-Based Acid Catalysts
Carbon is the most basic element in bio-organism. Carbon-based materials such as activated carbon (AC), graphite, hydrothermal carbon, graphene, and carbon nanotube (CNT) have been in popularity in the design of novel functional carbon-based materials because carbon-based materials as potential supporters are capable to be in charge of the construction of novel frameworks. The novel Nb–carbon composite is a class of bifunctional carbon-based catalysts in possession of varying amounts of Brønsted and Lewis acid sites, which are able to be prepared by means of the hydrothermal carbonization method. Relying on the determination of catalytic activity for the hydrolysis and dehydration of cellulose, the agglomerated particle of Nb/C-50 can effectively enhance the selectivity of 5-HMF, which was achieved with a 53.3% yield of 5-HMF in a THF/H2O biphasic system at 170°C for 8 h (Figure 6) (Li Z. et al., 2018).
[image: Figure 6]FIGURE 6 | Hydrolysis and dehydration of cellulose promoted by Nb/C-50 as a carbon-based catalyst.
With the development of effective approaches to conversions of biomass, the eco-friendly and energy-efficient methods for cellulose conversion to 5-HMF were developed using modified activated carbon (AC) immobilized with metal ions. Activated carbon (AC) is a common carbon-based material. Via the treatment of diluted acid H2SO4, H3PO4, and HCl, it can, respectively, gain modified activated carbon supporters (ACS, ACP, and ACH). These supporters undergoing the immobilization of metal ions (M+n = Cr+3, Fe+3, Cu+2, Zn+2, K+, and Al+3) in aqueous media were successfully transformed into carbon-based catalysts M-ACS/ACP/ACH. In the identification of catalytic activity, a potent metal carbon-based Cr-ACS catalyst was identified to be effective for 5-HMF conversion from cellulose, assisting ionic liquid [Bmim]Cl as a medium. Of course, it is emphasized here that immobilized metal ions can effectively improve Lewis acidic sites on the surface of catalysts (Tyagi et al., 2018).
In the same year, the supporter of graphite-like mesoporous carbon material Sibunit had been documented by Gromov et al. (2018). Virtually, the supporter is also a carbon-based material. As a result of its inherent mesoporous properties, the carbon Sibunit treated by the following procedures of sulfonation, oxidation, and additional reaction for all the oxidized carbons sulfonated at 200°C was developed for the successive solubilization, hydrolysis, and dehydration of cellulose into 5-HMF in a one-pot reaction. The depolymerization of microcrystalline cellulose began at 180°C in water, in the presence of sulfonated carbon Sibunit solid acid. The main product 5-HMF could be achieved with the maximum yield of 22%, which was possibly ascribed to the formation of acidic groups (sulfuric, phenolic, and carboxylic groups) on the external surface of the carbon Sibunit (Figure 7) (Gromov et al., 2018).
[image: Figure 7]FIGURE 7 | Sulfonated carbon Sibunit synthesized by using mesoporous graphite.
Similarly, novel supporters of hydrothermal carbons (HTCs) as sugar-derived carbon materials prepared from monosaccharides are allowed to be obtained by suitable hydrothermal carbonizations (including reaction temperature and time). Subsequently, the resulting HTCs following the sulfonation can be transformed into potential novel carbon-based solid acids. The carbon-based acid (HTC220-6-SO3H) acting as a representative example was afforded through the hydrothermal carbonization of glucose for 6 h at 220°C, and subsequently the sulfonation for 15 h at 150°C. The HTC220-6-SO3H solid acid acting as a novel catalyst exhibited relatively high catalytic activity for the selective hydrolysis of cellulose and dehydration of fructose, indicating that sulfuric acidity (Brønsted acidity) can be responsible for the conversion to glucose and 5-HMF, with 43.63 and 20.29% yields of glucose and 5-HMF, respectively (Wataniyakula et al., 2018).
Bio-carbon is one of the most promising carbon-based materials. Cellulose, acting as a representative bio-carbon, is usually considered to be a biomass raw feedstock for biomass conversions and an effective supporter for carbon-based catalysts. In recent studies, the supporter of cellulose via moderate formylation was facilely developed for cellulose formate (CF) production. The CF production with a special net-like structure and a high degree of formyl substitution was successfully applied to the selective conversions of cellulose biomass, assisting co-catalyst of HCl-AlCl3 and co-solvent of DMSO-H2O (Figure 8) (Jin et al., 2021). The exhibitions of conversion and selectivity to 5-HMF appeared to be excellent, as compared to monomeric glucose as another bio-carbon supporter (Table 1).
[image: Figure 8]FIGURE 8 | Selective conversions of cellulose biomass initiated by cellulose formate (CF) with the aid of co-catalyst and co-solvent.
TABLE 1 | Comparison of the cellulose to 5-HMF catalyzed by FeCl3, RuCl3, TiCl3, and VCl3 in the biphasic system (with or without NaCl in aqueous phase). (Jin et al., 2021)
[image: Table 1]5.3 Zeolite Catalysts
To the best of our knowledge, the framework of zeolite presents a promising constitution for a novel solid catalyst. In general, once non-/noble metal ions are inhered on the external surface of a zeolite structure, the catalytic activity of metal–zeolite material will be effectively improved, due to the enhancement of pore volumes and Lewis acidic sites on the external surface of the metal–zeolite occurred. In 2020, the access gateway of non-/noble metal ions (Cu+2 and Cr +3) loaded on the external surface of ZSM-5 zeolite particles to the establishment of Cu-Cr-based zeolite was achieved by means of the ion exchange method. The highly crystalline Cu–Cr/ZSM-5 zeolite applied to the catalytic conversion of glucose into 5-HMF was smoothly initiated under suitable conditions, with good performance in conversion and selectivity (Chung et al., 2020).
Catalytic activity is always the key index for evaluating the performance of catalysts. Some classic zeolites of HY, Hβ, H-mordenite, and HZSM-5 as conventional solid catalysts are further discussed in catalytic activities for biomass conversions. In 2021, Zheng et al. (2021) reported on selective conversions of cellulose and starch over classic zeolites. The experimental results indicated that Hβ zeolite having appropriate Brønsted and Lewis acid sites becomes an effective promoter for furfural conversion from cellulose and starch. Simultaneously, HY zeolite with weak acidity is a flexible access to the transformation of 5-HMF from starch. H-mordenite and HZSM-5 zeolites bearing fewer Lewis acid sites on their external surfaces enable to inhibit the isomerization from glucose to fructose. On the whole, the generation of 5-HMF is closely correlated to the acid properties of zeolites. Simultaneously, it is confirmed that the acidity of zeolites can determine the target product formation.
Furthermore, the multifunctional zeolite catalyst (Ru/HY-SO3H) was developed by the introduction of Lewis and Brønsted acidic sites on the surface of zeolite for the selective cellulose conversion to 5-HMF, which was successfully prepared under metal immobilization and sulfonation (Wang et al., 2021b). Under light illumination and low temperature (120°C), the Ru/HY-SO3H, with the help of an ionic liquid/methyl isobutyl ketone biphasic medium, was capable of being a potent solid acid catalyst for the production of 5-HMF converted from cellulose. More significantly, the external surface of Ru/HY-SO3H irradiated by high-intensity light could be initiated on the plasmon resonance effect for the direct cellulose conversion, with a 48.4% yield of 5-HMF as selective production. Nevertheless, as compared to precursors of Ru/HY-SO3H, the promotions for selective conversion to 5-HMF by HY and Ru/HY were being on less in yields under the same conditions (Figure 9). It is implied that the formation of the plasmon resonance effect on the external surface of Ru/HY-SO3H can enhance more acidic sites for the selective conversion of microcrystalline cellulose.
[image: Figure 9]FIGURE 9 | Performance on cellulose conversion over zeolite catalysts (Ru/HY-SO3H, Ru/HY, and HY) with/without light irradiation in a biphasic system.
Pham et al. (2020) disclosed a series of bifunctional sulfonated mesoporous silica materials used for the conversion of cellulose into 5-HMF in the Teflon-lined stainless steel reactor. These mesoporous silica catalysts (Zr-MCM-41) synthesized following the in situ method and sulfonation were given varied Brønsted acidic sites, which were identified by NH3-TPD analysis. Under heating for 2 h at 170°C, the sulfonated acid of S-15Zr-MCM-41 (73.44 wt% in silicon, 14.78 wt% in zirconium, and 11.78 wt% in sulfur) was allowed to be 70.2 and 16.4% in the conversion of cellulose and selectivity of 5-HMF, which were more than MCM-41 without sulfonation being on the conversion and selectivity of 15.2 and 1.3%.
5.4 Heteropoly Acids
Heteropoly acids (HPAs) are a type of unique combination of hydrogen cations and polyoxometalate anions, which are composed of transition metal–oxygen anion clusters. Stable heteropoly acid (HPA) with strong Brønsted acidity and mild Lewis acidity is reckoned as an effective solid acid that is significant for the efficient conversion of renewable biomass to valuable chemicals. In 2015, a novel ionic crystal of metal-based HPA was emerged in the conversion of monosaccharides into 5-HMF. Cs2[Cr3O(OCC2H5)6(H2O)3]2[α-SiW12O40] acting as an HPA ionic crystal was witnessed to be a novel heterogeneous acid catalyst, with identifying components (W, 49.37; Cr, 6.83; Cs, 5.85; Si, 0.61 wt.%), in the dehydration of fructose or glucose into 5-HMF. The effects for fructose or glucose selectively dehydrated into 5-HMF were being on desirable results that were, respectively, 86 and 56% in yields of 5-HMF in DMSO media. In further investigation, the experimental results were demonstrated that lower Brønsted acidity of the HPA ionic crystal profits for the stabilization of 5-HMF with weak polarity, which may be a rational explanation for better catalytic performance of the HPA ionic crystal, as compared to conventional HPA (H4SiW12O40) (Yi et al., 2015). In 2020, a novel strategy for synthesizing a series of temperature-responsive HPA catalysts (ChnH5-nCeW12O40, n = 1–5) was proposed by Lai et al. The Ce-based HPA of ChH4CeW12O40 was responsible for one-pot production of 5-HMF from cellulose, with the achievement of 67.5% in yield in a biphasic system (Figure 10) (Lai et al., 2020).
[image: Figure 10]FIGURE 10 | Synthesis and application of Fe3O4@SiO2/PHA in glucose conversion.
In addition, in terms of catalytic dehydration of fructose to 5-HMF by HPA, the newly plausible pathway for PW12-ILs-C4-HNS-catalyzed dehydration process of fructose to 5-HMF in DMSO was proposed by An Z. et al. (2019) (Scheme 4) (An Z. et al., 2019).
[image: Scheme 4]SCHEME 4 | Proposed mechanism for selective conversion of fructose into 5HMF with the assistance of DMSO.
As shown in Scheme 3, the media molecule of DMSO is first activated by an active proton originating from PW12-ILs-C4-HNS. Then, the interactions between the activated DMSO and fructose happened through the formation of hydrogen bonds. With the release of H2O, the intermediate of enol A is formed. Enol A is transformed to corresponding aldehyde B (2, 5-anhydro-D-mannose) via isomerization. Afterward, the dehydrated product C is authorized to transform into 5-HMF via successive dehydration in the presence of PW12-ILs-C4-HNS and activated DMSO. PW12-ILs-C4-HNS as a novel PHA is a multicomponent solid acid, composed of phosphotungstic acid (H3PW12O40) and organosilica ((EtO)3 Si-ILs-C4) via immobilization to form corresponding organosilica hollow nanospheres. In terms of the organosilica hollow nanospheres, it was clearly figured out that H3PW12O40 of PW12-ILs-C4-HNS HPA is a Brønsted acid site, enabling strong electrostatic interactions with ILs. In practical biomass conversion application, the PW12-ILs-C4-HNS PHA exhibited excellent catalytic capacity and selectivity for acid-catalyzed dehydration of fructose to 5-HMF, under the conditions of DMSO as good media and heating for 2 h at 100°C. Moreover, the data of 93.7 % yield of 5-HMF and over six catalytic cycles were adequately witnessed that PW12-ILs-C4-HNS PHA is a cost-effective and environmentally benign catalyst (An S. et al., 2019). Similarly, glucose as a common monosaccharide, used as biomass feedstock to be upgraded into high value-added chemicals, has attracted extensive attention (Han et al., 2018; Li X. et al., 2018; Wei and Wu., 2018). The establishment of HPW-Nb2O5 calcined at 300°C to the selective conversion of glucose into 5-HMF was promptly documented in 2020 (Siqueira Mancilha Nogueira et al., 2020). The HPW-Nb2O5 was prepared through the combination of Nb2O5 (HY-340) as a support with H3PW12O40 as an active phase and subsequently calcination at 300°C. In optimizing reaction conditions, reaction temperature, reaction media, substrate concentration, and catalyst amount as essential factors were evaluated via Taguchi’s L16 experimental design. As a result, glucose at a concentration of 50g/L was allowed to be efficiently converted to 5-HMF (40.8% in yield), loading the HPW-Nb2O5 PHA (5%, w/v), with acetone–water media (1:1, v/v in ratio) at 160°C.
5.5 Other Solid Acids
In addition to aforementioned heterogeneous solid acids, other solid acids are still able to exhibit excellent catalytic activity for biomass conversions. The 2Al/SBA-15 catalyst containing 9.70 wt% in Al with a high amount of medium acid sites was permitted to be synthesized by means of the atomic implantation method. Because of the incorporation of appropriate Al amount into the framework of SBA-15, solid acid could present medium and strong acidic sites. Moreover, the catalytic activity and selectivity for the 2Al/SBA-15 were testified in the degradation of cotton cellulose to 5-HMF under mild hydrothermal conditions, with the performance of 2Al/SBA-15 in cellulose transformation with 5-HMF yield and selectivity of 68.5 and 62.1%, which was better than that of 3Al/SBA-15 (12.56 wt% in Al) with 46.03 and 64.49% in yield and selectivity of 5-HMF. The cause might be attributed to the formation of Al2O3 particles covering the acid sites created after the second Al layer deposition (Pham et al., 2019).
D-glucose, a complete hydrolysate of cellulose, is usually used as biomass raw material to synthesize refining industrial substances in biomass conversions. Actually, the conversion of glucose into 5-HMF is a crucial intermediate step for cellulose being converted to 5-HMF. Considering the convenient separation of a catalyst from the mixture, a magnetic solid acid Fe3O4@SiO2/PHA was prepared by phosphotungstic acid (Brønsted acid) supported on magnetic nanoparticles (Fe3O4) coated by SiO2 (Figure 11) (Wang Y. et al., 2019). The magnetic solid acid in possession of good recovery by an external magnet could be on the run for four cycles in the glucose conversion to 5-HMF, without catalytic activity declining significantly.
[image: Figure 11]FIGURE 11 | Ce-based HPA of ChH4CeW12O40 was synthesized and applied to the selective conversion of cellulose to 5-HMF under heating conditions.
In addition, heterogeneous catalysis asks for the catalyst and catalytic substrate to be in a varying phases and interacted on the external surface of the catalyst. Briefly, the catalyst is disabled to be dissolved in the solvent in the catalytic system. Therefore, inorganic metal salts are considered to be potential heterogeneous catalysts in the organic solvent. In 2019, an efficient strategy for one-pot conversion of microcrystalline cellulose into 5-HMF was introduced by the employment of non-/noble metal salts (e.g., FeCl3, RuCl3, VCl3, TiCl3, MoCl3, and CrCl3) in a biphasic system. The catalytic results demonstrated that RuCl3 as a potent catalyst exhibits excellent performance in the selectivity and conversion, with 83.3 and 87.5% in yield and selectivity of 5-HMF, in the NaCl aqueous/butanol biphasic system. Notably, the decrystallization and cleavage of 1, 4-glycosidic bonds in cellulose were able to be promoted through the interaction between transition metal chloride and cellulose, and subsequently, the consecutive isomerization, dehydration, and elimination of glucose being transformed into 5-HMF occurred (Yan et al., 2019).
In the same year, a hydrothermal solid acid (Yb6(BDC)7(OH)4(H2O)4) containing both bridging hydroxyls and metal-coordinated waters was introduced by Burnett et al. in glucose biomass conversions. The stable ytterbium metal–organic framework in possession of Brønsted and Lewis acid sites was considered to be a bifunctional catalyst, by which the conversion of glucose to 5-HMF was achieved successfully with 70% in selectivity in aqueous media (Burnett et al., 2019). With a similarity to the promotion of glucose into 5-HMF by Yb6(BDC)7(OH)4(H2O)4 in water, transition metal–oxide nanosheet aggregates, such as HNbWO6, HNb3O8, and HTiNbO5, were prepared by means of successive exfoliation and aggregation of layered metal oxides, which were good for yielding 5-HMF under hydrothermal conditions. In the conversion performance for 5-HMF, the catalytic capacities of these aggregated nanosheets were much better than that of ion-exchange resins and H-form zeolites under the same conditions. Meanwhile, it found that HNbWO6 nanosheets with an acid amount of 0.34 mmol/g exhibited higher selectivity for glucose conversion in the H2O–toluene biphasic system than fructose conversion (Takagaki, 2019). As a developing catalytic pathway of biomass conversion, a catalytic fast pyrolysis of cellulose biomass yielding value-added platform chemical 5-HMF was initiated over zirconium–tin mixed metal oxides (ZrO2–SnO2). The ZrO2–SnO2 metal oxide with 15 wt% Zr loading was mainly in charge of the increase in 5-HMF yield and selectivity, in a catalyst-to-cellulose ratio of 2/1, at 350°C as a pyrolysis temperature. In testifying the catalytic scope of ZrO2-SnO2-15 as a catalyst, various saccharides, such as cellobiose, maltose, glucose, and mannose, used as biomass stocks for selective conversion to 5-HMF were, respectively, evaluated under the same conditions. The conversion results indicated that the effects for the 5-HMF yield of glucose and mannose are slightly different, with 5-HMF yields of 12.16 wt% and 11.07 wt%. Maltose and cellobiose are deemed to be a dimer of amylose and cellulose, including, respectively, α- and β-O-4 glycosidic bonds. In their selectively catalytic pyrolysis, the yield of selective product 5-HMF from maltose and cellobiose were, respectively, 14.63 wt% and 14.21 wt% over ZrO2-SnO2-15 catalysts, which may be more conductive for α- and β-O-4 glycosidic bonds (Li Y. et al., 2021).
6 CONCLUSION AND OUTLOOK
More efficient biomass conversions into various refining chemicals become a hot topic of lower carbon energy regeneration and sustainability. Cellulose is the most abundant bio-based component in lignocellulosic biomass, with both microcrystalline and amorphous forms. Microcrystalline cellulose with a robust crystalline structure composed of β-1, 4-glycosidic bonds of D-glucose is limited to be automatically hydrolyzed into simple monosaccharides (e.g., glucose and fructose) in an aqueous solution. So, the degradation of cellulose becomes a difficulty in biomass conversions. High value-added chemicals (e.g., 5-HMF, THF, furfuryl alcohol, and levulinic acid) are the focus of renewable and sustainable biomass conversions all the time. The industrial production of 5-HMF acting as a monosaccharide derivative becomes a building block for biomass conversion, which can be responsible for a bridge between cellulose biomass and deeply refining high-value chemicals (e.g., FDCA, HMFCA, FFCA, DFF, BAMF, THFDM, DMF, and MFC). At present, the efficient strategy for selective conversion of cellulose biomass into 5-HMF should be attributed to acid-catalyzed dehydration/hydrolysis of cellulose in the presence of a potent acid catalyst. In this review, we summarize and discuss some catalytic strategies for acid-catalyzed dehydration/hydrolysis of cellulose into 5-HMF over varying novel solid acids. On the basis of Brønsted acid catalysis/Lewis acid catalysis, the strategies for selective conversion of cellulose into 5-HMF loading varying novel solid acids are categorized into the following: (I) employment of sulfonated solid acid catalysts to the selective conversion of cellulose biomass into 5-HMF, (II) carbon-based acids with novel frameworks utilized to the synthesis of value-added chemical of 5-HMF, (III) 5-HMF converted from cellulose occurred on the external surface of zeolite catalysts, and (IV) selective acid-catalyzed transformation into 5-HMF from cellulose biomass by other heterogeneous solid acids. Totally, powerful solid acid as a heterogeneous catalyst employed for the selective conversion of cellulose biomass into 5-HMF is undoubtedly effective access to biomass conversions in the laboratory.
To the best of our knowledge, the reactivity of 5-HMF has been well recognized by chemists. The functional groups (-CH2OH and C=O) located on the furan ring of 5-HMF are facilitated to be transformed into expected moieties to afford corresponding high value-added chemicals, via selectively catalytic oxidation/reduction. Nevertheless, it requires well that related oxidant/reductant with powerful selectivity and catalytic capacity are well developed. 5-HMF is widely regarded as a promising candidate for well-known bio-based platform compounds. Relying on its functional groups’ oxidation/reduction, various furfuryl derivatives are permitted to be afforded to support the development of renewable and sustainable biomass resources. Therefore, in the current multicarbon energy crisis, 5-HMF is capable of being a pioneer for developing lower carbon energy. In future works involving biomass conversion, considering complicated components of raw biomass resources, designing a well-tolerated/-selective heterogeneous acid catalyst is still a necessity for biomass conversions with high selectivity on large-scale production.
In summary, the objective of this review is to disclose available strategies for 5-HMF selectively converted from cellulose biomass, opportunities and challenges faced by various solid acid catalysts in the heterogeneous catalysis system and to provide reactivity of 5-HMF (oxidation and reduction) upgrading into varying refining high-value chemicals and some Brønsted/Lewis acid catalysis theory for guiding future biomass development.
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A series of bimetallic Zn-Zr metal-organic frameworks (Zn-Zr MOFs) with different Zn:Zr molar ratios has been synthesized via a green hydrothermal method. The structures and morphologies of these photocatalysts have been characterized and analyzed by FTIR, XRD, SEM, and nitrogen adsorption-desorption. The prepared Zn-Zr MOFs had large specific surface areas and pore volumes, favoring the adsorption of pollutant molecules, which in turn led to an improved photocatalytic effect. The photocatalytic activities of the Zn-Zr MOFs under visible light irradiation have been studied towards rhodamine B (RhB) as a target pollutant. The extent of degradation of RhB in a 40 mg/L aqueous solution reached 97.4%. The optimal photocatalyst could also degrade other dyes, suggesting a certain degree of universality.
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1 INTRODUCTION
With the development of economy and society, and growing demand for industrial chemicals are accompanied by the increasing extent of environmental pollution. It has engendered an urgent need for the use of green catalytic methods to remove the organic molecules from industrial wastewater (Shanmuganathan et al., 2021). Among the various types of industrial wastewater, that from the printing and dyeing industries is some of the hardest to treat, being characterized by high volume, high content of organic pollutants, and high salinity (Kan et al., 2020). As the main pollutants in printing and dyeing wastewater, dyes are among the most important chemical species that need to be removed in wastewater treatment (Banerjee and Dastidar, 2005). Several dyeing wastewater treatment technologies have hitherto been devised, such as chemical oxidation, coagulation, and photocatalytic degradation, of which the latter is playing an increasingly important role in the field of water treatment (Xue and Zhu, 2019). The photocatalytic degradation of organic materials under light illumination has proven to be an efficient approach for wastewater treatment due to the simple treatment process, low cost, and environmental benignity (Yin et al., 2021). To date, ZnO, TiO2, SnO2, BiFeO3, and other photocatalysts have been designed and applied to degrade dye molecules in dyeing wastewater [such as rhodamine B (RhB), methyl orange (MO), Congo red (CR), acridine orange (AO), and methylene blue (MB)]. However, these photocatalysts have various disadvantages, such as fast recombination rates of photogenerated electrons and holes, relatively poor photocatalytic performance, low specific surface areas, and a tendency for agglomeration, which limit their practical application (Yang et al., 2021; Li et al., 2021).
Metal-organic frameworks (MOFs), as new crystalline porous materials, are attracting widespread attention in the field of photocatalysis due to their rich and tunable components, porous structures, large surface areas, uniform distributions of metal sites, and tunable optical absorption abilities (Zhao and Cai, 2021). Although single-metal MOFs have been reported to show a certain photocatalytic activity, they have poor photosensitivity and weak spectral absorption (Huang et al., 2021). Nevertheless, single-metal MOFs can be doped or composited with other metals to improve the photocatalytic activity. Baten et al. prepared MIL-53 (Fe) doped with Fe2+, which showed excellent photocatalytic activity for the degradation of MB (Baten et al., 2021). Wang et al. synthesized a highly efficient bifunctional Cu-MOF photocatalyst, over which MB was almost completely degraded within 5 h (Wang et al., 2019). In this study, Zn-Zr metal-organic frameworks (Zn-Zr MOFs) have been synthesized by a one-pot hydrothermal method. The structures and morphologies of Zn-Zr MOF photocatalysts with different Zn:Zr molar ratios have been studied. The photocatalytic properties of Rhodamine B (RhB) of Zn-Zr MOFs with different Zn:Zr molar ratios and single-metal MOFs have been compared and analyzed. In additon, the photocatalytic degradations of CR, NR, AO, MB, and MG over Zn-Zr MOFs-1 have been studied, with the aim of providing reference data for the industrial treatment of dyeing wastewater. The ultimate purpose of this research was to prepare photocatalysts through simple synthetic methods that were active under sunlight irradiation for the degradation of environmental pollutants. To this end, we have focused on the synthesis of bimetallic MOF composites, the photocatalytic performances which were superior to those of the single-metal MOFs.
2 MATERIALS AND METHODS
2.1 Materials and Techniques
Zinc (II) nitrate hexahydrate (Zn(NO3)2·6H2O), zirconium (IV) chloride (ZrCl4), terephthalic acid (H2BDC), Congo red (CR), acridine orange (AO), methylene blue (MB), and malachite green (MG) were obtained from Shanghai Aladdin Biochemical Technology Co., Ltd. Rhodamine B (RhB), neutral red (NR), N,N-dimethylformamide (DMF), and anhydrous ethanol were obtained from Chemical Reagent Co., Ltd. The above reagents were analytically pure. They were used without any further pretreatments or purifications. Deionized (DW, 18.25 MΩ) was used to prepare all solutions.
Powder X-ray diffraction (XRD) patterns of various samples were recorded on an automated X-ray diffractometer (XRD, Bruker D8 Advance, Germany) employing Cu-Kα radiation (λ = 1.54060 Å), and scanning the 2θ range 10–80°. The morphologies of the photocatalysts were examined by scanning electron microscopy (SEM, Hitachi SU 8100, Japan). The surface functional groups present on the samples were identified by Fourier-transform infrared (FTIR) spectroscopy (Perkin-Elmer 100, Shanghai). Parameters of the pore distribution and specific surface area were determined by the Brunauer-Emmett-Teller (BET) method by recording N2 adsorption–desorption isotherms at 77 K (Quadrasorb evo™, United States). Variations in solution dye concentrations were monitored using a UV/Vis spectrophotometer (UV-5200PC, Shanghai). The visible light source for photocatalytic degradation experiments was a xenon lamp (HSX-F300, Beijing).
2.2 Synthesis of Photocatalysts
Zn(NO3)2·6H2O and ZrCl4 in Zn:Zr molar ratios of 1:1.5, 2:1, and 3:0.5 were dissolved in absolute ethanol (10 ml) to give solution A. H2BDC (0.66 g) was dissolved in absolute ethanol (10 ml) to give solution B. Solutions A and B were then simultaneously dropped into DMF (10 ml) under magnetic stirring. The mixture was stirred at room temperature for 1 h, and then transferred to an autoclave, which was maintained at 150°C for 6 h. After allowing the autoclave to cool to room temperature, the precipitate was collected by centrifugation. It was washed three times each with DMF and deionized water and dried at 60°C for 12 h to afford the Zn-Zr metal-organic framework (Zn-Zr MOF). For Zn:Zr molar ratios of 1:1.5, 2:1, and 3:0.5, the Zn-Zr MOFs are denoted as Zn-Zr MOF-1, Zn-Zr MOF-2, and Zn-Zr MOF-3, respectively. A Zr metal-organic framework without Zn (Zr MOF) and a Zn metal-organic framework without Zr (Zn MOF) were synthesized by the same method. All MOF materials were stored in a dry box.
2.3 Photocatalytic Activity Experiments
Rhodamine B (RhB) was used as the target pollutant for the investigation of photocatalytic activity. To evaluate the photocatalytic performances of the synthesized samples, they were deployed at 40 ppm in aliquots (50 ml) of aqueous RhB solution. Each mixture was stirred for 30 min in a darkroom to achieve adsorption-desorption equilibrium. It was then irradiated with simulated sunlight from a 300 W xenon lamp under continuous stirring.
At intervals of 15 min during the irradiation, the absorbance of RhB was recorded by a UV/Vis spectrophotometer. The efficiency of dye degradation was calculated according to the degradation percentage (Eq. 1):
[image: image]
where C0 is the initial concentration of the dye, A0 is the initial absorbance of the dye, and C and A are the concentration of the dye and the corresponding absorbance at time t.
3 RESULTS AND DISCUSSION
3.1 Structural Characterization of Composite Materials
3.1.1 FTIR Measurements
The FTIR spectra of Zr MOF, Zn MOF, and Zn-Zr MOFs with different Zn:Zr molar ratios are presented in Figure 1. It could be seen that the peak positions of each of the Zn-Zr MOF composites were consistent, and that the characteristic peaks of the Zr MOF and the Zn MOF were retained. This indicated the integrity and stability of the structures of the Zn-Zr MOF composites. The absorption bands in the range 1,200–600 cm−1 could be attributed to antisymmetric and symmetric stretching vibrations of the carboxylate groups of terephthalate. The bands at 745 cm−1 and 668 cm−1 could be ascribed to stretching vibrations of O-H and C-H bonds of terephthalate. The absorption peak at 553 cm−1 was a characteristic vibration peak of Zr-O. Notably, for the Zr MOF sample, the characteristic peak at 1,662 cm−1 could be attributed to the vibration absorption of the C=O bond in carboxylate, and this peak was shifted to lower wavenumber at 1,655 cm−1 when the second metal Zn was introduced into the MOF. This was consistent with Zn being coordinated by the carboxylate (Wang et al., 2021). Furthermore, the intensities of the characteristic absorption peaks of the Zr MOF were weakened, especially of that at 553 cm−1, when the molar proportion of Zn was increased, consistent with successful synthesis of the Zn-Zr MOF.
[image: Figure 1]FIGURE 1 | FTIR spectra of Zr MOF, Zn MOF, and Zn-Zr MOFs with different Zn:Zr molar ratios.
3.1.2 Powder XRD Measurements
Figure 2 presents the XRD patterns of Zr MOF, Zn MOF, and Zn-Zr MOFs with different Zn:Zr molar ratios. The peaks at 2θ = 7.0° and 8.2° could be indexed to the (111) and (002) crystal planes, respectively, of the Zr MOF phase structure (Kandiah et al., 2010). For Zn MOF, an obvious diffraction peak was seen at 2θ = 8.8°. The XRD patterns indicated that the synthesized Zr MOF and Zn MOF had good crystallinity. For Zn-Zr MOF-1, the characteristic diffraction peaks were observed at 2θ = 7.3° and 8.5°, slightly displaced from those of Zr MOF, but still clearly consistent. For Zn-Zr MOF-2, however, only a broad peak at 2θ = 7.3° was seen, and for Zn-Zr MOF-3 only the peak at 2θ = 8.5° was seen, with that at 2θ = 7.3° having disappeared. Evidently, the crystal structure of Zr MOF was gradually modified by the introduction of Zn (Chen et al., 2021). Compared with Zr MOF, the peaks of the Zn-Zr MOF composites were obviously weakened or disappeared, but there were no obvious new peaks that could be attributed to discrete Zn or Zr compounds. This implied the successful synthesis of Zn-Zr MOF composites with a uniform distribution of Zn and Zr. As would be expected, the XRD pattern of Zn-Zr MOF-1 most closely resembled that of Zr MOF.
[image: Figure 2]FIGURE 2 | XRD patterns of Zr MOF, Zn MOF, and Zn-Zr MOFs with different Zn:Zr molar ratios.
3.1.3 SEM Measurements
SEM images of Zr MOF, Zn MOF, and Zn-Zr MOFs with different Zn:Zr molar ratios are shown in Figure 3. As can be seen from Figure 3D, Zn MOF consisted of irregular blocks of random aggregates with smooth surfaces. Figure 3E shows that Zr MOF adopted a layered and lamellar structure with rough surfaces. As can be seen from Figures 3A–C, the morphologies and structures of the Zn-Zr MOFs with different Zn:Zr molar ratios progressively changed. Figure 3A shows that the structure of Zn-Zr MOF-1 consisted of small spheres made up of small particles of size about 100 nm. The SEM image of Zn-Zr MOF-2 (Figure 3B) revealed a structure comprising small particles, some of which aggregate into blocks. Figure 3C showed that Zn-Zr MOF-3 formed an irregular sheet structure with a smooth surface. It transpired that Zn-Zr MOF-2 and Zn-Zr MOF-3 could not efficiently photocatalyze the degradation of pollutants, because the surfaces of their structures were not sufficiently exposed. The SEM images revealed that the Zn:Zr molar ratio directly affected the assembly and hence the crystal structures of the Zn-Zr MOFs. This was corroborated by the N2 adsorption-desorption isotherms of the samples (vide infra) and the XRD measurements (vide supra). Based on the accumulated results, Zn-Zr MOF-1 was selected for physical adsorption studies.
[image: Figure 3]FIGURE 3 | SEM images of Zn-Zr MOF-1 (A), Zn-Zr MOF-2 (B), Zn-Zr MOF-3 (C), Zn MOF (D), and Zr MOF (E).
3.1.4 N2 Adsorption-Desorption Isotherms
N2 adsorption-desorption was performed to further investigate the pore structure parameters of Zn-Zr MOFs with different Zn:Zr molar ratios. The results were presented in Figure 4 and Table 1. As could be seen in Figures 4A–C, the adsorption–desorption isotherms of the Zn-Zr MOF-1 sample showed type I/IV isotherms, indicative of microporous and mesoporous. For comparison, Zn-Zr MOF-2 and Zn-Zr MOF-2 samples revealed a type-IV shape pattern with an obvious hysteresis loop, which suggested that mesopores exist. As expected, from Table 1, the BET surface area and mean pore volume of Zn-Zr MOF-1 (460.4 m2/g, 0.27 cm3/g) were found to be larger than those of Zn-Zr MOF-2 (254.11 m2/g, 0.12 cm3/g) or Zn-Zr MOF-3 (294.94 m2/g, 0.24 cm3/g), indicating more pores in the former. Meanwhile, the average pore sizes of Zn-Zr MOF-1, Zn-Zr MOF-2, and Zn-Zr MOF-3 were evaluated as 2.35, 7.69, and 3.35 nm, respectively. The results showed that different Zn:Zr ratios modified the pores. The characterization data showed that larger specific surface area and pore volume increased the adsorption performance of the material, promoted contact between the pollutant and catalyst, and hence improved the catalytic efficiency. It was generally believed that the greater the surface area of a catalyst, the greater the number of active sites thereon (Wang et al., 2015), favoring molecular diffusion and binding of the reactant. Since the catalytic reaction was a surface-controlled process, the photocatalytic activity was improved and the separation efficiency of photogenerated electrons and holes was enhanced (Wu et al., 2021). Therefore, the structural characteristics of Zn-Zr MOF-1 may be envisaged as beneficial for the removal of organic pollutants from water.
[image: Figure 4]FIGURE 4 | Nitrogen adsorption–desorption profiles of Zn-Zr MOF-1 (A), Zn-Zr MOF-2 (B), Zn-Zr MOF-3 (C).
TABLE 1 | BET surface areas and total pore volumes of the synthesized samples.
[image: Table 1]3.2 Photocatalytic Performance Study of the MOFs Towards RhB Degradation
The catalytic performances of the MOFs were evaluated by carrying out the photodegradation of RhB over Zr MOF, Zn MOF, and Zn-Zr MOFs. In order to eliminate the self-degradation effect of RhB in the photoreaction system, a blank degradation experiment on RhB was carried out under visible light irradiation without any catalyst. As could be observed from Figure 5, essentially no degradation of RhB occurred under visible light in the absence of a catalyst. Similarly, RhB showed almost no degradation in the presence of the Zn-Zr MOF catalyst but with the exclusion of light. As expected, the degradation of RhB increased with increasing reaction time in the presence of different photocatalysts under visible light irradiation. Zn MOF proved to be the least effective photocatalyst. The extent of degradation of RhB over Zn MOF at 0.6 g/L was just 10.3% after 60 min. This implied a high proclivity for electron-hole recombination under light irradiation, due to a slow rate of electron transfer and relatively poor absorption of visible light. Nevertheless, there was still a certain degree of degradation, mainly due to the photosensitivity of RhB (Liang et al., 2018). The photodegradation performance of Zr MOF was superior to that of Zn MOF, but inferior to those of the Zn-Zr MOFs, degrading 59.9% of RhB at a loading of 0.6 g/L within 60 min. The Zn-Zr MOF-1 composite showed the best RhB photodegradation performance, degrading 97.4% of RhB at a loading of 0.6 g/L within 60 min. The photocatalytic activities of the Zn-Zr MOFs with different Zn:Zr molar ratios were clearly higher than those of the single-metal MOFs, which may be attributed to some suppression of electron-hole recombination and improved absorption intensity in the visible light region (Li, 2021). However, it appeared that excessive Zn hinders the response of bimetallic Zn-Zr MOF catalysts to visible light. The photodegradation rates of RhB over Zr MOF, Zn MOF, and Zn-Zr MOFs with different Zn:Zr molar ratios were quantitatively evaluated using a kinetic rate model (Zhang et al., 2021), and the results were shown in Figure 5B and Table 2. The results of kinetic studies on the degradation of RhB over the different photocatalysts showed that the correlation coefficients were 0.8784, 0.9741, 0.9625, 0.8036, 0.9880 for linear plots of Zn MOF, Zr MOF, Zn-Zr MOF-1, and Zn-Zr MOF-2 and Zn-Zr MOF-3 respectively, indicating the process follows a pseudo-first-order model. The apparent rate constant k over Zn-Zr MOF-1 was 0.0627 min−1, around 4.0 times higher than that over Zr MOF and 36.9 times higher than that over Zn MOF. The apparent rate constant over Zn-Zr MOF-1 was about 1.7 times that over Zn-Zr MOF-2 and 2.1 times that over Zn-Zr MOF-3, which may be attributed to the abovementioned observations concerning the surface morphology and structure and the higher specific surface area and pore volume of Zn-Zr MOF-1.
[image: Figure 5]FIGURE 5 | Photocatalytic degradation curves (A) and first-order kinetic degradation rates (B) of RhB with different catalysts under visible light irradiation.
TABLE 2 | Kinetic parameters of the pseudo-first order for RhB degradation under visible light irradiation.
[image: Table 2]3.3 Effect of Photocatalyst Dosage on RhB Degradation
In view of the results obtained in the preceding section, the Zn-Zr MOF-1 sample with Zn:Zr molar ratio 1:1.5 was selected to further investigate the effects of various factors on its photocatalytic activity. First, the effect of varying the loading amount of Zn-Zr MOF-1 photocatalyst in the RhB solution was investigated, keeping all other operating variables constant. The relevant results were displayed in Figure 6. It could be seen that the amount of degradation of RhB within 30 min increased with increasing loading of the photocatalyst, within a certain range, presumably due to the provision of more active sites. The extents of RhB degradation were 57.5, 97.4, and 98.1% after 60 min with Zn-Zr MOF-1 loadings of 0.3 g/L, 0.6 g/L, and 0.9 g/L, respectively. It could be observed from Figure 6 that there was no obvious change in the final degree of degradation of RhB when the catalyst loading was increased from 0.6 g/L to 0.9 g/L, which may possibly be attributed to a light shielding effect between particles (Liu et al., 2020). At the same time, a high catalyst loading in the degradation process would introduce a new environmental concern to the water supply ecology. Therefore, the Zn-Zr MOF-1 dosage was selected as 0.6 g/L.
[image: Figure 6]FIGURE 6 | Effect of catalyst loading on the photocatalytic degradation of RhB under visible light irradiation.
3.4 Effect of the Initial RhB Concentration
The effect of initial dye concentration on the photocatalytic performance of Zn-Zr MOF-1 catalyst was studied. In these experiments, other operating factors, such as the solution pH, light source, and catalyst loading, were all kept constant. The results of the assessment of the photocatalytic efficiency of Zn-Zr MOF-1 catalyst at various initial concentrations of RhB dye (20, 40, and 60 mg/L) were presented in Figure 7. It could be seen that the extent of photocatalytic degradation of RhB after 30 min decreased as its initial concentration was increased. The extent of photocatalytic degradation of an organic dye depended upon the available surface area of the photocatalyst, the production of various radicals, and the ability of these radicals to react with the dye molecules (Bagherzadeh et al., 2020) Here, an increase in the initial dye concentration reduced the mean length of the penetration path of incident photons in the solution. As a result, the likelihood of incident photons reaching the surface of the photocatalyst to produce electron–hole pairs was suppressed. After 60 min, the degrees of degradation of RhB at concentrations of 20 mg/L, 40 mg/L, and 60 mg/L were 98.1, 97.4, and 94.4%, respectively, indicating that Zn-Zr MOF-1 showed a good degradation effect towards RhB at different concentrations, and hence a certain practical application potential.
[image: Figure 7]FIGURE 7 | Effect of different concentrations of RhB on its photocatalytic degradation under visible light irradiation.
3.5 Reusability and Stability of Zn-Zr MOF-1 Composite
For practical evaluation of the large-scale application of Zn-Zr MOF-1 photocatalyst, its reusability and stability in the photodegradation of RhB were investigated. Specifically, it was applied over three successive cycles. After each degradation process, the particles of the photocatalyst powder were separated. They were then collected from the reaction mixture by centrifugation, washed with ethanol and water, and oven-dried at 70°C. They were then applied in the next degradation cycle. The results of RhB degradation efficiency over Zn-Zr MOF-1 over three runs were presented in Figure 8. It could be seen that the degree of degradation of RhB was 97.7% in the first run, 86.8% in the second run, and 72.0% in the third run, indicating a loss of degradation efficiency over the three cycles. The decrease in RhB degradation efficiency in the course of reuse may be due in part to a small amount of catalyst being lost from the system during each recovery step (Duan et al., 2021). On the other hand, it may also be attributed to a loss of active sites on the catalyst surface. Pollutants or degradation products adsorbed on the material would gradually accumulate with increasing number of reaction cycles, progressively blocking more sites. Therefore, the relative reusability and stability of the Zn-Zr MOF-1 composite in photodegradation of the RhB was concluded. The FTIR spectra of Zn-Zr MOF-1 before and after three cycles of usage in the degradation of RhB were displayed in Figure 9. It could be seen that the spectrum remained essentially unchanged, albeit with a slight decrease in peak intensity. These results emphasized that a stable structure of the composite was maintained during the photocatalytic degradation process of RhB.
[image: Figure 8]FIGURE 8 | Recycling test of Zn-Zr MOF-1 in the photocatalytic degradation of RhB.
[image: Figure 9]FIGURE 9 | FTIR spectra of fresh and reused Zn-Zr MOF-1 catalyst.
3.6 Photocatalytic Degradation of Other Dyes by Zn-Zr MOF-1
It was crucial to study the photocatalytic degradation of other organic dyes to assess the applicability of the photocatalyst. Therefore, photocatalytic degradations of CR, NR, AO, MB, and MG by Zn-Zr MOF-1 were studied, according to the optimum experimental conditions of catalytic degradation of RHB by Zn-Zr MOF-1, which the initial concentration of dye is 40 mg/L, the photocatalyst concentration is 0.6 g/L and the illumination time is 60 min and the results were shown in Figure 10. The photocatalytic degradation effect of Zn-Zr MOF-1 on NR was similar to that on RhB, reaching 95.9% after 60 min. Zn-Zr MOF-1 also showed good degradation effects towards AO and MB, amounting to 79.2 and 76.7%, respectively, after 60 min of illumination. However, the degrees of degradation of CR and MG were low, which may be related to the chemical structures of these dyes. Overall, the results demonstrated that the synthesized Zn-Zr MOF-1 photocatalyst could be used to degrade different organic dyes with reasonably good universality.
[image: Figure 10]FIGURE 10 | Photocatalytic degradation curves of different dyes over Zn-Zr MOF-1.
3.7 Photocatalytic Degradation RB Dyes by Different Photocatalysts As-Synthesized
The degradation percentage of dyes of RB by different photocatalysts under visible light listed in Table 3. As can be seen, the catalytic degradation rate of RHB by Zn-Zr MOF-1 synthesized in this paper was significantly higher than that of TiO2, ZnTiO3 and ZnTiO3, which had comprehensive significant advantages in terms of catalyst dosage and catalytic degradation time. Comparing with ZnTiO3@S Cu MOF and SnO2/RCS, Zn-Zr MOF-1 also had certain advantages in the photocatalytic degradation effect of RHB, which mainly reflected in the characteristics of less catalyst dosage and shorter catalytic degradation time of Zn-Zr MOF-1.
TABLE 3 | Degradation RB dyes by different photocatalysts as-synthesized.
[image: Table 3]4 CONCLUSION
A series of bimetallic Zn-Zr MOF photocatalysts has been synthesized by a hydrothermal method. Compared with the single-metal MOFs, the photocatalytic activity of bimetallic Zn-Zr MOF is significantly improved. The effects of different Zn:Zr molar ratios on the structures and morphologies of the MOFs have been studied. The results showed that when the Zn:Zr molar ratio was 1:1.5, the surface morphology and structure of the Zn-Zr MOF were relatively uniform, and it had a high specific surface area and large pore volume, providing more reactive sites for the substrate. Under visible light irradiation, the extent of degradation of RhB by Zn-Zr MOF-1 reached 97.4% within 60 min, and the photocatalyst also showed good photocatalytic degradation activity towards other dyes. The results of this study may provide reference data for industrial organic wastewater treatment.
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The utilization of crop straw biomass resources is highly emphasized by governments and academia in recent decades. Based on the core databases of the literature in China National Knowledge Infrastructure (CNKI) academic journals, CiteSpace software is used to analyze and process the hotspots, and this study proposed the primary coverage and evolutionary trends of research on the utilization of crop straw resources. The thesis proposes the research development trend for improving the institutional mechanism of the utilization of crop straw resources, strengthening technology research and development, exploring the economic model of green cycle agriculture, accelerating the construction of the industrial system, and designing new paths of resource utilization in multiple ways, which helps estimate the development trend of the utilization of crop straw resources and provide inspiration and direction for future research and practices.
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INTRODUCTION
The effective utilization of crop straw biomass is an important basis for the development of green agriculture and directly affects the construction of the rural ecological environment (Nie, 2021). It is a significant topic of common concern about how to efficiently use and scientifically treat it in all countries nowadays, and academics have carried out multifaceted research on this problem at home and abroad. Developed agricultural countries attach great importance to the resource utilization of straw and have carried out a series of studies on the usage methods (Champagne, 2008; Arthur and Baidoo, 2011). For example, in the United States, 45 million tons of wheat straw was utilized each year. Special funds were set up by the Department of Agriculture and Energy to research biomass fuels such as straw, and they have built 16 ethanol refineries, and certain government subsidies were given to them (Zhu and Yu, 2012). In Japan, 75% of straw is returned to the field every year or processed into roughage for cattle and sheep. The Japanese government pays great attention to developing and upgrading the straw utilization technology (Liu, 2014), and the law stipulates that straw must be recycled (Jia, 2015). In Denmark, the development of direct-fired biomass power generation is outstanding. They have built 13 straw power plants, and straw power generation accounts for 81% of the total renewable energy in the country (Fu, 2007). In Europe and the US, the way and amount of crop straw returned are clearly defined in the law in order to promote the standardization of crop straw utilization (Zhu, 2014), and they achieved good performance. For example, in Canada, about 67% and 73% of crop straw are recycled in Canada and England, respectively (Zhu, 2014). China is a large agricultural country with more than 1.4 billion people and a country with large straw production each year. Data show that China produced about 700 million tons of crop straw in 2012 (Chen et al., 2012), accounting for 18% of total agricultural organic waste (Zhou et al., 2017), and the number increased to 827 million tons in 2017 (Cong et al., 2019). With the increase in huge pressure of straw biomass disposal, people are increasingly concerned about this issue (Chen and Shi, 2017). China's government attaches great importance to the utilization of crop straw resources. Domestic research on straw resource utilization is slightly delayed compared to other developed countries, and over the years, the governments have issued a series of documents to prohibit straw burning and promote diversified utilization pathways to accelerate straw utilization. However, squander of straw also can be observed sometimes for economic benefits and labor costs (Wen et al., 2018). Research results show that China’s crop straw is utilized in various ways, and it is used to generate energy (Liu et al., 2020), forage (Duan, 2018), fertilizer (Ma and Dong, 2020), raw material, and base material (Wu et al., 2010). The main approach is to return the straw to the field (Bi et al., 2009). In 2008, straw harvested from 26.76 million hm2 was returned to the field (Bi, 2010), but the utilization of straw resources, especially the industrial development, is still limited. The technical system is still immature, and a series of problems need to be resolved (Liu et al., 2011). Therefore, a systematic analysis of crop straw resource utilization hotspots, content, and the current situation can help in studying and judging the development trend of straw resource utilization and provide inspiration and direction for future research and practice.
Based on the CNKI database, core journal papers database, using CiteSpace software, and graphical compilation, the authors mapped and analyzed the progress and trends of crop straw resource utilization research in China. The authors summarized and sorted out the main research hotspots to judge the future development trend of research on straw utilization.
DATA SOURCES AND RESEARCH METHODS
Data Sources
The main subject of this article is the utilization of crop straw resources. The literature studies that the author has studied are core papers in the CNKI database, and these papers are indexed by the source journals from SCI, EI, core journal Peking University, CSSCI, and CSCD. The author set the search terms as the utilization of crop straw resource, the utilization of crop straw feed, the utilization of crop straw energy, the utilization of raw material, the utilization of crop straw fertilizer, crop straw base utilization, or crop straw industrial utilization with all years.
The index results showed that from 1994 to 2022, 135 articles studied the straw utilization from core journals in the CNKI database. The author removed four articles from the first online journals and eight articles from other volumes that were not part of the research papers. Eventually, 123 relevant literature studies from 2002 to 2021 were pitched to analyze and study.
Research Methodology
CiteSpace software is commonly used in academic research because it enables readers to study the literature on a specific topic in scientific research in a visual way to obtain a scientific knowledge map in terms of layout structure, change pattern, publication time, subject area, author institution, and research level (Hu et al., 2022). In this study, CiteSpace software combined with fuzzy clustering analysis and correlation analysis is used to explore the research hotspots, main contents, evolutionary trends, and their correlations with the utilization of crop straw resources. The author analyzed the intrinsic connections of research hotspots at different stages and then studied the development direction of future research.
RESEARCH HOTSPOTS AND EVOLUTION TRENDS
Research Hotspots
The keywords or subject terms can reflect the core content and research hot spots of the study perfectly (Shi and Tong, 2018). The authors analyzed the high-frequency keyword co-occurrence with CiteSpace software and summarized the hot spots of the research of crop resource utilization in each period. These keywords include the utilization of crop straw fodder, biomass energy utilization, resource utilization, lignin degradation, biofermentation, straw gasification, base material utilization, industrial utilization, rational utilization, industrial chain, farmers’ willingness, and livestock carrying capacity. In summary, they focused on high-frequency co-occurring words such as resource utilization, energy, forage utilization, fertilizer utilization, industrial raw material, base material utilization, and circular economy, reflecting the research hotspots of crop resource utilization in the last decade.
Evolution Trends
The keywords or subject terms in the relevant literature were analyzed for emergent terms (Figure 1) to determine the development and new directions in the field of the research of crop straw resource utilization. The author used the time-zone function of CiteSpace software to explore the emergent terms to determine the emerging trends of research topics. Figure 1 shows the top nine emergent terms in the last 10 years: the first one is energy utilization with 1.5544 intensity from 2008 to 2010. The second one is straw fertilization with 1.5259 intensity from 2006 to 2009. The following terms are fodderization from 2014 to 2016, straw fodder from 2018 to 2021, agricultural waste from 2009 to 2013, resourcization from 2009 to 2010, crops from 2015 to 2016, straw burning from 2014 to 2015, and raw material from 2014 to 2015. The intensity of straw burning and straw raw materialization is the lowest. Straw burning causes severe environmental pollution, and how to reduce pollution induced by CO2 emissions and make straw into a propellant for ecological civilization and ecological environment construction is still a problem to be solved.
[image: Figure 1]FIGURE 1 | Top nine high-frequency emergent words.
At present, straw is used as raw materials for industrial and agricultural utilization. Agricultural utilization mainly includes being used as the planting substrate of edible fungi and flowers. However, this utilization is at a relatively low level at this stage with immature technology and low effectiveness, so there are still many issues to be further explored.
Main Research Content
Based on the analysis of the occurrence time and frequency of keywords, the main research contents of agricultural straw resource utilization were divided into five utilization approaches (Table 1).
1) Fertilization of Straw
TABLE 1 | Pathway of crop straw resource utilization.
[image: Table 1]Returning straw to the field improves soil fertility well because crop straw is rich in organic matter and minerals (Yang et al., 2011), making good natural suitability and economic benefits (Chen et al., 2020). Crop straw can be returned to the field directly or indirectly. Direct return mainly includes burying rice or cornstalk in the field, mixing corn straw within the plow layer, mulching corn in the field, and rototilling rice straw in the field (Han and Zou, 2018). Indirect return involves crop straw composting (Zhang et al., 2016), making biogas and its by-product fertilizer utilization (Zhao et al., 2017), combining straw utilization with farming (Shi, 2018), straw carbonization (Wu et al., 2015), straw substrate fertilization, and other technical models (Zhang, 2017), while indirect return to the farmland is faced with difficulties such as cost increase caused by the input of agricultural implements, machinery and labor, difficulty in storage, and pollution in the fermentation process.
2) The Straw Utilization of Forage
The utilization of straw for feed, especially studying the development of the food-saving livestock industry and promoting China’s food security guarantee, is an important measure of sustainable agricultural development. Straw feed processing methods mainly include straw bulking, ammonification, pellet feed, straw silage, straw compaction, and straw microstorage. The integration and optimization of the aforementioned technologies are effective means to promote the utilization of straw for feed. Technological progress is mainly achieved through the optimization of the main body, process, facilities, and auxiliary parts. (Qi et al., 2013).
3) The Straw Utilization of Energy
At present, straw energy utilization modes mainly include straw to biogas, straw centralized gas supply, straw power generation, and straw solidification molding (Li et al., 2010).
The utilization of biomass to generate energy is an important source of energy in the future. There are various ways of energy utilization, but the utilization technology needs to be further explored. At present, the main modes of straw energy utilization include biogas production, straw-fired cogeneration, and densified corn stover briquetting fuel (Li et al., 2010).
Practice shows that the efficiency of straw-fired cogeneration is low while the cost is high (Li et al., 2010). Currently, fuel enterprises in operation are mainly small- and medium-sized enterprises, which need to be improved in scale utilization and market recognition (Guo and Wand, 2017). The research shows that in the process of straw energy utilization, the cost of straw includes the input of raw material purchase, transportation, collection, and loading, which is generally high (Han and Zou, 2018). To promote straw energy utilization, many studies should be solved in the future to decrease the cost.
4) Straw Raw Materialization and Base Materialization Utilization
Straw is rich in lignocellulose and can be used as raw material for industrial products after a series of processes. This process can save resources and increase income at the same time. Raw materialization of straw is a process in which crop straw is transformed into lightweight synthetic panels, functional flooring, wooden doors or windows, and other construction materials for usage. Crop straw is used as a substrate generally for flowers, seedlings, and microbial strains (Li, 2014). Some scholars have concluded that straw materials can be used as building insulation, which has the advantage of reducing CO2 emissions and saving energy (Ma and Dong, 2010). However, the proportion of straw used as raw material for industrial products is still relatively small, and the technology of straw materialization needs to be improved to increase the scale of raw material utilization.
RESEARCH CONCLUSIONS AND DEVELOPMENT TRENDS
Conclusion of the Study
This study tries to estimate the utilization of crop straw resources in China by analyzing the research hotspot, research content, and the evolution trend of research direction using CiteSpace software. The results showed that the research frequency of crop straw resource utilization is on the rise, and the number of articles increased from 2002 to 2021, and the high-frequency co-occurring words with crop straw resource utilization mainly involve energy utilization, straw fertilization, straw fodder, straw resourcization, straw burning, and raw materialization, reflecting the research hotspot in different periods. In addition, the main content includes the straw utilization as fertilizer, forage, energy, raw materialization, and base materialization. Last, from the perspective of the evolution trend of research content, the research content gradually changes from increasing the utilization rate of straw resources to improving the level of the utilization technique.
Development Trend
The implementation of a series of national strategies such as new countryside construction, beautiful countryside construction, territorial space planning and rural revitalization, efficient utilization of resources, ecological environment protection, and high-quality economic development has become the theme of China’s development. Based on the analysis of the current predicament and research progress of crop straw resource utilization, the authors assume that more attention should be paid to the following area:
1) The systems and mechanisms should be improved for using crop straw as resources. Under the leadership of the government, professional teams were organized to conduct in-depth research; the policy obstacles in the utilization of crop straw as resources were clarified, and targeted policies about financial support, technical assistance, incentive system, and performance assessment for the utilization of crop straw as resources were formulated.
2) Research on the resourcization technique of crop straw should be strengthened. The backward technology of straw recycling results in high production costs and small scale of straw-consuming enterprises. Strengthening the technical level of straw industrial utilization is the most important task at present.
3) It is necessary to adhere to the concept of carbon peak and carbon neutrality to explore the green circular agricultural economic model. Governments should promote the recycling of crop straws, especially the economical and intensive utilization of straw resources, and explore the suitable mode of green agriculture and recycling agriculture.
4) The construction of an industrial system should be accelerated for the utilization of crop straw resources. Countries all over the world, especially developed countries, should guide the exploration of diversified industrial utilization of crop straw, such as fertilizer, energy, feed, and raw material. The straw resource utilization industrial system should be constructed to get rid of crop straw resource utilization of small scale and low benefit predicament.
5) The utilization paths of crop straw are designed in diverse ways. In view of the needs of rural revitalization, beautiful countryside construction, and territorial space planning in the new era, a diversified design of the crop straw resource utilization path is carried out so as to explore a low-carbon and high-efficient regional straw resource utilization path tailored to local conditions.
The raw data supporting the conclusions of this manuscript will be made available by the authors, without undue reservation, to any qualified researcher.
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Microalgae are considered as the third-generation feedstock for biodiesel production, and lipid extraction plays a significant role in efficient production of biofuels. Numerous technologies including chemical, mechanical, and biological have been achieved but high efficiency and potential application on an industrial scale are still needed. This review discusses the factors that influence biodiesel quality and the relative green and sustainable solvents for lipid extraction.
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INTRODUCTION
With the concern that fossil fuels have caused global warming and an energy crisis, there is a need to diminish the dependence on it and explore renewable energy. Biodiesel is considered as a potential alternative to petro-diesel as it is non-toxic, biodegradable, has an enhanced cetane number, higher flash point, is renewable, and is produced by transesterification of renewable feedstocks, resulting in monoalkyl esters from fatty acids (Meher et al., 2004; Hoekman et al., 2012; Fazal et al., 2013; Pan et al., 2022) In the past 2 decades, three generations of biodiesels have been investigated and each generation had advantages and disadvantages over different feedstocks. Table 1 provided the summary of the generations of biodiesels. High-efficiency converted algae for biodiesel urgently needs to be explored.
TABLE 1 | Differences of three generations of biodiesel.
[image: Table 1]THE PRODUCTION OF BIODIESEL FROM MICROALGAE
Fuel Properties Parameters of Biodiesels
Generally, factors including the viscosity, oxidation stability, cetane number (CN), cold filter plugging point, flash point, saponification value (SV), energy density, and density of biodiesel are determined by the fatty acid composition, which plays a crucially important role in biodiesel qualities. How to optimize the parameters with technologies to enhance quality during the production process is a key question.
Fatty acids are comprised of unsaturated, namely mono-unsaturated (denoted as Cn:1) and polyunsaturated (Cn:2 or 3), and saturated (Cn:0) fatty acids. Viscosity increases along with the chain length and fatty acid saturability. Transesterification, also called alcoholysis, of the algae oil to the corresponding fatty ester (biodiesel) is the most promising approach to the high viscosity problem (Demirbas, 2009). Better oxidation stability, meanwhile, requires a high level of fatty acid saturation (Graboski and McCormick, 1998). CN increases with the enhancement in chain length and fatty acid saturation level (Içingür and Altiparmak, 2003; Knothe, 2005). The higher the saturation degree is, the poorer the cold filter plugging point is (Ramos et al., 2009). A shorter chain length provides a lower flash point and the density will be high when the polyunsaturation level is high (Karmakar et al., 2010). Fatty acid methyl esters with a carbon chain length from 12 to 20 are identified as biodiesel. The SV indicates the chain length of triglycerides and explains the content of free fatty acids, high levels of which can be reduced by acid catalysts (Srivastava and Prasad, 2000; Aransiola et al., 2010).
The Influence of Reaction Factors on Biodiesel Derived From Microalgae
The effect of water content mainly refers to the handled dry and original wet algal biomass (Atadashi et al., 2012) to produce biodiesel. The presence of water plays a crucial part in triglyceride hydrolyzing to free fatty acid (FFA) resulting in soap and emulsions formation, hence the water content control is lower than 0.05% (w/w) (Sanford et al., 2009). Another dimension, a high water content of up to about 98%, generates the hydrated shell around algal cells affecting energy as well as mass transfer (Martinez Guerra et al., 2018), furthermore, posing difficulty in the extraction of lipids.
Although homogeneous acid and base catalysts exhibit high efficiency and universality, the separation is tough and requires further neutralization. Although homogenous base-catalyzed reaction is 400 times quicker than the acid-catalyzed reaction, acidic catalysts are normally used for the feedstocks with high contents of FFAs and water (Aransiola et al., 2010), while the alkaline ones are very sensitive to them, affecting the introduction to the laboratory and the industrial popularly (Frascari et al., 2008). A heterogeneous catalyst is easily separated, reducing the cost of catalyst recovery (Tran et al., 2017; Zhang et al., 2019), and the inexpensive basic catalyst including calcium oxide, calcium hydroxide, and magnesium oxide also reduce the environmental impact (Zhang et al., 2010).
Biodiesel can be synthesized from algae through a traditional two-step method (oil extracted from the algae and then transesterified into biodiesel) or an in-situ approach (extraction of oil, esterification of FFAs, and transesterification of triglycerides occur simultaneously) (Sara et al., 2016; Martinez-Guerra et al., 2018; Al-Ameri and Al-Zuhair, 2019). The former requires a long time, a large reactor, and an even higher investment, while the latter offers an efficient method, which simplifies the production process, minimizes the dosage of solvents, and can give improved biodiesel yield.
THE IONIC LIQUIDS FOR ENHANCING LIPID RECOVERY FOR BIODIESEL PREPARATION
Ionic liquids (ILs) are widely known as green organic solvents and are non-aqueous salt composed of organic cations and organic or inorganic anions melting at low temperatures (<100°C). ILs are suitable for lipid extraction owing to the major advantages:
1)eco-friendly in nature (Zhao et al., 2019); 2)non-volatile and non-flammable (Vekariya, 2017; Harris et al., 2018); 3) good thermal and chemical stability (Khiratkar et al., 2018); 4)synthetic flexibility (Kim et al., 2012); and 5)immiscibility with organic solvents (Li et al., 2013).
The plausible mechanism of the transesterification of microalgal lipids with alcohol using sulfonic ILs catalyst is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Plausible mechanism of transesterification of microalgal lipids with alcohol using sulfonic ILs catalyst [Here, R denotes the alkyl chain of the triglycerides, R′ denotes the struture of the ILs expert the -SO3H group and R’’denotes the alkyl group of alcohol].
Conventional Ionic Liquids
The research explored the lipid extraction effect of [Bmim][MeSO4] from Chlorella vulgaris combined with ultrasound pre-treatment and drew a comparison to the traditional Soxhlet method and Bligh and Dyer’s method. Results demonstrated that IL exhibited 2-fold and 1.6-fold higher lipid extraction than the classic approaches (Kim et al., 2013). Similarly, Choi compared the lipid extraction yield of Chlorella vulgaris by the mixture of ILs, with the assistance of organic solvents. They confirmed that lipid extraction yield was enhanced using IL mixtures, which was ascribed to the synergistic effects with different anions (Choi et al., 2014). The introduction of ILs on wet algal biomass has proven to be the easiest and most efficient method of lipid extraction (Orr and Rehmann, 2016). Furthermore, the poly-ILs catalyst with a large surface area and abundant mesopores have also been investigated for biodiesel preparation (Bian et al., 2020). The combination of magnetic nanoparticles (MNPs) and ILs was used to separate microalgae from the aqueous phase with 99% efficiency and 99% lipids extraction efficiency under ILs/hexane, respectively (Egesa and Plucinski 2022).
Due to ILs’ unrealistic application at an industrial scale due to costs and environmental impact, limited articles are available in the literature on the synthesis of biodiesel (Motlagh et al., 2019). ILs have been confirmed to not be harmful for humans, but the preparation routes involve processes that require expensive, toxic, and volatile reagents (Harris et al., 2018; Singh and Savoy, 2020).
Deep Eutectic Solvents
DESs are generally comprised of organic salts (such as choline chloride, choline acetate, quaternary ammonium salt, or phosphonium salt) and hydrogen-bond donors (HBD) (such as amides, amines, alcohols, and carboxylic acids) that are stable in hydrogen bond interactions, with a melting point lower than that of anionic and cationic counterparts (Zhang et al., 2010; Durand et al., 2013). As a novel class of renewable solvents, DESs emerge with several benefits including low-cost synthesis, non-toxicity, low volatility, and high biodegradability (Zhang et al., 2010; Radošević et al., 2015).
The investigation reported that the cell wall of Chlorella sp. and Chlorococcum sp. contains α-cellulose, hemicellulose, protein, lipid, and ash (Loos and Meindl, 1982). tThe combination of DESs and α-cellulose, hemicellulose, affords new hydrogen bonds that could damage the microalgae cells to enhance the lipid extraction. Three different DESs, aqueous choline chloride-oxalic acid (aCh-O), aqueous choline chloride-ethylene glycol (aCh-EG), and aqueous urea-acetamide (aU-A), were applied to pretreated Chlorella sp. and the lipid recovery rate of biomass was evaluated. Results demonstrated that the lipid recovery rate was enhanced from 52.0% of a blank control group to 80.9, 66.9, and 75.3% of the biomass treated by aCh-O, aCh-EG, and aU-A, respectively (Lu et al., 2016). There a consistent conclusion obtained when DESs are treated on wet and unbroken (water content is 65–67%) with Chlorella sp. and Chlorococcum sp. (GN38) through one-step and two-step methods (Pan et al., 2017).
CONCLUSION AND PERSPECTIVES
The review discusses the factors that influence biodiesel quality and conversion of microalgal. It is necessary to adjust these technical parameters with analysis to ensure the feasibility of biodiesel production. The main aims of green solvents for extraction should be eco-friendliness, less dosage of solvent, increasing the quality of the product without byproducts, and saving energy. The efficient DESs with suitable organic salts and HBD to extract lipid are in demand. Microalgae research and development are expansive and synthesis technology for biodiesel from microalgae still requires much investigation. The life cycle analysis of the existing processes will be beneficial for commercial application.
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The development of efficient heterogeneous catalytic system to convert plentiful biomass to renewable bio-chemicals is urgent need. Titanate nanotubes-based materials obtained from hydrothermal treatment have been reported as low-cost and efficient catalytic materials in chemical syntheses for bio-based chemicals production with interesting catalytic performance. This mini-review expressly revealed the significance and potential of using titanate nanotubes based material as sustainable and environmentally benign solid catalysts/supports for synthesis of various bio-based chemicals, including glycerol-derived solketal, jet fuel range alkanes precursors, biomass-derived esters, aldehydes, aromatic compounds and so on. From the current knowledge on titanate nanotubes-based material via hydrothermal method here summarized, the future lines of research in the field of catalysis/supports for bio-based chemicals production are outlined.
Keywords: titanate nanotubes, bio-based chemicals, catalytic reaction, supports, solid acid (base) catalyst
INTRODUCTION
At the present moment, fossil fuels are the primary sources of energy for humankind. However, the use of fossil fuels often associated with the concerns, such as price fluctuation, long-term availability, and growing environmental effects (Brockway et al., 2019). Besides, the quest for global energy and chemicals needs will be in high demand due to the rapidly developments of economic and socioeconomic. Hence, transforming renewable energy into alternative fuels and chemicals is an essential and indispensable pathway (Gielen et al., 2019; Stančin et al., 2020). Biomass is an abundant renewable and cleaner resource, which can be converted into a wide range of various fuel grade molecules and bio-chemicals as alternatives to fossil-derived products (Li et al., 2017; Schutyser et al., 2018; Okolie et al., 2021; Ashokkumar et al., 2022). In this situation, new chemical technology and efficient catalysts to convert plentiful biomass to renewable bio-chemicals is urgent need.
Titanate nanotubes (TNTs), a typical of Ti-based material, have attracted extensive researches due to its novel properties such as chemical stability, large surface area, non-toxicity, and relatively hydrophobic nature, which have shown great potential not only as catalysts but also as supports. A lot of literatures have described the synthesis of titanate nanotubes by various methods such as hydrothermal treatment (Kasuga et al., 1998; Kasuga et al., 1999), template-assisted method (Zhang et al., 2001), and the anodizing of titanium metal (Gong et al., 2001). It is worth noted that TNTs obtained by hydrothermal treatment of TiO2 nanoparticles in the absence of a template and at low temperature (120–150°C), which has received significant attention (Bavykin et al., 2006). In recent years, many articles and reviews have covered the applications of hydrothermally synthesized TNTs materials in photoelectrochemial reactions (Arifin et al., 2021), photocatalytic (Ji et al., 2022), dye-sensitized solar cells (Madurai Ramakrishnan et al., 2020; Souza et al., 2021), adsorbents (Li et al., 2021) and other interesting applications (Yao et al., 2020). In addition, the structural, optical, thermal and morphological properties of TNTs synthesized by conventional hydrothermal method were systematically discussed in other reviews (Ou and Lo, 2007; Muniyappan et al., 2017; Rempel et al., 2021).
Kitano and co-workers found that the TNTs exhibited excellent catalytic performance in Friedel-Crafts alkylation and the 5-hydroxymethylfurfural production (Kitano et al., 2010). This finding may potentially open up new catalytic applications of the titanate nanotubes for organic transformations and biomass conversion. In the past few years, some studies have been reported the use of TNTs in various acid (base) catalyzed organic chemical transformation (Kitano et al., 2013; Wada et al., 2013; Li et al., 2015; Reddy et al., 2015). This mini-review focuses on TNTs based material as solid catalysts/supports with the potential application for the bio-based chemicals production (Figure 1).
[image: Figure 1]FIGURE 1 | The schematic of production of typical biomass derived chemicals over titanate nanotubes-based catalyst.
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Production of Glycerol-Derived Solketal
The acetalization reaction has been widely studied because they are important and efficient processes to convert aldehydes or ketones into high-valued compounds. The glycerol-derived solketal as oxygenated compound may be incorporate into additive for standard diesel fuel as well as decrease the emission of hydrocarbons and particulate species (Talebian-Kiakalaieh et al., 2018). De Carvalho et al. reported the acetalization of glycerol using the protonated titanate nanotubes as a solid catalyst (de Carvalho et al., 2017). The synthesis time of TNTs and the role of structure on the catalytic performance were systematically investigated. The best performance towards glycerol conversion was achieved by the TNTs synthesized at 72 h with high textural, morphological and acidity properties. The glycerol conversion was 44.4% and the selectivity toward the desired products (solketal and acetal) was observed to be more than 98% at 50°C and an acetone/glycerol molar ratio of 1. Decoration of transition and rare earth metal nanoparticles on titanate nanotubes has a considerable effect on the number of Brønsted and Lewis acidity sites (Camposeco et al., 2016; Wada et al., 2016). These researches demonstrated that various metals (Ag, Au, Ce, Fe, Mn, Pd, Pt, V, W and Nb) obviously improve the Brønsted acidity of TNTs except for La; some metals such as Pt, Mn and W could enhance Lewis acidity of TNTs; the addition of transition metals (V, Mn, W and Fe) increased remarkably the total acidity of TNTs. In another study, TNTs incorporated with metals (Pt, Co, Ni) were synthesized and applied in acetalization of glycerol with acetone (Gomes et al., 2018). Interestingly, the Pt-containing titanate nanotubes (Pt-TNT) catalyst has high catalytic activity, affording 46.7% of glycerol conversion with 10% selectivity to solketal, whereas the Co and Ni-incorporated titanate nanotubes exhibited relativity low catalytic activity (glycerol conversion <5%). Structural properties of various titanate nanotubes-based acid catalysts are listed Table 1. The suitable tuning of pore-structure and proper surface acidity of Pt-TNT were contributed to the resulting in a stable solid for this reaction (Gomes et al., 2018). It is noteworthy that leaching of Co and Ni species is reported as the main mechanism for the catalyst deactivation for Co-containing titanate nanotubes and Ni-containing titanate nanotubes. This demonstrated that the catalytic activity and recyclability of TNTs could be tuned by incorporation of a suitable metal.
TABLE 1 | Structural properties of various titanate nanotubes-based acid catalysts.
[image: Table 1]Jet Fuel Range Alkanes Precursors Synthesis
Aldol condensation approach is the very important for synthesis of high-quality bio-fuels (He et al., 2021). Protonated titanate nanostructures used as solid acid catalysts exhibited the excellent catalytic activity in the condensation reaction between various benzaldehyde derivatives and cyclohexanone (Sluban et al., 2017). A higher conversion rate was obtained over TNTs as compared to titanate nanoribbons, demonstrating the beneficial role of nanotube morphology. The catalyst showed a remarkable stability since no significant decrease in the catalytic activity in five cycles. In addition, protonated titanate nanotubes did not require any activation prior to the reaction. Recently, protonated titanate nanotubes catalyst displayed much higher activity for acid-catalyzed aldol condensation of methyl benzaldehyde and acetone, two platform compounds obtained from lignocelluloses (Timothy et al., 2020). Around 76% yield of jet fuel precursors, namely 4-(o-tolyl)but-3-en-2-one, was obtained under the optimum reaction conditions. After the hydrodeoxygenation (HDO) of jet fuel precursors in cyclohexane under mild conditions (403K, 5MPa, 2 h), high yields ( ∼ 90%) of dicycloalkanes were achieved. They discovered the catalytic activity of protonated titanate nanotubes was higher than TiO2 P25 and titanate nanowire under the same conditions. It is suggested that the special nanotube morphology, bigger surface area, higher acid site amount and acid strength could be considered as the reasons for the good catalytic performance of protonated titanate nanotube. It is also found that the protonated titanate nanotubes catalyst was stable and could be repeatedly used for five runs without significant deactivation.
The protonated titanate nanotubes as a good solid catalyst was applied for the hydroxyalkylation/alkylation (HAA) of 2-methylfuran (2-MF) with n-butanal from lignocelluloses to synthesize diesel and jet fuel range alkanes precursors. Compared to other inorganic solid acids such as SO42-/ZrO2, ZrP and H-ZSM-5, protonated titanate nanotubes has higher catalytic activity, giving 77% yield of HAA product under mild reaction conditions (Li et al., 2015). The protonated titanate nanotubes was also effective for the catalytic HAA of 2-MF with other lignocellulosic carbonyl compounds, such as furfural, acetone and mesityl oxide. The outstanding catalytic performance of protonated titanate nanotubes for the HAA of 2-MF and n-butanal can be explained by the following reasons: 1) the protonated titanate nanotubes has higher specific surface area, which is beneficial for the adsorption of reactants, 2) the transformation of commercial TiO2 P25 to protonated titanate nanotubes leads to the higher acidity (the amount of acid sites and the generation of strong acid sites), and 3) the generation of Brönsted acid sites may be beneficial to the HAA reaction of 2-MF and n-butanal.
Preparation of Biomass-Derived Esters
Some researchers have suggested that the sodium titanate nanotubes is an effcient heterogenous base catalyst in the transesterification reactions, which is the most common route for biodiesel production (Hernández-Hipólito et al., 2014). Recently, the sodium titanates were used as catalysts in the transesterification of pure and cooked oils into biodiesel (Zaki et al., 2019). The biodiesel yield was found to be 95.9% at 80°C for 2 h; the authors discovered that the catalyst showed high activity for cooked oil conversion, with yields of 96.0, 96.0, and 93.58% for the first, second, and third uses of oil, respectively. The authors found that the transesterification reaction preferentially proceeded via dual-site Langmuir-Hinshelwood mechanism with the aid of the Density Functional Theory (DFT), Monte Carlo (MC) simulation, and molecular dynamics simulation. Furthermore, the transesterification reaction kinetics followed a pseudo-first-order kinetics model. Simiarlly, the sodium titanate catalysts were prepared by sol–gel hydrothermal method, and the synthesis parameters of sodium titanates on the catalysts activity in soybean oil conversion to biodiesel were discussed using a factorial design (Machorro López et al., 2021). Combing the characterization results and catalytic results, the authors pointed out that trititanate was the most efficient in the conversion of soybean oil to biodiesel, achieving around 80% conversion. Doping metal ions on sodium titanate nanotubes may be an important strategy to improve the catalytic acitivity. For example, sodium titanate nanotubes doped with potassium proved as a efficient catalyst for transesterification of soybean oil with methanol (Hernández-Hipólito et al., 2015; Martínez-Klimova et al., 2016). Recently, the promoting role of sodium carbonate addition to sodium titanate nanotubes were reported (Martínez-Klimov et al., 2020). Incorporation of Na2CO3 (3–10 wt%) to sodium titanate nanotubes can increase the amount of strong basic sites in the catalysts. A synergetic effect between Na2CO3 and sodium titanate nanotubes was proposed for the increase in the amount of strong basic sites, resulting in an excellent catalytic performance in transformation of triglycerides to methyl esters (97% yield). Interestingly, in other important studies, lipase immobilized onto the sodium titanate nanotubes have recently been employed in the fatty acid methyl esters production (Nady et al., 2020; El-Kady et al., 2021). The immobilized lipase gave a high fatty acid methyl esters yield of 83.5% at short time of 90 min and showed the enhanced recycling stability for ten consecutive cycles.
Esterification is the most common reaction for biomass conversion and high-valued chemicals production (Zhang et al., 2019). Xu et al. found the catalytic performance of the titanate nanotubes is significantly higher than titanate nanosheets and layered H2TiO7 in esterification of acetic acid with n-butanol (Xu et al., 2020). The authors proposed that the surface acid characteristics and confinement effect were responsible for the high catalytic activity of titanate nanotubes. This clearly reveals that the microstructure is important to the catalytic activity. The finite amount of catalytic sites on the TNTs, however, would hamper in practical applications. It is noteworthy that TNTs prepared by hydrothermal method with abundant hydroxyl groups. Thus, the potential to modify TiO2 nanotubes to incorporate organosulfonic acid groups open new perspectives for their use as solid acid catalysts in a variety of reactions. Our groups reported various titanate nanotubes-bonded organosulfonic acid catalysts for the esterification of biomass-derived levulinic acid with n-butyl alcohol (Zhou et al., 2018; Zhou et al., 2019; Zhou et al., 2022a). Up to 98.9% yield of n-butyl levulinate was obtained under the optimal reaction conditions. In these hybrid catalysts the acid sites are covalently linked on titanate nanoutbes, therefore, they showed an excellent reusability with a slight decrease in several runs. On the other hand, the incorporation of organic groups on the TNTs can tune surface hydrophobicity property. Recently, in order to recycle heterogeneous acid catalysts from the reaction mixture, a new solid acid catalyst Fe3O4@TNTs-SO3H was successfully synthesized and applied to esterification of renewable levulinic acid to fuel additive n-butyl levulinate (Mao et al., 2020). This catalyst was demonstrated to show high catalytic activity, affording n-butyl levulinate with a yield of 94.6% under optimum conditions; the catalyst could be reused for 6 times. It is believed that titanate nanotubes can be rationally designed via post-synthesis strategy to prepare solid acid catalysts with excellent performance.
The alcoholysis process has been reported as a highly reactive method for conversion of lignocellulose to valuable chemicals (Zhu et al., 2017). Sulfonic acid functionalized TiO2 nanotubes were prepared by the sulphonation reaction of hydrothermally synthesized Titanate nanotubes using chlorosulfonic acid as the sulfating agent in our recent work (Zhou et al., 2022b). About 79.9% yield of n-butyl levulinate was achieved in the alcoholysis of the furfuryl alcohol with n-butanol under mild conditions. In addition, the catalysts showed a stable catalytic performance after four consecutive cycles. The covalently linked –SO3H groups on the TNTs surface was responsible for the stability of catalyst.
Synthesis of Glucose Derived Compounds
Kumar and co-workers have recently reported a sodium titanate nanotubes as a potential Lewis base catalyst for large-scale demonstration of glucose isomerization to fructose in aqueous media (Kumar et al., 2018). In this work, the glucose conversion could be reached with 31.26% fructose yield and 65.26% selectivity under relatively lower operating conditions for 15 min or less. They found that the presence of large basic sites in sodium titanate nanotubes was contribute to the higher glucose conversion. Additionally, the catalyst could be effciently recycled and regenerated by a simple NaOH treatment. On the contray, protonated titanate nanotubes was reported as solid acid catalyst for conversion of glucose into HMF via isomerization and dehydration process, giving the moderate yield of HMF (Kitano et al., 2010). Recently, protonated titanate nanotubes exhibit relatively high catalytic performance for isomerizaiton of alpha pinene, an inexpensive and important essential oil which is widely used in the synthesis of various fine chemicals (Huang et al., 2020). Hence, it is believed that the protonated titanate nanotubes/sodium titanate nanotubes can be uesed as acid or base catalyst in different types of isomerization reactions for bio-based chemicals production.
More importantly, TNTs are regarded as an attractive support material because they exhibit large surface area, high surface hydroxyl density, high ion-exchange capacity and the good stability. Recently, the catalytic performance of Au-Pd nanoparticles prepared by colloidal synthesis and immobilised on titanate nanotubes in the selective oxidation of glucose to gluconic and glucaric acids has been studied by Khawaji et al. under relatively mild conditions (Khawaji et al., 2019). They found that Au-rich catalysts favored deep oxidation to glucaric acid while Pd-rich catalysts displayed the formation of gluconic acid. It is suggested that the bimetallic composition of Au and Pd on TNTs could be tuned to enhance the production of either gluconic acid or glucaric acid.
Selective Oxidation of Benzyl Alcohol to Benzaldehyde
The selective oxidation is potentially key reaction in the biomass conversion and value-added chemicals production (Nasrollahzadeh et al., 2020). The selective oxidation of benzyl alcohol, a typical biomass derivative, to corresponding carbonyl compounds has been received much attention. A highly active Au-Pd on titanate nanotubes (Au-Pd/Ti-NT) catalyst has been produced by using colloidal synthesis and immobilisation on sodium-free Ti-nanotubes (Khawaji and Chadwick, 2017). The catalyst has markedly superior catalytic activity (turn over frequency>19 ,000 h−1) for the selective oxidation of benzyl alcohol compared with similar catalysts reported in the literature such as Au-Pd catalysts supported on Ti-NTs prepared by adsorption as well as conventional Au-Pd/TiO2 prepared by impregnation. The authors claimed that the superior catalytic activity of the catalyst is attributed to the high metal dispersion on the external surfaces of titanate nanotubes, the narrow particle size distribution, and the high degree of Au-Pd mixed alloying. Moreover, the effect of the catalyst preparation method on the selective oxidation catalytic activity of Au-Pd supported on titanate nanotubes (Au-Pd/Ti-NT) was further investigated (Khawaji and Chadwick, 2019). The most active Au-Pd/Ti-NT catalyst for the selective oxidation of benzyl alcohol is shown to be that prepared using colloidal synthesis and immobilization with PVA as a stabilizer, which has markedly superior catalytic activity compared to catalysts prepared by deposition-precipitation, adsorption, and dry impregnation methods. Therefore, it is very importance to select a synthesis method to obtain optimal catalytic performance. Besides, the morphology and physiochemical properties of the support were also found to play a crucial role for catalytic oxidation activity, selectivity, and stability (Khawaji and Chadwick, 2018; Khawaji and Chadwick, 2020). Furthermore, exploring the utilization of TNTs-based material as a photocatalyst for selective oxidation of benzyl alcohol will be desirable under ambient conditions (Yang et al., 2016).
Production of Other Bio-Based Chemicals
Hydrogenation reactions are considered as valuable and key technologies in biomass conversion processes (Li et al., 2019). Titanate nanotubes supported Pd was applied to hydrogenation of 4-carboxy-benzaldehyde, displaying a better catalytic performance than the commercial Pd/C catalyst (Liu et al., 2018). Meanwhile, Torres’ group reported the selective hydrogenation of nitrobenzenes over gold nanoparticles supported on titania nanotubes in liquid phase at room temperature (Torres et al., 2018). It was found that the selectivity towards p-substituted anilines reached 90% for all substrates in their study. Recently, other nobel metals, such Pt and Pd, confined on titanate nanotubes also performed well for the hydrogenation of nitroarenes and other substituted-nitroarenes (Shanmugaraj et al., 2022). These works indicated that the TNTs has the hollow tubular structure, the abundant –OH groups and strong metal–support interaction which renders them excellent supports for preparing TNT-supported catalysts for hydrogenation of various compounds to high-value chemicals.
Transforming of CO2 conversion into hydrocarbons recently has received significant attention (Díaz de León et al., 2019). A ternary hybrid catalyst, poly (ethyleneimine)-tethered Ir complex catalyst immobilized in titanate nanotubes were applied to hydrogenation of CO2 to formic acid under the relatively mild conditions (Kuwahara et al., 2017). Kuwahara et al. stated that the ability of TNTs to efficiently capture CO2 and to stabilize PEI, where Na+-type TNTs with higher basic property provides more productive effect, which are responsible for the high catalytic performances. Recently, the catalytic activity of rhodium supported on titanate nanotubes was evaluated by in situ infrared study in the synthesis of formic acid via CO2 hydrogenation (Ruiz-García et al., 2019). For this catalyst a turn over frequency (TOF) of 7.2 × 10−2 h−1 was obtained at 90°C and atmospheric pressure. Furthermore, the authors provided the evidence of active surface species bonded to support sites and to rhodium sites via in-situ studies. Besides, photocataytic CO2 conversion to hydrocarbon fuel using TiO2 based material is another important strategy (Razzaq and In, 2019).
CONCLUSION
In summary, titanate nanotubes-based heterogeneous catalyst prepared via hydrothermal method have been critically outlined and discussed in this mini-review as a promising catalyst/support for bio-based chemicals production. Titanate nanotubes can be modified by a variety of metal or non-metal dopants or be functionalized by organic surface modification to increase the acid and/or base properties of titanate nanotubes, thereby enhancing the catalytic activity and selectivity. Their very interesting properties make them promising catalysts for use in various reactions, such as acetalization/condensation, hydroxyalkylation/alkylation, transesterification, esterification, alcoholysis and isomerization for production of biomass derived chemicals. The described titanate nanotubes-based heterogeneous catalyst with different catalytic properties can be utilized as low-cost, efficient, sustainable and versatile materials. Enlightened by the hollow tubular structure, confinement effect and strong metal–support interaction, much works on the rational design of multifunctional catalyst for selective oxidation and hydrogenation reaction are ongoing. Although these catalysts have some advantages such as simple separation, and recycling, it would be highly desirable to keep the catalysts intrinsic characteristics that will enhance the catalytic stability of titanate nanotubes-based material under extreme environment. Therefore, except for traditional catalyst characterization, a combination of in situ catalytic studies and theoretical calculations and simulations are also helpful to provide valuable information toward the structure-activity relationships of titanate nanotubes-based catalysts. This review is also expected to act as a key reference to researchers for developing advanced titanate nanotubes-based catalysts in large scale applications for bio-based chemicals production with resulting in significant developments.
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Run A: Temperature B: Time C: Catalyst D: Methanol Experimental biodiesel Predicted biodiesel

(c) (h) dosage (wt%) to oleic yield (%) yield (%)
acid molar
ratio
1 90 3 4 30 92.64 92.53
2 90 4 6 30 97.33 97.33
3 80 4 6 35 94.77 94.43
4 100 3 6 30 97.34 97.67
5 90 4 4 25 92.96 92.68
6 80 4 4 30 90.24 90.17
7 80 5 6 30 96.44 96.13
8 100 5 6 30 97.47 96.87
9 80 4 8 25 92.66 92.84
10 90 4 8 25 95.23 94.8
il 90 5 6 35 97.98 98.07
12 100 4 6 35 97.64 97.3
13 90 4 6 30 96.34 97.33
14 80 3 6 30 9227 926
15 90 5 4 30 93.49 93.66
16 90 4 4 35 91.59 92.05
17 90 5 6 25 94.50 94.81
18 100 4 8 30 97.27 97.38
19 90 5 8 30 98.15 98.2
20 90 4 6 30 97.82 97.33
21 90 3 6 35 95.26 94.99
22 100 4 4 30 94.85 94.68
23 100 4 6 25 95.51 95.78
24 90 3 6 25 95.20 95.15
25 90 4 6 30 97.54 97.33
26 90 4 8 35 98.14 97.54
27 90 4 6 30 97.62 97.33
28 90 3 8 30 96.82 96.59
29 80 4 8 30 95.88 96.08
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Source

Model
A: Temperature

B: Time

C: Catalyst dosage

D: Methanol/OA molar ratio
AB

AC

AD
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Lack of Fit
Pure Error
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Sum of squares
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0.0016
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Mean square
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4an
259
0.0016
0.068
292
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117
17.91
8.6
021
0.16
0.34

F value

45.57
120.11
26.61
263.88
34.38
22.37
12.31
0.0076
027
13.89
2278
36.55
5.54
85.07
40.86

0.47

p-value prob > F

<0.0001
<0.0001
0.0001

<0.0001
<0.0001
0.0003
0.0035
0.9318
0.6091

0.0023
0.0003
<0.0001
0.0837
<0.0001
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Catalyst Saer (M*/g) Pore Volume Mesopore Diameter Acidity (mmol/g) Ref.

(cm®/g) (nm)
HTNT48 313 081 90 024 de Carvalho et al. (2017)
HTNT72 182 074 115 033 de Carvalho et al. (2017)
Co-TNT 236 084 118 0003 Coslho et al. (2016); Gomes et al. (2018)
Ni-TNT 202 084 126 0.103 Coelho et al. (2016); Gomes et al. (2018)

Pt-TNT 182 0.64 122 0.261 Coelho et al. (2016); Gomes et al. (2018)
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Samples Sger” (M?/g) Sex” (M?/g) Viniero® (cm*/g) Vineso™ (cm®/g)

HSAPO-34-1 754 133 0.25 0.23
HSAPO-34-2 758 148 0.20 0.20
HSAPO-34-3 580 165 017 0.22

BET, specifc surface area.

“External surface area (calculated from a pore diameter greater than 2 nm).
“Microporous volume (calculated from a pore dlameter smaller than 2 nm),

IMesoporous volume (calculated from a pore diameter greater than 2 nm).
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propanol
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propanol
2.
propanol

Adjustment
of active
sites

Lewis acid site and Bronsted acid site are independent of
each other, which can adjust the content and strength of
Lewis acid and Bronsted acid in the catalyst respectively

With the increase of the number of ZrO2 film layers supported
on the surface of SBA-15, the strength of Lewis acid in the
catalyst increases, while the strength of Bronsted acid
decreases

Change the loading of Zr in the catalyst

Change the ratio of zeolite and NH4H2PO4 in the catalyst
Use different acid treatment catalysts

Adjust the ratio of TPA and Zr in the catalyst

Treatment of DUT-67-(HY) with different concentrations of
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Modification of the catalyst with formic acid

Change the amount of Zr in the catalyst

Reaction
conditions.
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10 HI toluene 03 88
11 HI H,O/DMF/THF/CH;OH/MTBE 03 0
12 HI CHCl> 0.2 94
13 HI CH,Cl, 0.1 93
14 HI CHCl> 0.05 67
16° HI CH,Cl, 0.1 94
“Reaction conditions: unless otherwise stated, the reaction of 3-methyindole 1a (0.11 mmol), 1, 1-diphenyiethene 2a (0.10 mmol) and H (0.01 mmol) was carried out at 30°C in CHzCl
(1.0 m) for 12 h.
“Isolated yield of 3a.
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Second
Generation

Third
Generation

Feedstock

Edible Plant Seeds

Non-edible Plant Seeds,
Waste Cooking Ol
Lignocelulosic Feedstocks
Animal Fats

Algae (especially
Microalgae)

Advantage

Relative high yield

environmentally friendly, higher
cetane number, clean and
renewable properties

high growth rate and lipid
contents, lower demand for water
and land, High efficiency in

fixing CO,

Disadvantage

negative impact on the arable
land, food and environment

inabundant reserves, poor
property in cold temperatures,
greater amount of saturated fatty
acids

dependence on light, complex
and inexpensive procedures to
produce biodiesel

Processing
Technology

Esterification and
Transesterification of oils

Esterification and
transesterification of oils/seeds
(utises organic catalyst/
additives)

Cultivation, harvesting, lipid
extraction, transesterification

Ref
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Approach
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Utiization as forage

Utiization as energy
generation material

Utilization as
industrial raw
materials
Utilization as base
material

Technical
Connotations

Straw is decomposed into an
organic fertizer or returned to the
feld directly.

Straw is used as fodder directly or
silage into forage that can be easily
digested by animals.

Strawis burned directly or converted
to heat, gas, electricity, and other
forms of energy.

Straw is rich in celluiose and is
processed as a raw material for
industrial production.

Straw is used as strain culture,
seediing, and lawn substrate.

Application Area

Orgaric fertizer

Forage for lvestock

Used to generate biogas and power;
liquefaction, solidification, and
carbonization of straw

Plate, paper, packaging materials,
starch extraction, and production of
thermal insulation material
Substrate for edible fungi, flower
seeding base material, and lawn
base material

Evaluation

Enhance sol fertity and increase yield.
Ecological effects under different tilage
coniions are unclear.

After physical, chemical, and biological
processing, straw has a higher value, but
the operation process is complicated.
The technology is imperfect for low overall
utiization, high cost, and secondary
pollution.

Resource-saving and environment friendly
with bright prospects

Drives the growth of straw utilization scale
effectively.

Reference

Ding et al.
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Entry Catalyst Acid strength distribution (%)
<300°C 300-500'C

1 Ti-SBA-15 (30) 58.5 415

2 Ti-SBA-15 (60) 69.6 304

3 Ti-SBA-15 (120) 100 0

“Acid strength distribution and total acid density were measured by NH-TPD.
LAL + B) was determined by Pyridine-IR.

Total acid density (mmol/g)

0.53
0.70
1.32

L/(L+B) ®

0.92
0.868





OPS/images/fchem-10-904660/crossmark.jpg
©

|





OPS/images/fchem-09-817417/fchem-09-817417-t003.jpg
Catalyst

Without catalyst
Ti-SBA-15 (30)
Ti-SBA-15 (60)
Ti-SBA-15 (120)

Fructose conversion (%)

100
100
100
100

HMF yield (%)

57
76
78
82





OPS/images/fchem-10-918941/math_1.gif
RhB(%) = (1 - C/C,) x 100°

1 -AfAy) x 100% (1)





OPS/images/fchem-10-918941/fchem-10-918941-t003.jpg
Photocatalyst

TO,

Z0Ti0g
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Cu-MOF

Sn O,/RCs
Zn-Zr MOF-1

Dye

RhB
RhB
RhB
RhB
RhB
RhB
RhB

Dye concentration

0.1 mM

10 ppm

40 mg/L
40 mg/L

Photocatalyst concentration

40 mg/40 ml
491

40 mg/40 mi

0.03 ¢/80 ml

15 mg/40 mi
0901
060L

Light source Radiation time (min)

Visible
Visible:
Visible
Solar

Visible
Visible
Visible:

300
210
300
180
300
120
60

Degradation

62.20
56.00
87.50
94.74
94.50
95.56
97.40

Ref.

Huerta-Flores et al. (2019)
Meng et al. (2019)
Huerta-Flores et al. (2019)
Tavakol-Azar et al. (2020)
Wang et al. (2019)

Shi et al. (2021)

This work
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Entry Catalyst BET surface
area (m?
g
1 TH-SBA-15 (30) 696
2 Ti-SBA-15 (60) 937
3 Ti-SBA-15 (120) 967

BET, surface area, pore volume, and pore size were measured by No-adsorption-desorption.
bTi content was determined by ICP-OES.

Pore volume
(em® g7y

0.95
122
1.29

Pore size
(nm)®

5.50
521
5.36

Ti content
(wt%)®

16.56
311
0.16





OPS/images/fchem-09-817417/fchem-09-817417-g002.gif
TS

50200

TSBA-IS 60)

20/ degree






OPS/images/fchem-09-817417/fchem-09-817417-g003.gif





OPS/images/fchem-09-817417/fchem-09-817417-g004.gif
Ny uptake cm?/ g STP)

oo oz 08 06 0% 10

Relative pressare (P/ Pg)





OPS/images/fchem-09-817417/fchem-09-817417-g005.gif
W w W
Temperatare °C)

o





OPS/images/fchem-10-918941/fchem-10-918941-g010.gif





OPS/images/fchem-10-918941/fchem-10-918941-g009.gif
J00. TN on





OPS/images/fchem-10-918941/fchem-10-918941-g008.gif





OPS/images/fchem-10-918941/fchem-10-918941-g007.gif
...........






OPS/images/fchem-10-918941/fchem-10-918941-g006.gif





OPS/images/fchem-10-918941/fchem-10-918941-g005.gif





OPS/images/fchem-09-831102/fchem-09-831102-t001.jpg
Entry Feedstock

NG D =k

ooy

Glucose
Glucose
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Glucose
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Glucose
Glucose
Glucose
Glucose
Glucose
Glucose
Glucose
Glucose
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Glucose

Glucose

Glucose

Catalyst

H,S0,
[BMIM][HSO.]
ACI;
usy
DeAl-H-p.
MFI-Sn/Al
BFC-3
BFC-3
Zr-Sn-Fe-A-O-S
Zr-Sn-Fe-A-O-S
Zr-Sn-Fe-A-O-S
Zr-Sn-Fe-A-O-S
Zr-Sn-Fe-A-O-S
Zr-8n-Fe-A-O-S
Zr-Sn-Fe-Al-O-S
Zn-S-C
Zn-S-C
Zn-SO;H-GR-
carbon

A-SC

Zn-sC

Bronsted
acid

-SOsH
-SOsH

A0S

A-OH)-Si

AOH)-Si
-SOaH
-SOaH
-SOaH
-SOaH
-SOaH
-SOaH
-SOaH
-SOaH
-SOaH
-SOaH
-SOaH
-SOaH
-SOaH

-SO:H

Lewis
acid

Solvent

Ethanol
Ethanol
Ethanol
Ethanol/THF (vv =
1:1)
Ethanol
Ethanol
Ethanol/THF (v =
3:2)
Ethanol/THF (v =
3:2)
Ethanol

Ethanol/DMSO (viv
-9
Ethano/DMSO (v
-9
Ethano/DMSO (v
-31)
Ethano/DMSO (v
- 1:1)
Ethano/DMSO (vAv
-13
Ethano/DMSO (vAv
= 11)
Ethanol/THF (vv =
1:1)
Ethanol/THF (v =
1:1)
Ethanol/THF (v =
1:2)
Ethanol/THF (v =
1:1)
Ethanol/THF (v =
1:1)

Reaction
conditions

200°C, 90 min

130°C, 20 min
100°C, 11h
168°C, 2.9h

126°C, 10h
140C, 9h
100C, 10h

100°C, 10h
160°C, 12h
160°C, 4h
160°C, 12h
160°C, 12h
160°C, 12h
160°C, 12h
140°C, 12h
Ultrasonic system: 98°C,
47 min

Ultrasonic system: 98°C,
47 min
Ultrasonic system: 106°C,
72 min
Ultrasonic system: 106°C,
72 min
Uttrasonic system: 106°C,
72 min

Yield/
%

75
8.0
38.4
21.8
410
440
481
374
0.7
39
79
14.3
331
124
18.8
80.9
746
86.3

84.4

85.1

Ref.

Xu et al. (2017)

Guo et al. (2017)

Liu et al. (2018)

Chen et al. (2019)

Li et al. (2016)

Bai et al. (2018)

Chen et al. (2020a)

Chen et al. (2020b)

He et al. (2022)

He et al. (2022)

He et al. (2022)

He et al. (2022)

He et al. (2022)

He et al. (2022)

He et al. (2022)
Karnjanakom et al. (2020)
Karnjanakom et al. (2020)
Karnjanakom and Maneechakr,
(20192)

Karnjanakom and Maneechakr,
(2019)

Karnjanakom and Maneechakr,
(2019p)
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Catalyst types Catalyst Oilto MeOH  Time/ Catalyst Temp/ Conversion Ref

ratio min amount, w/w c efficiency, %

Homogeneous acid/alkali H,S0,4 ot 120 8.1% 65 84.6 Santoso et al. (2021)
KOH 6:1 10 1.1%

Homogeneous acid/alkali  H,S04 175 60 2.5% 65 2.2 Waheed et al. (2015)
KOH 6.09 78 1.1%

Homogeneous acid/alkali H,80,4 it Total 2.0% 60 92.0 Hariram and Rajan,
NaOH 511 100 0.7% (2016)

Homogeneous acid/akali  H,S04 118 25-50 20% 60 91.0 Veliovié et . (2006)
KOH 16 20-30 1.0%

Homogeneous acid/alkali  H;SO, 118 60 1.0% 50-65 82.0-96.0 Motojesi et al. (2017)
KOH 118 1.0%

or ash Cocoa pod ash and rice 16 Ash for 2.0%
husk ash

Homogeneous alkali KOH 41 - 1.5% 50 - Karabas et al., 2018

Homogeneous alkali KOH 5:1 - 1.0% 60 - Karabas et al. (2016)

Homogeneous alkali KOH 16 80 1.1% 60 >950 Samuel et al. (2020)

Homogeneous alkali KOH 1011 5 1.0% 50-60 98.0 Parlak et al. (2009)

Homogeneous alkali CHyONa 1:4-1:8 20 2.0% 70 97.0 Fomasier et al. (2018)

Heterogeneous Acid/akali  KHCOo/Al2O5 18 150 3.0% wiw 60 971 Anastopoulos et al.

(2011)
Noncatalytic with - 1:43 90 - 303 %238 Garcia-Martinez et al.

supercritical MeOH (2017)
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sample BET surface area (m?/g) Pore volume (cm°/g) Pore size (nm)

Zn-Zr MOF-1 480.4 027 235
Zn-Zr MOF-2 254.1 0.12 7.69
Zn-Zr MOF-3 2949 0.24 335
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Parameters

Fatty ackd methy ostors
content (%)

Density (kg/m’)

Fiash pont (C)

Water and sadment
wohume (%)

Sulfr content (mg/kg)

Carbon residue (%)
Cetane index

Sufated ash (%)
Wator content (mg/ka)
Vicosty (mm?/s)

Total contamination (mg/g)
Gopper sirp corosion ating)

Oxidation stabiity ()

AGd vaue (mg KOH/g)
lodine value (g :/100)
Linolenicacid methy ester (%)
Poyunsaturated (24 double.
bonds) ety esters (%)
Methanol content (%)
Monoghyceride content (%)

Dighveride content (%)
Trghcerds content (%)
Free ghycerine (%)

Total giycerine (%)
Phosphorus content (mg/kg)
Group | metals (Na + K)
(ghg)

Group Il metals Ca + Mg)
o)

Col ftr phug point (C)
Gross caorc value (cabg)
Pour point (C)

Distiation temperature (C)

Recommended range References
1214 ASTM GB25199  He  Velkovié Usta, Anastopoulos  Parlaketal.  Rao  Waheed Rao  Harram  Gutur  Karabas
2012 Dersiisa 2017 otal  etal. (2005 otal. (2012) otal  etal  etal and and ot
(2021)  (2006) @01 ol jaow (@130 (2015)  (2013a)  Rajan,  Prasanthi,  (2019)
(2016) (2018)
965 - >965 915 - %6 - %5 o7 - - - - - %5
860-900 - 820-90 887 882 8885 9175 80 80 870 890 870 021 &0 880
>101 >130 130 = - 166.4 220 >100 182 174 126 - 262 174 135
= <005 = - - = - = e= - = - = = =
<10 S15<15,  S50° <50, 6 - 8 9 o o 0 - - - - -
$50<500  $10°< 10
<030 <005 <005 - - 0020 0085 7 o7 - = - - - 017
>51 >a7 ss0>49, 51 - 516 - 545 49 55 - 52 2 3 55
$10°> 51
<002 <002 <002 - - o004 - - - - - - - - -
<500 - <500 368 - 354 570 %0 400 - - - - - -
350500 1960 19-60 as 52 428 277 488 85 42 387 187 35 ar 488
<24 = - B = 2395 B 0 = - - = = . 20
Class 1 Class 3 Class 1 - - Casst - Clss  Clss  — - - - - Class 1
1 1
>8 >3 6 - - 08 - - - - - - - - -
05 <05 08 045 066 030 048 - - - 042 - 056 049 025
<120 - - 12 10 138 135 122 18 - - - 139 10 122
<12 - - - - 0750 - - - - - - B - -
<t - - - - <01 - - - - - . c - =
<020 <020 - - - <001 - 020 o018 - - - - - -
070 GradeNo. <080 - - 054 - 020 <020 - - - - - -
18<040
<02 = = > 013 = 020 <005 - & = = = &
02 - - - - 017 - o on - = e = & =
<002 <002 <002 £ = 0002 & ) = = = = = =
<025 <024 <024 = = 023 = 02 02 - - =] = = 002
<t <10 <10 - - 4 - 4 <t = - . = - &
< < < - - < - - - - - - - - -
< < < = = < - = = = = = = = =
= e & = = 5 = 70— = . . o= .
- - - 9510 - - - 035 0560 8958 - 0078 9510 7764 0385
- - - - - - - -6 -2 - - - - - K3
= a0 = = = = - = L = = = = = 1

-parameters that are not reguialed in standards or tests in the lterature.

“$15-a grade of biodesel meeting ASTM, Speciication D6751 and having a sultr specification of 15 ppm maximum.
"$50"a grade of biodlesel meeting ASTM, Speciication D6751 and having a sulr specificalion of 500 ppm maximum.
*$10"a grade of biodiesl moeting GB25199-2017 and having a sultur speciication of 10 ppm maximum.
"$50""a grade of biodiesel moeting GB25199-2017 and having a sultur speciicalion of 50 ppm maximum.
"Grade No. 18"-A special purpose biodfesl blend stock ntondod for use in midl istiate ol appialions that can b sensitive 10 the presence of parialy reacted glycerides, including those applications requiing §ood Iow tomperature

operabity.

“NaOH, and KOH"-Catalysts used in transesterification reaction.
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Methods

Mechanical
pressing

Soxhlet
extraction

Ultrasonic
extraction

Accelerated
solvent
extraction
Supercritical fluid
extraction

Maceration

Advantages

Economic, environment friendly,
high quality oil and throughput,
simple crude oil separation

High ol recovery, simple
operation

Short extraction time, simple
and moderate operation

Short extraction time, high o
recovery, consuming less
organic solvent

Environment friendly, high
quality oil, simple crude oil
separation

Short extraction time, simple
and moderate operation

Disadvantages

Lower ol recovery, high power
cconsumption, partial oil left in seed
cake

Time consuming, consuming
organic solvent, complex crude ol
separation

Lower o recovery, consuming
organic solvent, specific equipment,
complex crude il separation

High operating cost, specific
equipment

Lower ol recovery, high operating
cost, specific equipment

Lowest o recovery, consuming
organic solvent, complex crude o
separation

*The ratio of crude oil content obtained from different extraction methods compared to ASE.

seed prefreatment™-Seed drying, sead size reduction, seed preheating, seed microwaving, eic.

Extraction efficiency

80.28% Sannino et al. (2017).%, 79.47%

Faugno et al. (2016).%, comparable to

Soxhlet extraction Stanisavljevié et al.

(2009)

100% Stanisavljevié et . (2007b) and
Stanisavievic et al. (2009)

45.81-72.12% Stanisavijevic et al.
(2009)
78.20% Stanisaviievié et al. (2007b)

100% Faugno et al. (2016); Sannino et al.

(017)2

56.49-78.85% Majdi et al. (2012)

56.91-57.55% Stanisaviievié et al,
(2009)

Key parameters

Machine type, feeding rate,
restriction dye diameter,
temperature, rotation speed, seed
pretreatment

Extraction solvent, temperature
and time, seed-to-solvent ratio,
seed pretreatment

Uttrasonic power, extraction
solvent, temperature and time,
seed-to-solvent ratio, seed
pretreatment

Extraction solvent, temperature,
time and pressure, static cycle,
seed pretreatment

Extraction pressure, temperature
and time, modifier type, seed
pretreatment

Extraction solvent, temperature
and time, seed pretreatment
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